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Résumé

Les protéines n'agissent pas seules mais s’assemblent dynamiquement en complexes protéiques
dans la cellule afin d’y assurer leur fonction. Les complexes protéiques « canaux ioniques »
sont constitués de sous-unités o qui forment le pore du canal et de sous-unités auxiliaires ()
régulatrices associées. La détermination de 1'identité moléculaire des différentes sous-unités
composant ce complexe protéique est essentielle pour comprendre la fonction et la régulation
des canaux ioniques. Au cours de ma thése, j'ai commencé a aborder la spécificité des sous-
unités auxiliaires vis-a-vis de la sous-unité o. Plus précisément, j'ai étudié la capacité de
KCNEI, classiquement considérée comme une sous-unité f du canal KCNQI1 de la superfamille
des canaux voltage-dépendants, a interagir avec TMEM16A, un canal CI" activé par le Ca>" de
la superfamille anoctamine. Nous avons trouvé que KCNE1 remplit les 4 caractéristiques pour
étre considérée comme une sous unité auxiliaire régulatrice du canal TMEM16A. Ces résultats
démontrent que KCNET1 est une sous-unité auxiliaire « double » qui sert a la fois de sous-unité
B pour les deux canaux KCNQI1 et TMEMI16A. Canaux qui appartiennent a deux superfamilles
de protéines distinctes qui ne sont pas apparentées phylogénétiquement. Deuxiémement, j'ai
étudié I'implication des complexes protéiques dans 1'induction de l'effet analgésique induit par
la mycolactone, une toxine sécrétée par Mycobacterium ulcerans. J'ai trouvé que le récepteur 2
de I'angiotensine II, par un couplage physique, peut augmenter 1’activité du canal potassique
TRAAK suite a la liaison de la mycolactone sur le récepteur. J’ai démontré que ce couplage
fonctionnel est indépendant de la voie de signalisation canonique des protéines G. En
conclusion, les résultats obtenus brisent la spécificité dogmatique des sous-unités auxiliaires
concernant les complexes protéiques, remettent en question la classification des canaux

ioniques et ouvrent les portes au développement de nouvelles molécules analgésiques.

Mots-clés: Canaux ioniques, Sous-unités ancillaires, Canalopathies, Complexe protéique,






Abstract

Proteins do not act alone but they assemble dynamically into protein complexes within the cell.
Ion channel complexes are made up of an a-pore-forming-subunit associated with specific
auxiliary (B) subunits and regulatory proteins. Determination of the molecular identity of
subunits composing a protein complex is essential to understand the function and regulation of
ion channels. During my thesis, I addressed the specificity of auxiliary subunits regarding to
the a-pore-forming-subunit. More specifically, I studied the ability of KCNEI1, classically
considered as a B-subunit of the cardiac KCNQ1 pore-forming subunit belonging to the voltage-
dependent Ky channel superfamily, to regulate the anoctamin superfamily channel TMEM16A,
a Ca**-activated CI" channel. I found that KCNE1 fulfils all criteria of a hona fide auxiliary
subunit of TMEM16A chloride channels. KCNEI serves then as a 3-subunit for two different
superfamilies of ion channels phylogenetically unrelated. In the second part of my thesis, I
studied the involvement of protein complexes in analgesia induced by mycolactone, a toxin
secreted by Mycobacterium ulcerans. 1 found that the angiotensin II receptor 2, by being
directly coupled to the two-pore-domain potassium channel TRAAK, increases the channel
activity upon mycolactone binding, independently of the canonical G protein
signaling pathway. All in all, the obtained results break the dogmatic specificity of auxiliary
subunits regarding protein complexes questioning ion channels classification and open the

doors to the development of new analgesic molecules.

Key words: Ion channels, Ancillary subunits, Channelopathies, Protein complex, Pain

perception.
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Foreword: Ion channels and bioelectricity

Science, my boy, is made up of mistakes, but they are mistakes which it is useful to make,
because they lead little by little to the truth.

Vingt mille lieues sous les mers, 1870. Jules Verne

Electrophysiology can be defined as the science concerned with the transport of ions in
biological tissues (bioelectricity) and the recording techniques that allow the measurement of
this transport. The passive flow of ions is conducted by ion channels, small pore-forming
proteins that have evolved to selectively and rapidly conduct them by following an
electrochemical gradient across the plasma membrane. Ion channels are present across all six

kingdoms of life and are essential for movement, development and sensing stimuli.

The first studies regarding electrical signals in animal tissues were carried out in the late
18" century by Luigi Galvani. He observed that touching exposed crural nerves of dead frogs
with a scalpel connected to a voltaic pile resulted in twitching of frog legs. He addressed this
phenomenon to what he called “animal electricity”. Nowadays, we know that this “animal
electricity” is the ion flux across cell membrane. Additional pioneer works dedicated to
understand “animal electricity” were performed from that moment. Carlo Matteucci showed
that, in rest, there was a difference of potential between the damaged and the intact surface of
a severed muscle (i.e. the inside and the outside of a muscle fiber) and Hermann von Helmholtz
developed a number of accurate instruments that allowed him to determine the propagation
speed of an electrical signal along a nerve cell (10-100 m/s). Modern era of electrophysiology
came with experiments on squid giant axon carried out by Alan Hodgkin and Andrew Huxley
in the early 20" century. They succeed in describing the nerve action potential as a mathematical
model involving Na“ and K* conductances across the axon membrane. This work, together with
the patch-clamp technique established by Erwin Neher and Bert Sakmann, constitutes the basis
of modern electrophysiology and the role of ion channels. More recent techniques like
optogenetics or cryo-EM represent nowadays a new source of information about how ion

channels work.
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To understand ion channels function it is necessary to know the plasma membrane
properties and the ionic environment of the cell. All living cells are enveloped by a plasma
membrane that protects the cytoplasm from the extracellular space. The plasma membrane is
mainly constituted by phospholipids that arrange themselves spontaneously in amphipathic
structures in watery environments as the extracellular space is, forming a consistent barrier for
charged molecules. Another characteristic of the plasma membrane is its fluidity, which
represents a dynamic substrate for other membrane components (mostly ion channels, pumps,
receptors and cytoskeletal anchors). Concerning the intracellular and extracellular environment,
there is an ion distribution which is fairly constant among a large range of cell types. An
overview of ranges of concentration of the principal ions in both intracellular and extracellular

space is represented in Table 1.

Table 1. Table 1. Intracellular and extracellular ion distribution found in animal fluids.

lon Intracellular range (mM) Extracellular range (mM)
Na* 5-20 130-160
K* 130-160 4-8
Ca’* 50-1000 nM 1-4
Mg2* 10-20 1-5
cl 1-60 100-140
HCOs 1-3 20-30

Passive movement of ions obeys to an electrochemical gradient defined by the Nernst

equation (Equation 1).
Equation 1. Nernst equation (I).

ion
AG = —RT ln[_—]o
[ion];
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Where AG is the energy to be released by the diffusion movement, R is the universal
gas constant (8.31 J mol! K1), T is the temperature in Kelvin and [ion]o and [ion]; are the
extracellular and intracellular concentrations of the particular ion. Thereby, if the plasma
membrane is, for instance, permeable to potassium ions, they will move from the cytoplasm to
the extracellular space and the exit of positive charges will render the cell negatively charged,
starting to attract the potassium ions back into the cell. Once the electrical force that this
movement creates is equal in size but opposite to the diffusion energy and there is no net
movement of the ion, the ion will have reached its equilibrium. The electrical equilibrium
potential for a considered ion is defined by the following arrangement of the Nernst equation

where Eion is the equilibrium potential for the respective ion (Equation 2).

Equation 2. Nernst equation (11).

E —RTI [ion],
ion = g [ion)];

Because the particles are charged and they are distributed differently between the
intracellular and extracellular space, the flux across the membrane is determined by a
concentration gradient and an electric field stablished by the ions. If we assumed that every type
of ion has a different permeability (because of ion channels specificity) to diffuse through the
membrane, the electric field in the membrane will be constant and ions will cross it
independently from each other. In others words, it is possible to calculate the resting membrane

potential in a cell, which is given by the Goldman-Hodgkin-Katz equation (Equation 3).

Equation 3. Goldman-Hodgkin-Katz equation.

RT PNa*[Na*],+ PK*[K"], + PCL"[Cl7];

E, =— I
m =g "“PNa*[Na*], + PK*[K*], + PCL-[Cl],
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Em corresponds to the membrane potential and Px to the different permeabilities for
every ion. With several permeant ions (mainly K*, Na" and CI"), Erev is actually a weighted
mean of all the Nernst potentials. As K" is generally the most permeable ion in cells, it is not

surprising that Erev in many cells is very close to Exx.

Since membrane potential is dictated by ion permeability, it is reasonable to wonder
how the permeability of the membrane for different ions is established and controlled. Ion
channels possess characteristics that make them very effective to regulate membrane
permeability to small water-soluble particles. The first characteristic is an aqueous pore that
connects intracellular and extracellular spaces. This pore, usually lined by mainly hydrophobic
residues, dictates the selectivity and the speed for each class of ion traversing it. The mechanism
of selective permeability is based on a combination of the size of the ion (in its hydrated form)
and its charge. Secondly, they have a gating (opening and closing) mechanism that consists in
a conformational change induced by specific stimuli. The main stimuli governing ion channels
gating are changes in the membrane potential, intracellular covalent modifications (such as
addition of phosphate groups) or extracellular ligands (like neurotransmitters) that bind directly
to the channel and second messengers (Ca**, cAMP...). Additional modulatory factors can
regulate gating like, protons, temperature or osmotic changes. Moreover, the biophysical and
pharmacological properties of ion channels can be also modulated by subunits that bind to the
pore-forming subunits. These auxiliary or ancillary subunits play a crucial role in current
diversity in the organism and their importance will be developed in this work. To sum up, ion

channels are the most fundamental elements in the membrane of excitable cells.
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Project 1. KCNEI is an ancillary subunit of TMEM16A

Science is based on experiment, on a willingness to challenge old dogma, on an openness to

see the universe as it really is. Accordingly, science sometimes requires courage — at the very

least the courage to question the conventional wisdom.

Broca’s Brain, 1976. Carl Sagan
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A. Introduction

1. Ancillary subunits: The KCNE family

Generalities of the KCNE family

An expanding view of cell biology is that proteins do not act alone, but they assemble
dynamically into large complexes adopting new properties within the cell. Electrical signals are
conducted primarily by a-subunits that form the pore by which ions transverse the plasma
membrane from one compartment to the other. The high variety of ion currents is enhanced by
ancillary () subunits which constitute an important source for diversity of electrical signals in
cells. Although ancillary subunits cannot induce native currents per se, they are capable to
associate with a-subunits constituting the pore and change the pharmacological and biophysical
properties of ion channels, as well as their trafficking and assembly (Pongs and Schwarz, 2010;
McCrossan and Abbott, 2004). KCNE proteins are a family of transmembrane proteins broadly
known for associating with voltage-gated KCNQ (Kv7) K* channels and acting as p-subunits.
They constitute a family of five members, ranging between 14-20 KDa or 103-177 residues,
with a short hydrophobic domain spanning the plasma membrane and the carboxy- and amino-
terminal domain facing towards the intracellular and extracellular side, respectively (Pongs and
Schwarz, 2010; McCrossan and Abbott, 2004; Takumi et al., 1988; Abbott et al., 1999; Piccini
etal., 1999) (Figure 1).

( [ 0 KCNE1
( [ D KcNE2
( [ ) KCNE3
G DkenEs
( [ [ KCNEs
u ~ J\. J\. ~ J
N-terminal TMD C-terminal region
region
50 aa

Figure 1. The KCNE family

The KCNE proteins share a common structure consisting of an extracellular N-terminus
followed by a transmembrane segment and an intracellular C-terminal region. Extracted from
Pongs and Schwarz, 2010.
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The first cloned member of this family was KCNEIl (K* voltage-gated Channel
subfamily E regulatory subunit 1) from rat kidney (Takumi et al., 1988). As the injection of its
RNA in Xenopus oocytes produces a slow activating K* current, for some years KCNEI was
believed to be a K channel (Goldstein and Miller, 1991). Experiments with other heterologous
models questioned this finding since expression of KCNE1 alone is not able to induce current
in COS nor CHO cells. This question was later resolved by the discovery that endogenous
KCNQI1 was needed to observe the KCNEI-induced K™ current (Sanguinetti et al., 1996;
Barhanin et al., 1996). These experiments confirmed that KCNE] is actually a f-subunit of
these channels. KCNE1 changes the gating and the biophysical properties of KCNQI, from a
voltage-dependent rapidly activating and slowly deactivating to the slow activated and delayed-
rectifier channel underlying the human ventricular slow K* repolarizing current (Iks) (Wang
and Goldstein, 1995; Barhanin et al., 1996; Sanguinetti et al., 1996). In addition, KCNE1 can
also associate to the ether-a-go-go (hERG) channel, and the current carried by the complex

underlies the human ventricular rapid K" repolarizing current (Ix:) (McDonald et al., 1997).

KCNE2, 3 and 4 were first screened for their functional partners by co-expressing them
with different a-subunits in Xenopus laevis oocytes by the Goldstein lab, one decade after the
discovery of KCNEI1 (Abbott et al., 1999). All different KCNEs interact with KCNQ1, inducing
different effects on its kinetics (Bendahhou et al., 2005) (Figure 2). KCNE2 has been reported
to associate with KCNQI1 channels, converting them into leak channels that present
instantaneous activation and fast deactivation (Tinel et al., 2000). Moreover, it has been
suggested that KCNE2 can associate with KCNQ1 and KCNEI, forming a tripartite complex
contributing to the Iks cardiac current (Jiang et al., 2009). Association of KCNE3 with KCNQ1
abolishes the voltage dependence of KCNQI, converting it into a K" leak channel whose current
is solely dictated by the K™ driving force (Schroeder et al., 2000). KCNE4 and KCNES produce
a similar effect on the gating of KCNQ1 channels by different means. Whereas KCNE4 inhibits
the binding of the channel with its activator calmodulin (Ciampa et al., 2011; Angelo et al.,
2002), KCNES shifts the voltage-dependence of KCNQI1 to +140 mV, rendering the channel
non-functional at physiological potentials. KCNES also slows activation and accelerate
deactivation of KCNQI1 (Angelo et al., 2002). Moreover, both KCNE4 and KCNES partially
inhibit the KCNE1-KCNQ1 current and right-shift its voltage-dependent activation (Lundquist
et al., 2005).
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Figure 2. Influence of KCNE subunits on KCNQI.

The distinct KCNE proteins regulate differently the gating of KCNQI channels. From
Bendahhou et al., 2005.
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The KCNEI protein

Most of the available information of the KCNEI1 structure comes from NMR and
reconstitution studies in LMPG micelles and phospholipids vesicles (Kang et al., 2008; Coey
et al., 2011; Zhang et al., 2017b). The human KCNEI is a 129-residue single span protein
consisting of a transmembrane a-helix (22 residues), which is flanked by two extra and
intracellular domains (44 and 63 residues, respectively) bordered by flexible polar linkers
(Kang et al., 2008; Coey et al., 2011; Zhang et al., 2017b) (Figure 3). The N-terminal domain
is located in the extracellular side and it is glycosylated in three residues by post-translational
modifications. Mutation of these residues do not alter KCNE1 function but strongly reduce cell
expression and are implicated in cardiac arrhythmias (Chandrasekhar et al., 2011). NMR
spectroscopy suggests that residues in the extracellular helix interact with phospholipids heads
of the plasma membrane, increasing its fluidity (Zhang et al., 2017b). Moreover, half of this
segment adopts a helical conformation. The transmembrane domain adopts a curved helical
conformation induced by the backbone conformational balance between several glycines and a
number of B-branched residues located in this segment (Kang et al., 2008). The C-terminal
domain enters in the cytosol, where it interacts not only with KCNQ1 domains, but also with
additional proteins like protein kinase C (PKC) and the T-cap sarcomeric component of cardiac

muscle (Furukawa et al., 2001; Xu et al., 2009).

Site subject to disease-linked
mutation.

O clycosyiation site.

Figure 3. Structure of the KCNE] protein.

KCNEI is a single transmembrane protein consisting of an extracellular N-terminus, a
transmembrane segment and an intracellular C-terminus. Extracted from Zhang et al., 2017.

29



As an ancillary subunit, KCNE]1 is mainly known to control the gating properties of the
KCNQI o pore subunit. It has been demonstrated that, although they do not contribute in the
same way, all KCNE1 domains are involved in KCNQI regulation. Accordingly, a structural
work has shown that the distal part of the KCNE1 transmembrane segment lies on the KCNQ1
S4-S5 linker (the link between the voltage sensor domain and the gate) (Kang et al., 2008). The
proximal extracellular domain of KCNEI] also interacts with KCNQ1 in S1 and S6 modifying
the pH and pharmacological sensitization instead (Kang et al., 2008; Chung et al., 2009; Xu et
al., 2008). Nevertheless, major findings in KCNQ1 gating regulation have been shown in the
KCNEI C-terminal domain (Attali et al., 1993; Pongs and Schwarz, 2010). It is not clear how
KCNE]1 induces KCNQ1 slow activation. One possibility is that KCNEI1 slows the upward
movement of the KCNQ1 S4 voltage sensor domain upon membrane depolarization (Ruscic et
al., 2013). Such low mobility could be also responsible of its altered inactivation (Gofman et
al., 2012). Another study has suggested that the low activation of the KCNE1-KCNQ1 complex
is due to the action of two phenylalanine residues of KCNEI on the S4 voltage sensor domain
and the S6 pore domain of KCNQI, which collide during S4 movement, slowing the opening
of KCNQ1 (Nakajo and Kubo, 2014).

In addition, KCNE1 seems to modify also KCNQI trafficking. One study has shown,
by using truncated mutants, that deletion of the C-terminus of KCNEI1 prevents co-assembly
with KCNQI1 channels (Tapper and George, 2000). Another study has demonstrated, using a
KCNE1 long-QT-syndrome (LQTS) related mutant, that KCNEL1 is retained in the ER if
KCNQLI is not translated in the co-synthesis at the same time, suggesting that the KCNEI-
KCNQI interaction occurs in early stages (Krumerman et al., 2004). Nevertheless, this is in
contrast with another study that indicates that co-translation is not required for subunit co-
assembly (Vanoye et al., 2010). KCNE1 also regulates the endocytic pathway of KCNQI.
Although KCNQI1 can be internalized by Rab5 and the ubiquitylating Nedd44 proteins
independently from KCNE1 (Seebohm et al., 2007; Jespersen et al., 2007), KCNE] is involved
in endocytosis mediated by clathrin proteins in cardiac myocytes. When KCNEI is
phosphorylated by PKC at its C-terminal domain (Ser102) the B-subunit becomes a chaperone
of its associated KCNQI1 subunits, leading to clathrin-mediated and dynamin 2-dependent
endocytosis of the complex. This is translated in a dramatic decrease of the KCNE1-KCNQ1
complex at the cell surface (Xu et al., 2008; Kanda et al., 2011).
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Regarding to the stoichiometry of the complex KCNE1-KCNQI, there is currently a
broad debate about the number of subunits involved. Whereas some studies suggest that its
stoichiometry is fixed to either 4a.:2p or 4a:43 (Morin and Kobertz, 2008; Plant et al., 2014),
single molecule co-localization method in living cell and photo-crosslinking experiments
indicate that KCNE1-KCNQI can vary from 4a:18, 40:2 to 40:4p (Nakajo et al., 2010; Murray
et al., 2016) (Figure 4).
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Figure 4. Density-dependent stoichiometry model of the KCNEI-KCNQ1 complex.

Model of density-dependent stoichiometry of the KCNQI-KCNEI complex. Stoichiometry of
the KCNQI-KCNEI complex depends on how many free KCNEI subunits (green circles) are
available for the exogenous KCNQI channels (red circles). Endogenous KCNQI subunits in
Xenopus oocytes (xKCNQ1) are depicted as grey circles. Extracted from Nakajo et al., 2010.
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Physiological role of KCNE1

KCNETI1 is broadly known for its contribution to ventricular repolarization in cardiac
action potentials when it associates to KCNQI1 (Sanguinetti et al., 1996; Barhanin et al., 1996).
The propagation of the cardiac action potential is dependent of a battery of ion channels acting
in fine concert with ancillary subunits (Figure 5). The cardiac action potential is initiated by a
localized membrane depolarization that activates voltage-gated Na* channels, allowing rapid
and transient Na® currents. This phenomenon represents the classical upstroke in the
electrocardiogram (ECC) known as phase 0. This depolarization is followed by a rapid transient
repolarization (phase 1) mediated fast-gating Kv4.3 channels (Dixon et al., 1996; George,
2013). During phases 0 and 1, Na® channels rapidly inactivate and L-type Ca®" channels
activate, contributing to a long depolarizing plateau (phase 2). This inactivation is in balance
with inward currents carried by L-type Ca?* channels, residual Na® currents, and emerging
outward currents carried by K* channels (Qin et al., 1999; George, 2013). Activation of rapid
and slow activating K* currents mediated by hERG-KCNEI and KCNQI-KCNEI,
respectively, in tune with the Ca®* and voltage-dependent inactivation of Ca** channels, tips the
balance in favor of the outward current. These events promote phase 3 (repolarization) of the

action potential (Sanguinetti et al., 1996; Sanguinetti et al., 1995; Barhanin et al., 1996)

As said above, KCNEI1 has been reported to associate in vitro with the hERG channel
and the complex is believed to participate in the Ikr component of the repolarizing phase
(McDonald et al., 1997) and with KCNQI to constitute the Ixs component (Sanguinetti et al.,
1996; Barhanin et al., 1996). Iks appears to be more important during physical effort or similar
contexts when [B-adrenergic stimulation is produced. In fact, sympathetic nervous system
increases Iks density and accelerates repolarization to compensate for higher heart rates by
inducing a reserve of nearly-open closed channels (Knollmann et al., 2007). This phenomenon
is due to phosphorylation by protein kinase A (PKA) of residue Ser27 of KCNQI1, which is
facilitated by KCNE1 and the kinase-anchoring protein Yotiao (Kurokawa et al., 2009).
Interestingly, the response of the complex to PKA stimulation seems to be dependent of
KCNE1-KCNQI stoichiometry (Thompson et al., 2018). However, stimulation of a-1
adrenergic receptors activates PKC, which phosphorylates KCNE1 in residue S102 promoting
clathrin-mediated and dynamin 2-dependent endocytosis of the KCNE1-KCNQI1. Thus, the Iks
component duration is shortened (Kanda et al., 2011; Xu et al., 2009).
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Figure 5. lonic basis for cardiac action potential.

A battery of different ion channels and ancillary subunits controls the cardiac action potential.
Extracted from George, 2013.

The physiological importance of KCNEI1 on the cardiac action potential is reflected on
the high number of cardiac arrhythmias related with dysfunction of this protein, notably LQTS
(Crump and Abbott, 2014). LQTS is characterized by a prolonged QT interval in the ECC, due
to delayed repolarization of the cardiac action potential (Figure 6) (Crump and Abbott, 2014).
It may be autosomal dominant (Romano-Ward syndrome) or autosomal recessive (Jervell and
Lange-Nielsen syndrome) (George, 2013). LQTS caused by kcnel mutations is categorized as
LQTS-5 and as LQTS-1 when it is due to kcngl mutations (Barhanin et al., 1996; Bianchi et
al., 1999).
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Interestingly, both S38G (present in ~20 % of studied populations) and R32H KCNE1
polymorphisms, which cause predisposition to LQTS (Fatini et al., 2010), have no or negligible
effects on the Iks cardiac current (Westenskow et al., 2004; Yao et al., 2018). This may indicate
another function for KCNEI1. Surprisingly, kcnel”~ mice show a similar QT interval compared
to wild type mice, although their QT-RR (i.e. the distance between two successive R waves)
adaptation in ECC is exacerbated, leading to a prolonged QT interval during bradycardia (Drici
et al., 1998).

A Ven.tricularAction 0 mv
Potential

B Surface ECG
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Current pA/pF \J
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Figure 6. Impact of KCNEI and KCNQI in cardiac action potential and LQOTS.

The LQTS is caused by an aberrant prolongation of the QT interval. Modified from Ezeani and
Elom, 2017).

Concerning to the function of KCNEI in vivo outside the heart, most of the available
information come from studies performed on kcnel”" mice. In the inner ear, it has been proposed
that KCNE1-KCNQI provides a conduit for K" secretion that recycles K* in endolymph of
vestibular dark cells (Warth et al., 2002; Vetter et al., 1996; Abbott, 2016). As a result, mice
lacking of the kcnel present Shaker-Waltzer behavior and bilateral deafness (Vetter et al.,
1996). Kcnel”- mice are also hypokalemic and exhibit increased hematocrit, suggesting
impaired renal electrolyte and enhanced water loss (Vallon et al., 2001). It has been also shown
that these mice present irregularly distributed pancreatic secretory granules and their pancreatic
acinar basolateral membrane lacks of KCNQ1 (Warth et al., 2002). They also exhibit fecal salt

loss, suggesting a potential role in intestine (Arrighi et al., 2001).
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KCNE1! as a dual ancillary subunit of potassium and chloride channels

Another intriguing feature of KCNE] is its ability to induce not only K*, but also CI
currents when its RNA is injected in Xenopus oocytes (Attali et al., 1993). Moreover, chimeric
KCNEI1 showed that, while the C-terminus seems to be crucial for the induction of K* currents
(KCNQ1), the N-terminal part induces Cl” currents (mutants S68T, ATr80 and A11-38) (Attali
etal., 1993) suggesting that KCNE1 is a dual activator of endogenous silent K™ and CI" channels
in Xenopus oocytes (Attali et al., 1993; Ben-Efraim et al., 1996).

Moreover, in vivo experiments performed with proximal convoluted tubule (PCT) cells
from kidney have shown that KCNEI1 is needed to induce a CI" current that is lost in kcnel”
cells (Barriére et al., 2003). A similar Ca>"-activated CI current has been described in the same
cell line, although its identity remains elusive up to date (Rubera et al., 1998). All in all, KCNE1

seems to regulate not only Ky channels, but also Cl” channels.
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2. Calcium-activated chloride channels: TMEM16A

TMEM16 proteins. ion channels and scramblases

Ca?"-activated CI" channels (CaCCs) play a major role in cell physiology, including
transduction of signals, regulation of cardiac and neuronal excitability, epithelial secretion and
muscle contraction, among others (Pedemonte and Galietta, 2014). TMEMI16A, the main
CaCC, was first cloned by three independent laboratories which used different approaches. The
first one identified the channel from pools of cDNA from Xenopus laevis injected in Axolotl
salamander oocytes, which, contrarily to those from Xenopus, do not express endogenous
TMEMI16A (Schroeder et al., 2008). The second one found it by bio-informatics analysis (Yang
et al., 2008) and the third one discovered it by using gene expression microarrays (Caputo et
al., 2008). As this protein was thought to be made of eight transmembrane domains (Katoh,
2004), it was initially proposed to call it anoctamin 1 (anion and octa). However, also the

alternative terminology, TMEM16A (Transmembrane protein 16) is currently used in parallel.

Ten members of the TMEM 16 superfamily have been found in mammals (Pedemonte
and Galietta, 2014; Falzone et al., 2018), which can be classified according to their function
and homology. TMEM16A and B are considered as full CaCCs (Yang et al., 2008; Schroeder
et al., 2008; Caputo et al., 2008), whereas TMEM16C, D, G and J operate as scramblases
translocating lipids rapidly and bidirectionally in order to maintain plasma membrane
asymmetry (Gyobu et al., 2017). Only the F form possess dual channel-scramblase activity
(Gyobu et al., 2016; Yu et al., 2015; Suzuki et al., 2013). TMEM16H and K need to be studied

in more detail in order to determine their real function.

Most of the structural and functional analyses of the ion channel and scramblase activity
of anoctamins are based on cryo-EM assays and homology modeling of the fungal homolog
scramblase nhTMEMI16 from Nectria hematococca and the CaCC mouse homolog
mTMEMI16A (Brunner et al., 2016; Bethel and Grabe, 2016; Paulino et al., 2017a; Dang et al.,
2017; Paulino et al., 2017b). TMEMI16 channels and scramblases share an overall similar
structure: they are both homodimers, consisting of ten transmembrane domains and one pore
per subunit with an extensive intracellular domain that adopts a ferredoxin-like fold. Each
subunit harbors two Ca®" binding sites and presents a hydrophilic cavity exposed to the

membrane which is surrounded by five helices (TM3-7). In the scramblase homolog
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nhTMEM16 the cavity is wide at its intracellular end and narrows towards the extracellular end.
In the CaCC homolog mMTMEM16A the narrowing of the cleft at the extracellular end is more
pronounced (Brunner et al., 2016; Bethel and Grabe, 2016; Paulino et al., 2017a; Dang et al.,
2017). Some studies suggest that such cavity may serve as a common hub to both scramblase
and ion channel activity by Ca** regulation. As a matter of a fact, mutations in residues within
this cavity alter conduction for both lipids and ions in nhnTMEMI16 and mTMEMI16A,
respectively (Jiang et al., 2017; Lee et al., 2018).

Although anoctamins form a widespread protein superfamily, with homologs found in
all eukaryotic phyla (Milenkovic et al., 2010), the fact that no homologs of TMEM 16 have been
found in prokaryotic organisms suggests that these proteins appeared relatively late in
evolution. Moreover, TMEM16 proteins across different phyla behave differently. Ist2, a yeast
TMEM16 homologue from Saccharomyces cerevisiae, is involved in salt tolerance and acts as
a tether connecting the ER and plasma membrane (Kim et al., 2005; Wolf et al., 2014). The
fungus homolog nhTMEM16 acts as a Ca**-activated phospholipid scramblase but does not
present an evident ionic channel activity (Paulino et al. 2017). Another ancestral fungus
homolog, afTMEM 6 (from Aspergillus fumigatus), shows a Ca>" -dependent dual-function, as
an ion channel and a scramblase (Malvezzi et al., 2013; Pelz et al., 2018) similarly to

TMEMIG6F (Suzuki et al., 2013; Yu et al., 2015).
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The voltage-dependent and calcium-activated TMEM16A channel

As a CaCC, TMEMI6A presents three main hallmarks: outward rectification of the
steady-state current-voltage relationship due to activation and deactivation at positive and

negative membrane potentials, respectively; permeability to anions; and activation by cytosolic

Ca?" with (Yang et al., 2008; Schroeder et al., 2008; Caputo et al., 2008).

TMEMI16A activation involves the binding of up to two Ca?" ions located in a
coordinated binding site near to the pore of the channel and the movement of a flexible
transmembrane helix (TM6), inducing conformational changes within the channel that allow it
to enter either into an open outward-rectifying state or an ohmic state, depending of the number
of bound Ca*" ions and the conformation of this helix priming the channel to voltage-dependent
changes (Paulino et al., 2017a; Dang et al., 2017; Peters et al., 2018; Paulino et al., 2017b).
Concerning its permeability, TMEM16A follows an Eisenman type I sequence anion selectivity
(SCN>I>NO3>Br>Cl>F>gluconate), in which anions with lower hydration energy have
higher permeability compared to anions with higher dehydration energy (Peters et al., 2018;
Schroeder et al., 2008; Yang et al., 2008).

TMEMI6A can be regulated by other stimuli. Cholesterol depletion and decrease of
intracellular pH have been reported to reduce CaCC amplitude in smooth muscle cells
expressing endogenous CaCC and in transfected HEK cells (Sones et al., 2010; Chun et al.,
2015). Heat is another activator of TMEMI16A present in dorsal root ganglia (DRG) neurons
(Cho et al., 2012). It is believed that TMEM16A could act also as a mechanosensitive channel
in arterial smooth muscle cells since they are activated by swelling induced by hypoosmolarity,
independently from the VRAC channel LRRCS (Bulley et al., 2012). A recent study showed
that PIP2 binds also to TMEM16A facilitating its opening (Le et al., 2019).

Another characteristic of TMEM16A arises from alternative splicing. There are multiple
isoforms generated by skipping/inclusion of alternative exons which are distributed among the
different tissues and have different biophysical properties (Ferrera et al., 2009; Sondo et al.,
2014). There exist, at least, four alternative segments: a (116 amino acids), b (22 amino acids),
¢ (4 amino acids) and d (26 amino acids) (Ferrera et al., 2009). For instance, the ac isoform
(lacking of segments b and d) is more sensitive to Ca** than the isoform abd (lacking of segment

c) (Ferrera et al., 2009).
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Selective compounds against TMEM16A may be useful tools for studying this channel.
The lack of selective compounds has historically slowed-down the research on CaCCs.
Niflumic acid, which was considered as specific blocker of CaCC, has been demonstrated to
act on other channels by emptying intracellular Ca** stores (Poronnik et al., 1992; Cruickshank
et al., 2003; Balderas et al., 2012). Since its discovery, many inhibitors have been designed in
order to block TMEM16A, including CaCCinn-A01, T16Aini-A01 and MONNA, although they
are not promising due to their low specificity (De La Fuente et al., 2008; Namkung et al., 2011;
Peters et al., 2015). So far, Ani9 has been determined as the most specific (with negligible
effects on TMEM16B) and potent blocker (ICs0> 0.11 uM) of TMEM16A, without affecting
Ca?" intracellular signaling nor CFTR CI" channel activity (Seo et al., 2016). Fewer advances
have been made for TMEMI16A activators. A screening of small molecules in FRT cells
transfected with TMEM16A in 2011 revealed the existence of two compounds which seem to
fully activate the channel without inducing intracellular Ca®>" mobilization. However, they are
also activators of TMEM16B (De La Fuente et al., 2008; Namkung et al., 2011; Peters et al.,
2015). Some herbal compounds used in traditional medicine such as ginsenoside (Guo et al.,
2020) and resveratrol (Chai et al., 2017) have been also found to activate TMEM16A, although

their specificity remains unclear.

Concerning its distribution, TMEM16A is mainly an epithelial channel (Pedemonte and
Galietta, 2014). Particular importance is given to this channel in airways epithelia, where it
mediates mucus secretion and fluidity in goblet cells (Huang et al., 2012). Interestingly,
TMEMI6A acts on airways epithelial cells in tune with CI" CFTR channels, and dysfunction of
both of them are related with cystic fibrosis (Benedetto et al., 2017).
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Structure and gating mode of the channel TMEM16A

Structure of TMEM16A

Major advances concerning the TMEM16 structure have been made in the last years by
cryo-EM, which allows a near atomic resolution by capturing multiple dynamic states.
TMEMI16A is a homodimer consisting in an intracellular C-terminus and N-terminus and a TM
domain of ten a-helices. The interface between both subunits is the outer part of both a-10,
which are in similar location to nhTMEM16’s but extend further towards the outside (Paulino

et al., 2017a; Dang et al., 2017; Peters et al., 2018; Brunner et al., 2014; Paulino et al., 2017b).

Figure 7. Ribbon representation of TMEM16A.

Ribbon representation of the TMEM16A4 dimer. The transmembrane domains of individual
subunits are colored in blue and red, respectively, N-terminal domains (NTD) in green and the
C-terminal domains (CTD) in violet. Extracted from Paulino et al., 2017.

Each subunit of the dimer is harboring one anion pore, which works independently from
the other under the same mechanism (Brunner et al., 2014; Jeng et al., 2016; Lim et al., 2016;
Paulino et al., 2017a). The ion conduction pore is lined by residues located on TM3-7 (Paulino
et al., 2017a). TM4 and 5 form, together with TM3, 5 and 7, the narrow neck of an aqueous
pore that spans the extracellular two thirds of the plasma membrane. Towards the cytosolic
side, the detachment between TM4 and 6 results in a wide intracellular vestibule of the pore
that is exposed to both the cytoplasm and the lipidic bilayer. As a result, the ion-conducting
pore adopts an hourglass as shown in Figure 8 (Paulino et al., 2017a; Paulino et al., 2017b).
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Figure 8. Pore and calcium binding sites of TMEM16A.

Grey mesh, pore surface. Sections of the pore: the extracellular vestibule, the neck and the
intracellular vestibule. Structure of the Ca’*-binding site with cryo-EM density of the two Ca®”*
ions superimposed as mesh. Protein is shown in unique colors, sticks, sidechains of selected
residues, blue spheres, Ca’" ions. Extracted from Paulino et al., 2017.

Some residues involved in the pore are essential for anion conductance and channel
gating. Peters and co-workers demonstrated that mutations in four basic residues located in the
outer mouth change anion selectivity, suggesting that the presence of the positively charged
side chains of these residues might preferentially promote flux of Cl ions (Peters et al., 2015).
Additionally, another work has recently found more residues within the segments constituting

the pore which seem to be also important for anion selectivity (Dang et al., 2017).

Voltage — dependence and calcium activation of TMEM16A

A hallmark of CaCCs is their voltage-dependence and outward rectification at low Ca**
concentrations and ohmic and leaky kinetics at high concentrations, suggesting the existence of
multiple open states (Kuruma and Hartzell, 2000; Perez-Cornejo et al., 2004). Initially it was
believed that activation by Ca?" came from the association between TMEM16A and calmodulin
(Tian et al., 2011). However, this is not actually true since the channel binds directly up to two

Ca?" ions (Yu et al., 2014; Dang et al., 2017; Paulino et al., 2017a; Tien et al., 2014).
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Peters and co-workers have recently demonstrated by electrophysiology and cryo-EM
the crucial role of the sixth transmembrane segment of TMEMI16A in gating (Peters et al.,
2018). It was previously shown that this segment is highly flexible due in part to a helical
distortion in Gly640 and its poorly ordered structure (Dang et al., 2017; Paulino et al., 2017a).
The model for the Ca®* and voltage-dependent gating mode of TMEM16A is depicted in Figure
9: In the absence of cytosolic Ca?>", TMEMI16A is closed but is able to bind Ca ** ions. As
concentration of internal Ca®" increases (~400 nM), a single Ca>" ion binds to the channel and
CI anions enter the outer pore. The pore enters then into an outward-rectifying conducting state
and primers the channel to undergo a fast voltage-dependent conformational change involving
TM6. Association of the second Ca®' ion results in stabilization of the fully activated
conformation of TM6, resulting in the ohmic anion conductance open state of the pore (Peters
et al., 2018). The finding that mutations residues located in the first intracellular loop of the
channel reduce Ca" activation indicate that TMEM16A may have multiple Ca®" binding sites

or a binding site involving disparate regions on the channel (Xiao and Cui, 2014).
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Figure 9. Calcium and voltage-dependent gating of TMEM16A.

A simplified model of TMEM16A gating. Two circles within the box represent the two Ca®"-
binding sites, with filled circles indicating occupancy by Ca’*. The larger circle represents the
pore, with a line indicating a closed pore, half-filled circle for the outward-rectifying open state
and fully filled circle for the ohmic open state. At right, a sample steady-state I-V distinguishing
the two open states for channels with single or double Ca?*occupancy. Modified from Peters et
al., 2018.
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A series of works developed by Xiao and co-workers suggest that both voltage and Ca**
dependent gating might be physically coupled to the first intracellular loop of TMEM16A. In
their research they demonstrated that deletion of the residues 444EEEEEAVKDu4s3 in that region
results in loss of both Ca®-sensitivity and voltage-dependence. Interestingly, the mutant
channel 414EEEEE449/AAAAA conserves the same Ca*" affinity as the wild type channel but
loses voltage-dependent activation, while the A440EAVKu4s2, which corresponds to the abd
alternative splicing form, is activated more readily by depolarization compared to the wild type
form and strongly decreased Ca?" affinity. However, since this loop is located in the intracellular
part and not in the voltage-field of the membrane, it is unlikely to directly sense the voltage

(Xiao and Cui, 2014; Xiao et al., 2011).

Another feature of TMEM16A’s gating is that it can be modified by external anions
(Xiao and Cui, 2014; Xiao et al., 2011; Peters et al., 2018). Substitution of external Cl" by I"
increases the interaction of the anion in the outer pore to stabilize TM6 in its voltage-dependent-
inducting conformation, therefore favoring the subsequent voltage-dependent changes at less
depolarizing voltages (Xiao and Cui, 2014; Xiao et al., 2011; Peters et al., 2018). Furthermore,
replacement by NO3™ or SCN" greatly reduces voltage-dependent gating of the channel, shifting
the activation at negative potentials (Xiao and Cui, 2014; Xiao et al., 2011; Peters et al., 2018).

All these data suggest that gating of TMEM 16A consists in a synergistic complex model
involving intracellular Ca®*" mobilization, changes in membrane potential, conformational
transitions and electrostatic interactions between conducting anions and the channel pore.
Although these recent findings of structures implicated in the gating have demonstrated the

complexity of the gating mechanism and more research is needed to fully understand it.
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3. Hypothesis: KCNEI1 activates the TMEM16A channel

As described previously in this chapter, injection of RNA of KCNE1 induces activation
of endogenous silent K" and CI" channels in Xenopus laevis oocytes (Attali et al., 1993).
Moreover, it has been also shown that PCT cells from kcnel”" mice do not exhibit an
osmosensitive CI” current responsible of the efflux of CI™ in the regulatory volume decrease
(RVD) phenomenon in renal cells (Barriere et al., 2003). Another study has reported the
existence of a CaCC in the same cell line, which may compensate lack of the CI" CFTR
conductance in cystic fibrosis (Rubera et al., 1998). Additionally, mutations in the extracellular
segment of KCNEI have been found to be polymorphisms related with cardiac arrhythmias
with negligible impact on the Iks current (Westenskow et al., 2004; Yao et al., 2018).

The strong presence of TMEM16A in both Xenopus oocytes (Schroeder et al., 2008)
and in the apical membrane of PCT cells (Faria et al., 2014), where it co-localizes with KCNEI
(Vallon et al., 2001), suggests that KCNEI is not only an ancillary subunit of Kv channels, but
also of TMEM16A CI channels. Since these channels are belonging to the voltage-gated and
the anoctamin superfamilies, respectively, this work aims to decipher whether cross-modulation
between different protein subfamilies is possible by a shared B-subunit and its potential impact

in physiopathology.
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B. Results

1. KCNE1 shifts TMEM16A from a calcium-dependent to a

voltage-dependent Cl- channel

To test the ability of KCNEI to regulate TMEM16A, HEK293T cells were used as
heterologous model, since they do not express neither TMEM16A nor KCNE1 endogenously.
Whereas transfection of HEK293T cells with either TMEM16A or KCNE]1 alone produced no
significant current, co-expression of both proteins induced a voltage-dependent current, whose
density was of 18.1 + 2.8 pA/pF at +100 mV (Figure 10A, B). The reversal potential was -4.8
+ 1.3 mV, which is similar to the expected reversal Cl” potential in the experimental conditions
used. This CI” current was inhibited by niflumic acid (NFA), T16Ainh-A01 (Davis et al., 2013)
and also by Ani9, the most specific TMEMI16A inhibitor (Seo et al., 2016) (Figure 10C, D).
Furthermore, as expected, the TMEM16A-KCNE]1 current presented higher permeability for
large anions with lower hydration energy, as it has been shown before for TMEM16A alone in
the presence of calcium (7able 2) (Yang et al., 2008; Caputo et al., 2008; Schroeder et al.,
2008). In addition, the channel does not become cation permeable, since replacement of the
external solution by a 15 mM NaCl solution supplemented with D-mannitol allowed
determination of a Pna/Pci of ~ 0.1 (data not shown). This value is consistent with the calculated
prediction through the Goldman-Hodgkin-Katz equation for the used conditions (Equation 3)
and similar to the reported value (Yang et al., 2008; Peters et al., 2018). This suggests that
KCNEI switches TMEMI16A from a Ca**-dependent to a voltage-dependent CI" channel.

To preclude the possibility that KCNEI activates endogenous Ca®" channels, similar
experiments were conducted in the presence of the fast Ca** chelator BAPTA (Figure 10E, F).
As shown in Figure 10F, BAPTA did not affect the voltage-dependent current evoked by the
TMEMI16A-KCNEI complex. To totally rule out a potential modulation of endogenous Ca**
channels by KCNE1 leading to TMEM16A activation, we co-expressed KCNE1 with the Ca**-
activated SK4 channel, which has a similar Ca?" sensitivity as TMEM16A (Cao and Houamed,
1999). As shown in Figure 11, KCNEI1 overexpression did not induce any increase of the SK4
current in absence of Ca®". Altogether, these results exclude an implication of an intracellular

Ca?' rise in KCNE1-induced voltage-dependent activation of TMEM16A.
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Figure 10. KCNE1 converts the CaCC TMEMI16A into a voltage-dependent chloride
channel.

(A) Representative traces showing the effect of expression of either KCNEI1 or TMEM16A or
both TMEM16A and KCNEI in HEK293T cells. Traces were generated using pulses between -
100 and +100 mV at 20 mV intervals from a holding potential of -80 mV. (B) Summary of
current densities obtained at +100 mV (C-D) Representative traces of HEK293T cells co-
expressing TMEM16A and KCNE| after incubation with NFA (100 uM), A01 (10 uM) (C) or
Ani9 (300 nM) (D). (E-F) Representative traces of TMEM16A alone (E) or co-expressed with
KCNE]I (F) in the presence of 1 mM of BAPTA. Currents were elicited by voltage-ramps (from
-100 to +100 mV, Is duration). Insets show current densities obtained at +100 mV. Man-
Whitney test (**p < 0.01, ***p < 0.001). Mean + SEM.
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Table 2. Relative permeability (P./Pc) of the TMEM16A-KCNEI current to anions.

Salt Erev
NaCl (140 mM) -54+14 1
Nal (140 mM) -15+£2.8 1.5
NaNOs (140 mM) 232+1.4 2

Vector + 0 uM Ca?*  KCNE1 + 0 uM Ca?*

pe— e
500 pA
500 ms
Vector + 1 uM Ca?* KCNE1 + 1 uM Ca?*

Current density (pA/pF)

Relative permeability

w
o
J

N
o

-
o
1

Figure 11. KCNEI co-expression does not activate SK4 channels.

(A) Representative current traces obtained from HEK293T cells transfected with SK4 and
either an empty vector or KCNEI in the presence or absence of 1 uM cytosolic Ca’". Traces
were generated using pulses between -100 and +100 mV from a holding potential at -80 mV.
(B) Summary of current densities obtained at +100 mV. Mann-Whitney test (** p < 0.01, ***

p < 0.001). Mean = SEM.
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Modulation of additional TMEM16 members by KCNEI was also investigated. As it
shares ~57 % of protein homology with TMEMI16A and also exhibits Ca®’-sensitivity and
voltage-dependence (Milenkovic et al., 2010), potential regulation of TMEM16B by KCNE1
was examined. Additionally, the effect of KCNE1 on TMEMI16F was also tested. TMEM16F
is a scramblase that shares low homology with TMEM16A but it also acts as an anionic channel
activated by Ca** (Milenkovic et al., 2010). None of the two challenged channels presented an
apparent activation when they were co-expressed with KCNE1 in HEK293T cells (Figure 12),
indicating that KCNEI1 specifically activates TMEM16A.
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Figure 12. KCNEI does not activated other TMEM 16 channels.

Representative traces obtained from HEK cells co-expressing KCNEI with TMEMI64,
TMEM]16B and TMEM16F. Bar graphs at left indicate current densities. Currents were elicited
by voltage-ramps (from -100 to +100 mV, Is duration). Current densities are depicted in bar
graph a left. Mann-Whitney test (***p>0.001). Mean = SEM.

TMEMI16A does not have any obvious classical voltage-sensor domains, but several
cytoplasmic and transmembrane domains have been shown to be implicated in its regulation,
notably the first intracellular loop (Xiao et al., 2011) and the sixth transmembrane domain
((Peters et al., 2018). To determine which domain could be involved in the KCNE1-induced
voltage-gating of the channel, KCNEI effect was first tested on the mutation
444EEEE447/444AAAA447, which is known to abolish the intrinsic TMEMI16A voltage-
dependence (Xiao et al., 2011). The mutation 444EEEE447/444AAA A447 did not prevent channel
regulation by KCNE]1, ruling out the hypothesis that KCNE1 modifies the TMEMI16A gating
by acting on the 444EEEE447 sequence underlying the intrinsic voltage-dependence of the

channel (Figure 13).
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Figure 13. KCNEI does not shift the intrinsic voltage-dependence of TMEM16A.

Representative current traces showing the effect of expression of either TMEMI6A
144EEEE 447/444AAAA447 alone or with KCNEI in HEK293T cells. Currents were elicited by
voltage-ramps (from -100 to +100 mV, s duration), insets show a summary of current density
fold increase induced by KCNE1 co-expression obtained at +100 mV. Mann-Whitney test (**
p <0.01). Mean + SEM.

Implication of TMEM16A TM6 domain was then tested using two TMEM16A mutants
bearing the TM6 mutations [1637A and Q645A, which enable the channel to be activated in the
absence of Ca®" (Peters et al., 2018). As expected, these two mutants produced current in the
absence of elevated Ca®", but no additional effect was observed upon co-expression of KCNE1
(Figure 14A4-C). The absence of an additive effect strongly supports the idea that KCNE1
modulates channel gating by acting on the TM6 conformation. This conformation mimics a
single Ca’" occupancy state as has been already demonstrated for both mutations (Peters et al.,
2018). Supporting this, the conductance vs Vm curve observed for TMEM16A + KCNEI1
overlapped with the curve obtained with TMEM16A alone at moderate Ca** concentrations (0.5

uM) (Figure 14D).
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Figure 14. TMEM16A-TM domain 16374 and Q6454 mutations are not sensitive to KCNE1
co-expression.

(A) Representative current traces showing the effect of expression of either TMEM16A 16374
alone or with KCNEI in HEK293T cells. Currents were elicited by voltage-ramps (from -100
to +100 mV, Ls duration), insets show a summary of current density fold increase induced by
KCNEI co-expression with the wild type and mutants forms of TMEM16A4 at +100 mV. (B-C)
KCNEI does not modify the voltage sensitivity of the TMEMI16A-TM6 16374 and Q6454
mutants. G/Gumax vs Vm curves for 16374 (B) and Q6454 (C) mutants expressed alone or co-
expressed with KCNE1 in whole-cell patch clamp. (D) TMEMI16A activation at a moderate
Ca’" concentration, as seen with single Ca’* occupancy. G/Guax vs Vim curves for TMEM 164
alone in the presence of 0.5 uM Ca’* and TMEM16A co-expressed with KCNE1. Mann-Whitney
test (***p < 0.001). Mean + SEM.

Beside their ability to enable channel activation in the absence of Ca>", the TM6 1637A
and Q645A mutations are still modulated by Ca*" (Peters et al., 2018). Therefore, the Ca**
sensitivity of TMEM16A-KCNE1 current was challenged. Similarly to both mutants,
TMEM16A-KCNE1 was Ca**-activated, reinforcing the idea that KCNE1 modulates channel
gating by acting on the TM6 conformation (Figurel5A-C). Interestingly, no differences were
observed between cells expressing TMEMI6A with or without KCNE1 at saturating
concentrations of Ca®>" (Figurel5D). This discarded the hypothesis of a potential increase of
the number of channels at the surface, since this would have been translated in a higher current

density in the presence of KCNEI.
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Figure 15. Calcium sensitivity of TMEM16A-KCNE] channel complex.

(A) Representative recordings of TMEMI16A-CaCC in inside-out patch configuration in
response to various intracellular calcium concentrations. (B) Calcium concentration—response
of TMEM16A channel. (C) Whole-cell current traces showing TMEM164 and TMEM16A4 +
KCNEI currents in the presence or absence of 1 uM Ca’*i. Bar graph represents the relative
current densities of TMEMI164 and TMEMI16A with KCNEI at the two different Ca’*
concentrations. (D) Bar graph representing normalized current densities of TMEM16A4 and
TMEM164 + KCNEI at a saturating Ca*" concentration (10 uM). Mann-Whitney test (*** p
<0.001). Mean + SEM.
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2. TMEMI16A activation by KCNEI involves physical interaction

Once determined that KCNET1 activates TMEM16A by modifying its gating, a physical
association between both proteins was suggested, like KCNEI does with KCNQI1 to form a
protein complex. This hypothesis was tested by using the Single Molecule Pulldown (SiMPull)
method developed by Jain and co-workers to see individual immobilized protein complexes
(Jain et al., 2011). To perform this technique, HEK cells are transfected with DNA of the two
proteins forming the complex: a “bait” protein which is labelled with a HA-tag and a “prey”
protein fused to a GFP label. After 24 h of expression, cells are lysed and then pulled down on
slides previously coated with polyethylene glycol (PEG) and neutravidin, which allows biotin
binding. Then the slides are conjugated with a biotinylated antibody anti-HA which
immobilizes the protein expressing the HA-tag. If there is a physical interaction between the
bait and the prey protein, this is observed by the GFP signal coming from the prey protein upon
excitation with a laser of a total internal resolution fluorescence (TIRF) microscope (Figure
16). This technique not only allows to see if two proteins are physically coupled, but also
enables to determine the number of subunits implicated in the complex. This is possible by
counting the number of photobleaching steps corresponding to every GFP-subunit of the prey

protein after TIRF excitation.

1. Coexpression 2. SiMPull 3. Direct visualization of complex
GFP
~ DNA Prey-GFP
DNA HA-bait -bait 9 0
Biotinylated
Anti-HA Ab Y rey-GFP
) Biotin
Neutravidin
HEK cells

passivated microscope slide /\

TIR excitation

Figure 16. Schematic of SiMPull technique.

Firstly, HEK cells are co-transfected with DNA of the protein of interest fused to a HA-tag and
of the potential partner fused to a GFP-label. Secondly, the cellular lysate is pulldown in
microscope slides coated with PEG, neutravidin and conjugated with a biotinylated anti-HA
antibody. Finally, the samples are looked under TIRF microscopy, whose excitation allows to
see the GFP signal coming from the protein partner.
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Co-transfection of KCNE1 and TMEM16A, one of them fused with a HA affinity tag
and the other with a GFP label (Figure 174, E), led to the visualization of many fluorescent
spots for both conditions (Figure 17B, F). This demonstrated the physical interaction between
KCNE1 and TMEMI16A. By observing bleaching steps for immobilized HA-KCNEI-
TMEMI16A-GFP complexes, it was possible to count the number of TMEM16A-GFP subunits
within the complex. The majority of fluorescence intensity trajectories showed two-step
bleaching (~70 %) with the remaining spots bleaching in one step (~20 %) or occasionally three
or more steps (~10 %) (Figure 17C, D). This distribution agrees well with the binomial
distribution predicted for a strict dimer based on an estimated GFP maturation probability of
~75% (Ulbrich and Isacoff, 2007). Analysis of the SiMPull experiments with HA-TMEM16A-
KCNEI1-GFP showed that most complexes presented two bleaching steps (~65%) and some
remaining spots bleaching in one (~25 %) and three steps (~10 %) (Figure 17G, H). This
distribution corresponds to the presence of two KCNE1-GFP subunits. Therefore, two KCNE1
subunits assemble with a dimeric TMEM16A channel (Takumi et al., 1988; Dang et al., 2017),
following a 2a:2f stoichiometry. Importantly, when HA-KCNE1 or HA-TMEM16A were not
co-expressed, no proteins fused to GFP were pulled-down (Figure 17I-L), confirming the

specificity of the HA-antibody used in the SiMPull experiments.
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Figure 17. KCNE1 and TMEM16A interact in a 2a0.:2f8 complex.

(A) HEK293T cells co-expressing TMEM16A-GFP and an HA-tagged KCNE1 were lysed and
then immobilized on a PEG-passivated coverslip conjugated to a biotinylated anti-HA
antibody. (B) Representative TIRF image of single molecules showing the pulldown of
TMEM16A4-GFP by HA-KCNEI. (C) Representative trace showing two photobleaching steps
(red arrows) of TMEM16A-GFP (AU, for Arbitrary Units). (D) Summary of photobleaching
step distribution for TMEM16A-GFP. (E-H) same as (A-D) for the SiMPull of KCNE1-GFP by
HA-TMEM16A. (I) TMEM16A-GFP pulldown in the absence of the HA-tagged partner. (J)

Absence of protein spots after TIRF excitation (K-L) same as (I-J) for the KCNEI-GFP
pulldown.
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3. The KCNEI-TMEMI16A complex is carried by PCT cells

To be considered as a bona fide auxiliary subunit, the protein must interact with o-
subunits in a native environment. To confirm that KCNEI is an auxiliary subunit of TMEM16A
in native tissue and to eliminate possible artifacts due to heterologous overexpression we used
PCT cells obtained from wild type and kcnel KO mice (Barricre et al., 2003). PCT cells are
considered as a relevant model, as they naturally co-express both TMEM16A and KCNEI
(Fariaetal.,2014; Vallon et al., 2001) and do not necessitate any genetic manipulation to record
TMEMI16A channel carried currents. Moreover, while no modification of the K* current was
found in PCT cells from kcnel”- KO compared to wild type, a DIDS (4,4-
Diisothiocyanostilbene-2,2’-disulfonic acid)-sensitive Cl- conductance was impaired (Barriére
et al., 2003). The current, whose reversal potential was similar to the expected CI reversal
potential, was lost in kcnel”- PCT cells (18.07 = 1.21 pA/pF vs 5.37 £ 0.56 pA/pF for PCT wild
type and KO mice, respectively, P < 0.001) (Figure 18A4). This current was inhibited by NFA
(4.51 £0.28 pA/pF), T16Ainh-A01 (5.52 £ 0.72 pA/pF) and Ani9 (2.88 + 0.38 pA/pF) (Figure
18B-D). Moreover, knock-down of TMEMI16A by a previously validated siRNA transfection
(Sala-Rabanal et al., 2017) in wild type PCT cells significantly reduced the CI* current
amplitude (4.23 + 0.48 pA/pF) (Figure 18E). This demonstrates the involvement of TMEM16A
subunits in the channel complex responsible for the herein studied Cl current. A rescue
experiment by KCNEI transfection in kcnel” cells fully restored the voltage-dependent CI-
current (21.59 + 1.38 pA/pF) (Figure 18F), showing that the absence of CI" current in these
cells was only due to the genetic invalidation of kcnel and not due to any modification that

might have occurred during the culture process.
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Figure 18. KCNEI-TMEM16A complex creates a voltage-dependent chloride current in
proximal convoluted tubule (PCT) cells.

(A) Representative traces obtained from wild type and kcnel”- PCT cells. (B-D) Representative
traces from wild type cells after incubation with NFA (100 uM, B), A01 (10 uM, C), Ani9 (5
uM, D). (E) Trace obtained after transfection with siRNA against TMEM16A. (F) Trace
obtained from a kcnel”- PCT cell after transfection with KCNEI ¢DNA. Currents were
generated by voltage-ramps (from -100 to +100 mV, 1s duration). Insets show current densities.
Mann-Whitney test (***p< 0.001). Mean = SEM.
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4. The N-terminal pre-transmembrane domain of KCNE1 is key
for TMEM16A regulation

KCNETI is a single transmembrane protein with an extracellular N-terminal part and a
C-terminal domain within the cytosol (Takumi et al., 1988). To determine the interacting site
with TMEM16A, a series of truncated KCNE1 forms were produced (Figure 19A4) and tested
for their ability to regulate TMEM16A. Truncation of the KCNE1 C-terminal domain did not
abolish the KCNE1-mediated TMEM16A regulation (25.04 + 4.9 pA/pF, P > 0.15) (Figure
19B). By contrast, deletion of the full N-terminal domain suppressed the ability of KCNEI to
regulate TMEM16A (6.56 + 0.89 pA/pF, P <0.001) (Figure 19B). No effect was observed for
the partial N-terminal truncations, neither for ANt16 (25.43 + 4.46 pA/pF) nor for ANt30 (25.23
+ 6.62 pA/pF) (Figure 19C), demonstrating that the sequence of 13 residues (from L30 to L42)
preceding the transmembrane domain is essential for TMEM16A activation. This result is in
line with the previous observation, that a partial deletion of KCNE], including eight of the
thirteen amino acids of this sequence (KCNE1A11-38), abolished the KCNE1-induced chloride
current in Xenopus oocytes (Attali et al., 1993). To check if this small domain is sufficient to
recapitulate the properties of the entire KCNE1 on the TMEMI16A current, we used a
corresponding synthetic peptide (Nterl13), bearing the L30-L42 sequence. In HEK293T cells
only expressing TMEMI16A, application of 100 uM Nter13 elicited an Ani9 sensitive current
(15.48 + 3.25 pA/pF) (Figure 19D). Again, the reversal potential was similar to the current
observed when KCNEI1 is co-expressed, whereas no effect was observed by application of a
scrambled peptide (Figure 19D, Figure 20A, B). A concentration-response experiment with
Nter13 demonstrated an ECso of ~110uM (Figure 20C).
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Figure 19. The pre-transmembrane domain (Nterl3) of KCNEI is sufficient for KCNEI-
induced TMEM16A conversion

(A) Cartoon depicting KCNEI truncated forms used to determine the domains implicated in
TMEM16A interaction. (B-C) Representative traces obtained from HEK293T cells co-
expressing TMEM16A4 and KCNEI1ACt, KCNEIANt (B), KCNEIANt16, or KCNEIANt30 (C).
(D) Representative traces showing the effect of the Nterl3 and a scrambled peptide on
HEK293T cells expressing TMEM16A alone. Currents were elicited by voltage-ramps (from -
100 to +100 mV, s duration). Insets show the summary of current densities obtained for the
different conditions at +100 mV. Mann-Whitney test (***p < 0.001). Mean + SEM.
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Figure 20. Nterl3 peptide is sufficient to switch the functioning mode of TMEM16A.

(A) Representative traces showing the effect of Nterl3 peptide application (100 uM) and its
reversion by Ani9 (5 uM) on a HEK293T cell expressing TMEM16A alone. (B) Effect of Nterl3
peptide on TMEM16A current over time followed by inhibition through co-application of Ani9
in HEK293T cells. (C) Concentration-response curve representing the current density observed
for different peptide concentrations in HEK293T cells expressing TMEM16A.
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5. KCNE1 polymorphisms within the TMEMI6A interacting

sequence suppress the CI” current

Previous research have shown that polymorphisms involving different forms of KCNE1
are related with cardiac arrhythmias, and notably LQTS (Moss and Kass, 2005; Crump and
Abbott, 2014). LQTS is frequently associated with abnormalities in slow ventricular
repolarization because of dysfunctions of the complex KCNE1-KCNQ1 (Crump and Abbott,
2014). Nevertheless, some of these variants, such as R32H and S38G have not or very little
impact on KCNQ1 regulation (Westenskow et al., 2004; Yao et al., 2018). Interestingly, these
residues are located within the 13-residues extracellular domain of KCNEI regulating
TMEMI16A activation. Therefore, we performed whole-cell recordings in HEK293T cells co-
expressing either KCNQ1 or TMEM16A with the KCNE1 mutants R32H and S38G. The T71
mutant form was used as a control, since its punctual mutation does not affect the regulating
domain. As expected, none of the KCNEI mutants modify the KCNE1-KCNQI1 K" current
(Figure 214, B). However, whereas mutation T71 did not alter the KCNEI-dependent
regulation of TMEMI16A (24.69 + 1.57 pA/pF, P > 0.4), both mutations R32H and S38G
abolished the ability of KCNE1 to modulate the TMEM16A current (5.69 + 1.18 pA/pF and
6.96 = 0.78 pA/pF for R32H and S38G, respectively) (Figure 21C, D), suggesting a potential
implication of the KCNE1-TMEMI16A complex in human cardiac diseases.

59



A B
KCNQ1 + KCNE1 KCNQ1 + KCNE1R32H T 100 6)
n )
9
23 9)
>
1nA B 50- i 6
n c (g ( )
()
1s T
KCNQ1 + KCNE1T7I KCNQ1 + KCNE1S38G §
5] " "KCNQT KCNQT KCNQ1 KCNQ1
+ KCNE1 + KCNE1 + KCNE1 + KCNE1
T7I R32H  $38G
C D
TMEM16A + KCNE1R32H o~ 30-
=) (12)
— hm,_ < 1
—— = 20
— b 7
4 %
TMEM16A+ KCNE1S38G o 104
T
TMEM16A+ KCNE1T7I —5—-—-—\'- £
£ 0
+100 mV 3 TMEM16A TMEM16A TMEM16A TMEM16A
— ) +KCNE1 +KCNE1 +KCNE1 +KCNE1
= 80 mV
T7I R32H $38G

-100 mv 800 ms

Figure 21. The KCNEI1 S38G and R32H do not impair KCNQI regulation, but abolish
TMEM16A regulation.

(A) Current traces of whole-cell patch-clamp recordings from cells transfected with wild type
KCNQI alone and co-transfected with KCNE1 or KCNEI T7I or KCNEI R32H or KCNE1
S$38G. (B) Summary of current densities obtained for the different conditions at +40 mV. (C-
D) Same as (A-B), with cells co-expressing KCNEI1 and TMEM16A. Current densities were
calculated at +100 mV. Mann-Whitney test (**p< 0.01, ***p< 0.001). Mean + SEM.
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6. Specificity of KCNEI-TMEMI16A

As the K' channel KCNQI is regulated by the five members that conform the KCNE
family (Bendahhou et al., 2005), it was reasonable to wonder if TMEM16A could be also
modulated by more of them. Whole-cell recordings of HEK293T cells expressing TMEM16A
showed that only KCNES5, which shares low protein homology with KCNEI1, was able to
activate the channel, increasing its current amplitude and changing its kinetics similarly as
KCNEI1 does (21.11 £3.90 pA/pF, 14.44 £2.75 pA/pF for KCNEI and KCNES, respectively).
(Figure 224, B). Thus, TMEM16A is not only activated by KCNEI1, but also by KCNES.
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Figure 22. TMEM16A is activated by KCNEYS.

(A) Representative traces recorded from HEK293T cells co-transfected with TMEM16A4 and
the different members of the KCNE family. The protocol used to generate the IV curves is
depicted below the traces. (B) Summary of the obtained current densities at +100 mV compared
to TMEM16A alone. Mann-Whitney test (***p<0.001). Mean = SEM.
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C. Discussion

1. KCNEI as a cross-regulator of two different superfamilies of

ion channels

Most of ion channels are assembled as complexes of a pore forming a-subunit,
associated with auxiliary (B) subunits. This study demonstrates that KCNEI1, which is
classically considered a B-subunit of the cardiac KCNQ1 pore-forming subunit belonging to the
voltage-dependent Ky channel superfamily, serves also as an auxiliary subunit of the anoctamin
superfamily channel TMEM16A, a Ca®*-activated CI" channel (CaCC). By interacting stably
with TMEM16A following a 2a:2B subunit stoichiometry, KCNE1 induces a voltage-
dependent current in the absence of intracellular elevation of calcium. KCNE1 polymorphisms
within the TMEM16A-interacting domain abolish its ability to regulate TMEM16A, suggesting
a possible implication of this voltage-dependent chloride current in human diseases. This work
demonstrates that KCNE1 not only modulates the K channel KCNQ1, but also regulates the
CI" channel TMEM16A, in line with prior observations suggesting KCNEI as a dual activator
of silent K" and CI" channels expressed in Xenopus oocytes (Ben-Efraim et al., 1996; Attali et
al., 1993). Furthermore, KCNEI has been shown to regulate other KCNQ members and the
trafficking of several voltage-gated K™ channels (Strutz-Seebohm et al., 2006; Roura-Ferrer et
al., 2009; Kanda et al., 2011).

Previous B-subunits have been demonstrated to be able to modulate different ion channel
families which originated from the same superfamily. Navf1, which acts as an ancillary subunit
of voltage-gated Na" channels controlling their cell expression in the surface and current
amplitude (Brackenbury and Isom, 2011), is also a molecular chaperone of Kv4.2 channels that
stabilizes their presence in the surface of cortical pyramidal neurons, (Marionneau et al., 2012).
Moreover, it also associates with some Kv1 channels and Kv7.3 channels, modulating neuronal
excitability in the cortex and regulating the M current in the brain (Nguyen et al., 2012).
Nevertheless, such regulation only involves channels belonging to the same superfamily of
voltage-gated channels, which share a common ancestor (Moran et al., 2015). The results of the
present manuscript show that KCNE1 cross-modulates two different superfamilies of proteins

which are not phylogenetically related: voltage-gated and anoctamin superfamilies.
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2. Activation by KCNEI involves voltage-dependent gating

The data obtained in the present manuscript gives important information about how
KCNE] increases the current amplitude of cells expressing TMEMI16A. The fact that at
saturating Ca®" concentrations the TMEM16A current was not modified by the presence of
KCNE]1 demonstrates that KCNEI does not increase the number of channels at the surface.
Finally, current upregulation by the Nter13 peptide in HEK293T cells expressing the channel
alone was fast (a few seconds), indicating that this activation is not related with protein
synthesis, but rather with association with an existing pool of TMEM16A. Taken together, the
mechanism by which KCNE1 promotes TMEMI16A current amplitude seems not to be related
with an increase of TMEM16A at the cell surface.

KCNE]1 did not modify the current density of cells expressing SK4 nor TMEMI16B,
which are activated by similar concentrations of Ca?>" as TMEM16A (Schroeder et al., 2008;
Yang et al., 2008; Caputo et al., 2008; Cao and Houamed, 1999). Moreover, the concentration-
response curve for Ca?* followed a similar slope in conditions with or without KCNE1, except
for values when there was no intracellular Ca**, ruling out a potential impact for Ca>" sensitivity.
Also, experiments with the Ca”?* chelator BAPTA ruled out the possibility of an eventual

implication of activation following a local intracellular Ca*" release.

Another mechanism for TMEMI16A is proposed in this work involving the TMEM16A -
TM6. Recently, the TMEM16A-TM6 segment was reported to play a crucial role in voltage
and calcium sensing (Peters et al., 2018). The TM6 has been shown to be flexible and to adopt
several stable conformations that would condition the channel activity mode. Its key function
was demonstrated by showing that two mutations (I637A and Q645A) within the TM6 enable
channel activation by membrane depolarization in the absence of calcium, similarly to KCNE1
co-expression. The absence of an additive effect of KCNE1 when co-expressed with the two
TM6 mutants supports the idea of a shared mechanism. KCNE1 may modulate channel activity
by modifying the TM6 conformation placing the channel in a voltage-dependent mode,

enabling the channel to be activated independently of an elevation of intracellular Ca*".
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3. KCNE]1 stably interacts with TMEMI16A

In order to see if activation by KCNEI] is direct, the SIMPull technique was used. This
method, contrarily to Western Blot or co-immunoprecipitation assays not only allows to
identify physical association between two proteins, but also enables elucidation of the number
of subunits implicated in the protein complex (Jain et al., 2011). SiMPull assays revealed a
remarkable number of spots, each one representing a single protein complex, when both
proteins were pulled-down together, indicating physical interaction of TMEM16A and KCNEI].
It also revealed, by counting the number of photobleaching steps in every spot, the presence of

two TMEMI16A subunits for two KCNEI subunits (2a:2f stoichiometry).

After having determined that KCNE1 and TMEM16A stably interact within a complex,
the next step was to find the domains implicated in this association. Whole-cell experiments
demonstrated that the extracellular part of KCNE1, and more specifically, the first 13 residues
before the transmembrane segment, are necessary and sufficient to activate TMEMI16A.
Strikingly, deletion of the 80 last intracellular amino-acid part does not alter the CI channel,
contrarily to the effect on KCNQI (Nakajo and Kubo, 2014). The importance of the
extracellular domain was already pinpointed by Attali and co-workers when they showed that
mutant forms of KCNE1 partially or completely lacking of the extracellular part were unable
to activate Cl currents in Xenopus oocytes (Attali et al., 1993). Importantly, the partial mutants
which involved some of the 13 extracellular residues of KCNEI are highlighted in this
manuscript. The experiments of the present work performed with the N13ter peptide on
HEK293T cells expressing TMEM16A at the surface validate that the proximal part of the N-

terminal domain is sufficient and necessary to activate TMEM16A in the absence of Ca?".

Similarly, the CLCA1 activator of TMEM16A also associates with the channel via its
extracellular domain (Sala-Rabanal et al., 2017; Sala-Rabanal et al., 2015). This subunit is
secreted paracrinally and interacts with the last extracellular loop of TMEM16A through an
extracellular Von Willebrand Factor (Sala-Rabanal et al., 2017; Sala-Rabanal et al., 2015).
Nevertheless, CLCAL1 acts differently to KCNE1: it increases TMEM16A current density by
stabilizing the channel at the cell surface. KCNE1 is not the only ancillary subunit which
regulates the a-pore forming subunit by an extracellular mechanism. The Ca>" channel ancillary
subunit Cavo2d, which modifies many of the Cav,, properties, acts extracellularly (Dolphin,

2016).
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4. The KCNEI-TMEMI16A complex in native tissues

KCNE1-TMEM16A in kidney

TMEMI16A is commonly found in studies carried out in epithelial cells (Pedemonte and
Galietta, 2014). The mechanism of CI secretion is usually the result of the coordinated activity
of different channels and transporter localized in the basolateral and apical membranes of
epithelial cells (Vallon et al., 2001; Faria et al., 2014). Notably, TMEM16A has been shown to
be very important for Ca?*-dependent CI- transport in epithelium of airways and salivary and

pancreatic glands (Pedemonte and Galietta, 2014).

In kidney, CI” channels participate in renal tubular transport to maintain fluid, electrolyte
and acid-base balance. In PCT cells, where the largest fraction of Na* is filtered along with
water and HCOs™, H' is secreted via apical Na'/H" transporters and vacuolar H'-ATPases.
TMEMI16A provides CI° to promote the electrogenic activity of these ATPases,
counterbalancing the charge movement. A study performed with anol”- mice demonstrated that
TMEMI16A is strongly expressed in apical and subapical compartments of PCT cells with some
presence in glomerular podocytes and the collecting duct (Faria et al., 2014). Anol”- mice from

this study presented dehydration due to enhanced water loss.

KCNEI is also prominent in the apical membrane of epithelial PCT cells (Vallon et al.,
2001; Barriére et al., 2003). In addition, these mice also exhibit some similarities with anol”
mice such as an increased hematocrit and dehydration (Vallon et al., 2001; Faria et al., 2014).
The phenotype shared by both KO mice and co-localization of TMEM16A and KCNEI] at the
apical membrane of PCT cells suggest that both proteins contribute together to water and CI°
balance and cell volume regulation. Indeed, the data obtained using kcnel” PCT cells
confirmed that this protein is involved to the generation of a voltage-dependent CI” current.
Concerning the identity of the CI” channel, the strong inhibition mediated by Ani9 and the
specific siRNA against TMEM16A in wild type PCT cells revealed this one as the channel of

interest.
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These results are in line with previous research performed on PCT cells. The work of
Rubera and co-workers found two different C1" conductances in PCT cells (Rubera et al., 1998).
The first one was a volume-sensitive Cl~ conductance activated under hypotonic shock that
could regulate RVD, a phenomenon mediated by water and KCI efflux following an increase
of cell volume (Tauc et al., 1990). This swelling-activated CI” current has been reported to be
lost in PCT cells from kcnel”- mice (Barriére et al., 2003). Therefore, it is possible that
TMEMI16A participates in RVD in PCT cells through KCNE1 when there is no high
intracellular Ca** in proximal tubule of kidneys. The second CI conductance found in PCT cells
was a CaCC whose identity was not elucidated in that study, but it was proposed to compensate
the lack of CFTR CI current in cystic fibrosis (Rubera et al., 1998). Such compensation has
been recently proved to be carried by TMEM16A channels (Benedetto et al., 2017).

KCNE1-TMEM16A in heart

In cardiac myocytes, intracellular and extracellular Cl" concentrations are estimated to
be ~10-20 mM and ~145 mM, respectively, setting the equilibrium potential for this ion
between -65 and -40 mV (Duan, 2009). This value is more positive than the resting membrane
potential of cardiac myocytes and can be either negative or positive to the actual membrane
potential during the cardiac action potential. Thus, cardiac Cl” channels exhibit the unique
ability to generate both outward and inward currents and cause both depolarization and

repolarization, depending of the action potential phase (Duan, 2009).

The knowledge concerning TMEMI16A in heart is currently small. When intracellular
Ca?" is increased above the physiological resting level during early action potentials,
TMEMI16A, as a CaCC, seems to carry a significant amount of transient outward current I
(Duan, 2009). However, its function as a voltage-dependent CI" channel independent of Ca*" is
not known and needs to be addressed. The time course of the decline of intracellular Ca**
transient will determine the extent to which the CaCC contributes to early repolarization during
phase 1 (Duan, 2009). Association of TMEM16A with KCNEI makes to think that, in spite of
its CaCC nature, the channel contribution in the cardiac action potential is more linked to
changes in the membrane potential rather than to Ca®" influx which may be important in the

early phase of the action potential during the sodium channel opening (Hartzell et al., 2005).
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Mutations in either KCNQI or KCNEI are linked to cardiac arrhythmias like LQTS
(Moss and Kass, 2005; Crump and Abbott, 2014). LQTS is a cardiovascular disorder translated
into a prolonged QT interval. The most common form of LQTS is the Romano-Ward syndrome,
a heterogenous and autosomal dominant disease related to delayed ventricular repolarization
due to mutations in ventricular ion channels and auxiliary subunits (Moss and Kass, 2005;
Crump and Abbott, 2014). The other form is the Jervell Lange-Nielsen syndrome, which is also
characterized by bilateral deafness. There are different LQTS, classified according to the
mutated gene causing abnormal QT. For instance, LQTS-1 and LQTS-5 correspond to LQTS
caused by mutations in kcngl and kcnel, respectively (Moss and Kass, 2005; Crump and

Abbott, 2014).

Among all the KCNE] variants producing LQTS-5, the location of two point mutations
at the extracellular segment made them matter of interest for this work. The first one, KCNE1
S38G, was one of the first discovered LQTS-5 mutants (Lai et al., 2002). Most of the population
possesses one S and one G allele of the gene, 38GG is the next most common and SS the least
(Moss and Kass, 2005; Crump and Abbott, 2014). S38G genotype reportedly influences
predisposition to LQTS. Several studies performed in different Chinese populations also
correlate S38G polymorphism with atrial fibrillation (Lai et al., 2002; Li et al., 2014). The
second one, KCNE1 R32H, is less common. Two different studies performed in populations of
North America, Europe and Sweden have reported this variant with Jervell Lange-Nielsen

syndrome (Splawski et al., 2000; Stattin et al., 2012).

The present work found that co-expression of TMEM16A with either S38G or R32H
abolished the CI" current elicited by KCNE1 wild type and that the same two variants generated
the same current as the wild type form when they were co-expressed with KCNQI. Therefore
it might be that the aberrant long QT interval generated by KCNE1 S38G and R32H may be
due to an abnormal ventricular repolarization caused by an impairment of the TMEM16A-
KCNEI1 complex in heart. An exhaustive screening of ion channels interacting with KCNE1
and its variants and the use of selective compounds targeting TMEM16A would help to

determine the importance of the KCNE1-TMEM16A in the cardiac action potential.
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5. KCNES5 can also activate TMEM16A

One of the main features of ancillary subunits, including KCNE members, is that they
show promiscuous partnering with different ion channels of the same family. For instance,
KCNE] is able to act as an ancillary subunit of K" hERG and KCNQI channels, regulating
both rapid and slow ventricular repolarization (Crump and Abbott, 2014). TMEM16B and
TMEMI16F were chosen in this study due to their ability to conduct CI". Neither TMEM16B
nor TMEM16F showed an increase of their current density when they were co-expressed with
KCNEI]. Nevertheless, in spite of such absence of effect on their channel activity, this work did
not solve if a potential modification in the scramblase activity was produced by KCNE].
Notably, a computational study found that insertion of 35 aminoacids from TMEMIG6F to
TMEMI16A between its TM4-TMS5 domain confers to the latter scramblase activity (Gyobu et
al., 2017). If TMEM16 scramblase activity was also shown to be regulated by KCNEI], this
would mean that the role of KCNE]1 as an ancillary subunit is more ancient than it was believed

up to now.

Finally, this work demonstrated that KCNES is also an activator of TMEM16A
channels. KCNES is mainly known to inhibit KCNQI1 by inducing a shift of the voltage-
dependence by +140 mV, rendering the channel nonfunctional at physiological potentials
(Angelo et al., 2002). The similar effect of KCNE1 and KCNES on TMEMI16A despite their
low protein homology may be overcomed by different mechanisms. This is, for instance, the
case of KCNE4 and KCNES inhibition of KCNQI1 channels. Whereas, KCNES shifts KCNQ1
voltage-dependence, KCNE4 avoids the binding between the channel and calmodulin (Ciampa
et al., 2011). This regulation opens the door to the existence of trimeric complexes involving
KCNEs and TMEMI16A, as it has been already demonstrated with KCNQI1-KCNE1-KCNE2
in heart (Jiang et al., 2009).
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D. Conclusion

This work demonstrates that KCNE1, a well-known auxiliary subunit of voltage-
dependent K" channels, meets the four needed conditions to be considered as an auxiliary
subunit of the TMEM16A channels from the anoctamin anion channel superfamily (Adelman,
1995; Gurnett and Campbell, 1996; Trimmer, 1998; Arikkath and Campbell, 2003; Cannon,
2007): first, KCNEI does not show any ion channel activity by itself, second, KCNE1 and
TMEMI16A interact directly and stably with a fixed stoichiometry (2a:2P), third, KCNEI
modifies drastically the TMEMI16A function enabling the channel to work in the absence of
elevated cytosolic calcium, and fourth, KCNE1 regulates TMEMI6A in native tissue.
Therefore, KCNEI fulfills all the criteria of a bona fide auxiliary subunit of two distinct classes
of ion channel superfamilies which are not phylogenetically related: voltage-gated cation
channels and anoctamin superfamilies. Finally, the TMEM16A-KCNE]1 association should be
considered when analyzing outcomes of clinically relevant KCNEI1 mutations, as emphasized
by the finding that two known cardiac arrhythmia related KCNE1 variants, including S38G,
lost their ability to regulate TMEM16A.
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Project 2. Pain silencing through AT2R-TRAAK direct coupling

Rather than propose a new theory or unearth a new fact, often the most important contribution
a scientist can make is to discover a new way of seeing old theories or facts.

The Selfish Gene, 1976. Richard Dawkins
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A. Introduction

1. Buruli Ulcer: A painless necrotic skin disease

Etiology of Buruli Ulcer

Buruli ulcer was discovered in the late 19" century by Sir Albert Cook, a missionary
doctor appointed in Uganda and described for the first time in Australia by Mac Cullum and
co-workers in 1948 (MacCULLUM, 1948). Buruli ulcer is one of the skin-related neglected
tropical diseases and it is nowadays considered as the third most common disease caused by

mycobacteria after tuberculosis and leprosy (Huang and Johnson, 2014).

The first descriptions of Buruli ulcer clinical features and disease progression come from
observations made by Clancey and co-workers in the 60’s in Uganda. The first symptoms are
small painless indurated nodules, which initially look like small insect bites. A few weeks after
the nodules start growing in depth and diameter, generating edematous plaques with ill-defined
borders. Later on, the necrotic plaque sloughs off, generating a painless ulcer with irregular
borders. The ulcer grows during some weeks or months, necrotizing the underlying skin and
subcutaneous tissue border, leading to undermined borders. Eventually, in some cases ulcers
can be very deep, exposing tendons and bones and leading to osteomyelitis and infections by

other bacteria (CLANCEY et al., 1961).

Currently there are 33 countries around the globe reporting cases of this disease. Most
of these countries belong to rural areas of tropical zones, with a special high incidence in West
Africa, the main endemic focus. Among the affected countries, Ivory Coast, Ghana and Benin
are the top three endemic countries, accounting for ~73 % of the total of Buruli ulcer cases
reported globally. Children aged under 15 years old are the most affected group of patients by
the infection, constituting the ~48 % of cases in Africa. There are also some other countries
outside the tropical climate zone presenting cases of Buruli ulcer such as Japan and Australia

(Yotsu et al., 2018; Yotsu et al., 2015).
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Little knowledge is available about its mechanism of transmission. The etiological agent
of Buruli ulcer is Mycobacterium ulcerans (M. ulcerans), whose toxin; mycolactone, a
polyketide derived macrolide, causes extensive deep and painless ulceration (George et al.,
1999). As most of cases have been reported in areas close to stagnant waters, the most probable
is that the disease is transmitted from ponds and lakes. In line with this hypothesis, DNA of M.
ulcerans has been found in aquatic invertebrates, small animals living in swamps, and directly
from environmental water sources (Portaels et al., 2008). Nevertheless, the high variability of
potential vectors across different areas hinders the elucidation of the transmission mode of M.
ulcerans. Another possibility suggests that transmission to humans is mediated through small
injuries like scratches or insect bites rather than through a specific vector or the respiratory tract

(Yotsu et al., 2018; Yotsu et al., 2015; Sarfo et al., 2016).

Currently, there are four main diagnosis tests to confirm the presence of M. ulcerans
and a Buruli ulcer infection: microscopic detection of acid-fast bacilli in smears from swabs of
patients, cell cultures, real-time PCR using the 1S2404 gene present in M. ulcerans’ genome
and histopathology analysis of ulcers in pre-ulcerative forms (CLANCEY et al., 1961; Ross et
al., 1997; Sakyi et al., 2016; Guarner, 2018). Nowadays, the World Health Organization
recommends a 12-week therapy with a combination of oral streptomycin, rifampicin and
clarithromycin to treat Buruli ulcer (Asiedu et al., 2012). However, antibiotic invasiveness and
side-effects like nephrotoxicity and hearing impairment make necessary to find new cures
(Scherr et al., 2018). There is no specific recommendation to prevent Buruli ulcer. The main
risk factors include fishing, swimming or walking by stagnant waters or artificial lakes. Daily
prophylaxes such as wearing long sleeves and trousers or the use of mosquito repellents have
been shown to prevent the disease (CLANCEY et al., 1961; Ross et al., 1997; Sakyi et al., 2016;
Guarner, 2018).

Most of the cytotoxic effects caused by M. ulcerans are produced through mycolactone,
the toxin released by the bacterium, which is key for bacterial virulence and host colonization
(George et al., 1999). Mycolactone is synthetized by giant polyketide synthetases coded by the
174 kb megaplasmid pMUMOOI, which has three genes (mlsAl, mlsA2 and mlsB).
Mycolactone consists of a 12-membered lactone core and two highly-unsaturated large-
polyketide side-chains (Northern and Southern chains), responsible of the virulence effect
(Figure 23) (Guenin-Mac¢ et al., 2015). Two isoforms differing in their unsaturated fatty acid
side chain called mycolactone A and B have been isolated and characterized from M. ulcerans

(George et al., 1999).
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Mycolactone A/B

20
C12-C20: "Northern" Chain

C1'- C12": "Southern" Chain

Figure 23. Schematic representation of mycolactone A/B structure

Mycolactone structure consists of a lactone core linked to a northern and a southern chain.
Extracted from Sarfo et al., 2016

The biological function of mycolactone has been a subject of study since its
identification (George et al., 1999). In vivo and in vitro application of purified lipid extracts
from M. ulcerans and chemically synthetized mycolactone A/B show a painless and chronic
skin ulceration which is associated with extensive necrosis alongside a minimal inflammatory
response (CLANCEY et al., 1961; Ross et al., 1997; Sakyi et al., 2016; Guarner, 2018). Tissue
necrosis, immunosuppression and painlessness in Buruli ulcer can be explained by the
molecular targets of mycolactone. Targeting of scaffolding proteins controlling actin dynamics
in anchorage-dependent like Wiskott-Aldrick Syndrome proteins cells leads to anoikis, cell
death by detachment from the surrounding extracellular matrix, which explains tissue necrosis
(Guenin-Macé¢ et al., 2013). Immunosuppression is caused by prevention of co-translational
translocation of cytokines via the Sec-61 translocon (Hall et al., 2014). Finally, the absence of
pain is due to mycolactone binding to the angiotensin II type 2 receptor (AT2R) in sensory
neurons, leading to cell hyperpolarization and pain suppression by silencing neuronal activity

(Marion et al., 2014).
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The analgesic mechanism, depicted in Figure 24, suggests that mycolactone binds to
AT2R in a concentration-response dependent manner. Upon binding to AT2R and subsequent
activation, mycolactone triggers a signaling pathway in which Goi proteins lead to
phospholipase 2 (PLA?) activation. Following activation of PLA> and homologs, arachidonic
acid is released from the plasma membrane phospholipids and converted into prostaglandins
(notably to PGE2) by the action of cyclooxygenase-1. The signaling pathway ends with
activation of TRAAK, a two-pore-domain K" (K2p) channel by PGE: and subsequent
hyperpolarization. The same work reported that az2r~ mice do not exhibit unaltered pain
sensitivity in the tail-flick test after mycolactone inoculation into the footpads, thus revealing
AT2R as a key agent in mycolactone-mediated hypoesthesia in vivo (Marion et al., 2014). In
line with this, another work, has shown that mycolactone produces cell hyperpolarization in
DRG neurons at non-cytotoxic concentrations via AT2R, constituting a good silencer of sensory

neurons (Marion et al., 2014; Song et al., 2017).
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Figure 24. Mycolactone triggers cell hyperpolarization via the TRAAK channel upon
binding to the AT2R receptor.

Mycolactone activates TRAAK channels through a molecular cascade involving G-protein
signaling a production of prostaglandins. Extracted from Danser and Anand, 2014.

Supporting the hypothesis that AT2R could be a target in order to treat pain, previous
studies have reported AT2R antagonist efficacy in rodent neuropathic pain models (Smith et
al., 2013) and the AT2R antagonist EMA401 as a potential drug for treating post-herpetic
neuralgia (McCarthy et al., 2012).
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Nevertheless, another study using DRG neurons from human and rat describes a potent
toxicity of mycolactone, suggesting that analgesia is caused by nerve destruction instead,
similarly to leprosy (Anand et al., 2013). Furthermore, AT2R function in pain perception is
controversial. Whereas some works do not identify the receptor in healthy adult humans outside
of the brain (Ichiki, 2013) others indicate that it co-localizes with substance P and calcitonin
gene-related peptide containing DRG neurons, thus suggesting a role in nociception (Patil et
al., 2010). Besides, recent elucidation of the AT2R structure by crystallization indicates that the
receptor does not produce its function via G-proteins (Zhang et al., 2017a), which contradicts
the model suggested by Marion and co-workers (Marion et al., 2014). All these data pinpoint
the necessity to revisit this model involving AT2R in mycolactone pain inhibition. As
mycolactone targets several proteins in the cell it would not be surprising that analgesia is
caused by a multi-factorial process involving more than one mechanism (Guenin-Macé¢ et al.,

2013).
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Absence of pain in Buruli ulcer

Much research has been carried out in order to understand how neurons and nociceptors
are altered by mycolactone. A pioneer study showed that inoculation of M. ulcerans in mouse
footpads did not produce neither dermal ulcers nor nerve damage in early stages (33 days).
However, in middle stages after the inoculation first dermal ulcers appeared and although
peripheral nerves were well preserved, the perineurium of some nerve bundles showed the
presence of acid-fast bacilli. At this stage animals showed decreased sensitivity in the sensory
test of footpads with von Frey filaments. In late stages (50-70 days) animals most of nerve
bundles were well preserved, but many of them showed massive intraendoneurial invasion that

indicated loss of function. Moreover, myelin-forming Schwann cells showed deep degeneration

(Goto et al., 20006).

A similar study by En and co-workers, in which mice footpads were directly injected
with mycolactone, revealed a shift from normal response to hyposensitivity from day 28 to 42
after inoculation. The authors also observed peripheral nerve destruction and Schwann cells
apoptosis some days later (En et al., 2008). The same group has reported cultured Schwann
cells detachment in Petri dishes after mycolactone addition (En et al., 2017). Moreover, it has
been recently shown that low concentrations of mycolactone induce apoptosis of cultured DRG
neurons and Schwann cells from neonatal mice 48 h after mycolactone exposure. The same
study reported that low concentrations of mycolactone prevent release of pro-inflammatory
factors from DRG neurons and Schwann cells, indicating that analgesia could be linked to a

suppression of the inflammatory response (Isaac et al., 2017).

Another work supporting that painlessness in Buruli ulcer is due to nerve degeneration
has reported dramatic loss and degeneration of cultured DRG neurons and other nervous cells
from rats and humans (Anand et al., 2016). This study also reported clustering of mitochondria
in cell body of neurons and accumulation of mycolactone, suggesting impairment in axonal
transport. The same work indicated that mycolactone reversibly prevents capsaicin response of

TRPV1 channels, which are implicated in noxious stimuli (Anand et al., 2016).
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Together, these works seem to indicate that absence of pain induced by mycolactone is
related with nerve destruction and degeneration of myelin and interfering neuronal
communication through Schwann cells apoptosis (Goto et al., 2006; En et al., 2008; Anand et
al., 2016; En et al., 2017, Isaac et al., 2017). However, there are several observations, which
strongly contradict this theory. For instance, when mycolactone was injected in footpads of
mice, animals showed reduced pain perception wherea morphological changes in neurons and
myelin that were only observed some days later (En et al., 2008). Also, although the studies
described above converged on Schwann cells degeneration, it is not clear if they regenerate
producing new myelin and consequently normal neuronal transmission (Goto et al., 2006; En
et al., 2008; Anand et al., 2016; En et al., 2017; Isaac et al., 2017). Furthermore, Marion and
co-workers also reported AT2R-dependent loss of pain in the tail-flick test but not nerve
degeneration in sciatic nerves of mice injected with the toxin (Marion et al., 2014). They also
reported that murine hippocampal neurons are resistant to a cytotoxic effect of mycolactone
after 30 min of incubation (Marion et al., 2014). As a conclusion, they reported mycolactone-
induced hyperpolarization through AT2R as an etiological cause of painlessness (Marion et al.,
2014). In line with this hypothesis, a recent study performed with cultured murine DRG neurons
showed that hyperpolarization was not observed in neurons from az2r” cells and there is no
DRG neuron degeneration at high concentrations (70 uM) of the toxin, even 72 h after
incubation (Song et al., 2017). Since one hypothesis contradicts the other, additional research

is needed in order to elucidate the actual mechanism by which mycolactone induces analgesia.

78



2. TRAAK channels

TRAAK channels in the context of Kz2p potassium channels

K" channels represent the largest and most diverse family of ion channels. Its diversity
arises from alternative splicing, heteromeric assembly of pore-forming subunits, association
with ancillary subunits and post-transcriptional modifications (Coetzee et al., 1999). They are
expressed in virtually all mammalian cells, allowing the passive flux of K across the plasma
membrane through a conserved selectivity filter. They play a major role in K" homeostasis
driving to hyperpolarization of the plasma membrane voltage (Baker et al., 1987). Hence, they
regulate cell volume and excitability and control key physiological processes such as muscle

contraction, neuronal communication and hormone secretion (Coetzee et al., 1999).

There exist three major families of K* channels according to their membrane topology.
The first family is constituted by the Shaker channels, which are opened by either membrane
depolarization (voltage-gating) or intracellular Ca*" (Ca**-sensitivity). These channels are
typically composed by four a-subunits, each one having between six and seven transmembrane
domains and one P-loop. Their main role is to accelerate repolarization of the membrane and
their voltage sensor is located in domain 4 (Coetzee et al., 1999). The second is the inward-
rectifying K" channel family. They are also tetrameric channels and each subunit consists of
two transmembrane domains and one P-loop. Their two main characteristics are their high
conductivity at negative membrane potentials below Ex+ and an inward rectification due to
Mg?* or polyamine blockade of the channel at depolarized potentials (Coetzee et al., 1999). The
third group includes the Kop family, which corresponds to dimers with four transmembrane
domains and two P-loops per subunit (Lesage et al., 1996; Ketchum et al., 1995). They set the
resting membrane potential below the firing threshold in excitable cells (Baker et al., 1987).
This family of 15 members is divided into 6 subfamilies, according to their homology and
regulation mode (Figure 25): TWIK (Tandem of pore domains in a Weak Inward rectifying K*
channels), TREK (TWIK-Related K* channels), TASK (TWIK-related Acid Sensitive K*
channels), TALK (TWIK-related Alkaline pH-activated K" channels), THIK (TWIK-related
Halothane Inhibited K™ channels), TRESK (TWIK-related Spinal cord K" channels). The
diversity of this group increases as some of them have the ability to form heteromers with others

(Blin et al., 2016; Blin et al., 2014; Royal et al., 2019b; Levitz et al., 2016; Royal et al., 2019a).
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Figure 25. The two-pore-domain K+ channels family.

The TREK subfamily is composed by three members that share more than 50% of
homology between them: TREK1 (K2P.1), TREK2 (K2P10.1) and TRAAK (TWIK-Related
Arachidonic Acid sensitive K* channels) (K2P4.1). The members of this Kop subfamily are
considered as polymodal regulated channels since they can be regulated by diverse stimuli,
including changes in temperature and pH, membrane stretch and fatty acids, among others
(Lesage and Lazdunski, 2000; No¢l et al., 2011). Besides, they are not sensitive to typical
blockers of K channels such as 4-aminopyridine, quinidine or Cs”, but they are blocked by
high concentration of Ba** and tetraethyl ammonium. They can be activated by some drugs like
riluzole, used to protect motoneurons from degeneration in amyotrophic lateral sclerosis (Fink

et al., 1998) and ML-67 (Bagriantsev et al., 2013).

Within this subfamily, TRAAK was the first arachidonic acid background K™ channel to be
cloned and characterized in neurons. The TRAAK channel was first cloned from mouse brain
cDNA by Fink and co-workers (Fink et al., 1998). Compared to its partners TREK1 and
TREK?2, TRAAK generates smaller currents at physiological K* gradients (Fink et al., 1998;
Lesage and Lazdunski, 2000; Maingret et al., 1999).
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Concerning its distribution, TRAAK has been typically assumed to be restricted to the
nervous system. It is highly expressed in the peripheral nervous system in DRG neurons and in
the trigeminal ganglia neurons, where it senses mechanical stimuli and cold and heat perception
(Medhurst et al., 2001; Kang et al., 2005; Noél et al., 2009). TRAAK channels have also been
found in vagal afferent neurons of the nodose ganglia, where they are believed to modulate
some processes of the autonomous system, such as gastrointestinal regulation of cardiac reflex
(Zhao et al., 2010). Unlike other Kap channels, TRAAK expression has not been found in glial
cells (Medhurst et al., 2001; Kang et al., 2005; Noél et al., 2009).
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Structure and gating of TRAAK channels

Crystallization of human TRAAK has allowed to determine important aspects related to
its structure and function (Brohawn et al., 2012). TRAAK shares the same architecture of all
Ko2p channels: It is composed by two subunits, each one conformed by two concatenated pore
domains on a single protein chain monomer. The crystal structure of the TRAAK channel
revealed, that is composed by an outer helix, a pore helix, a selectivity filter and an inner helix,
with the transmembrane region spanning the membrane (Brohawn et al., 2012) (Figure 26).
The C-termini of both subunits, the inner helices and the linker between the two pore domains
are located in the cytosol (Brohawn et al., 2012). On the extracellular side of the transmembrane
region there is a ~35 A helical cap structure extending above the membrane (Brohawn et al.,
2012). The overall two-fold symmetric channel converges to an essentially four-fold symmetric
pore helix and selectivity filter (Brohawn et al., 2012). Such convergence seems to be the result
of strong evolutionary pressure to highly selective K" ion conduction through the channel when
it is compared to the prokaryotic KcsA K' channel (Zhou et al., 2001). Regarding to its
selectivity filter, the ones of pore domains 1 and 2 are formed by the sequences TVGYGNY
and TIGFGDV, respectively (Maingret et al., 1999).
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Figure 26. Structure of TRAAK.

TRAAK is a homodimer conformed by two concatenated pore-domains on a single protein
monomer chain. Extracted from Brohawn et al., 2012.
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Elucidation of TRAAK structure has allowed to understand the gating underlying its
mechano-sensitivity. The orientation of inner helices generates a ~5 A wide lateral opening
similar to the one observed in the KcsA prokaryotic K™ channel (Zhou et al., 2001). The fourth
transmembrane segment of one of the TRAAK subunit (TM4A) is bent halfway through the
membrane, packing hydrophobic residues on its extracellular—facing side against cytosolic
facing-side of the second transmembrane segment of the other subunit (TM2B). This forms a
barrier that seals the channel cavity from lipids like arachidonic acid or PIP> from the
membrane. However, the fourth transmembrane domain of the other subunit (TM4B) is not
kinked, creating an intramembrane opening between both subunits that expose TRAAK cavity
to the inner leaflet of the lipid bilayer. The model, summarized in Figure 27, indicates that
membrane tension pulls TRAAK into a wider and flatter state that is conductive because it seals
holes to the membrane to prevent lipid block of ion conduction (Brohawn et al., 2012; Brohawn

etal., 2014).
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Figure 27. Model for TRAAK mechanosensitivity.

In the nonconductive conformation (red), a lipid acyl chain accesses the central cavity through
intramembrane openings above TM4 to sterically block ion (green) conduction. In the
conductive conformation (blue), conformational changes in TM4 seal the intramembrane
openings to prevent lipid access and permit ion conduction through the channel. Extracted from
Brohawn et al., 2014.
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One of the main modulators of the TRAAK/TREK subfamily is temperature.
Transfection of COS cells with TRAAK has shown that heat enhances progressively the
TRAAK current (7-20 fold) from 17 °C to 40 °C, and decreases its activity above 42 °C,
meaning that they are fully activated at physiological temperatures. Experiments with DRG
neurons from wild type and KO animals, have shown that, together with TREK1, TRAAK
channels modify the temperature threshold of heat nociceptors by silencing excitability

produced by TRP channels (Medhurst et al., 2001; Kang et al., 2005; Noél et al., 2009).

Activation by poly-unsaturated fatty acids (PUFA), and notably by arachidonic acid, is
one of the principal features of TRAAK channels. This activation is reversible and seems to be
independent from the arachidonic acid metabolism since it is observed in the presence of
cyclooxygenase and lipoxygenase inhibitors. Activation by PUFA depends on extent of
saturation of the lipid (saturated fatty acids do not open TRAAK channels) and the length of
the carbonyl chain. The threshold PUFA concentration to open TRAAK channels is ~100 nM
and its effect does not saturate even at high concentration such as 100 uM (Fink et al., 1998).
Lysophospholipids can also open TRAAK channels at low concentrations. The channel
activation depends on the polar head group (like choline) and the length of the carbonyl chain
and is independent of the saturation status of the lipid (Maingret et al., 1999). TRAAK
activation by lipids has been suggested to be related to its mechanosensitivity (Brohawn et al.,
2012; Brohawn et al., 2014). TRAAK channels can be also regulated by changes in pH (Sandoz
et al., 2009; Levitz et al., 2016). TRAAK is activated by intracellular alkalization and is
inhibited by extracellular acidification, but in less degree than TREK1 (Sandoz et al., 2009;
Levitz et al., 2016). Interestingly, when TREK1 and TRAAK heteromerize, the resulting
tandem presents intermediate inhibition by extracellular acidic pH (Levitz et al., 2016). Such
heterodimers also present an intermediate current amplitude between TREK1 and TRAAK
(Levitz et al., 2016; Blin et al., 2016). In addition, transposition of the TRAAK C-terminus by
TREK-1’s confers acid sensitivity to TRAAK (Maingret et al., 1999).
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TRAAK channels and nociception

Sensory neurons residing in dorsal root and trigeminal ganglia detect changes in
temperature, mechanical forces and chemical stimuli through their long axons that innervate
peripheral tissues. This neuronal system is engaged with pain perception or nociception:
whereas immediate pain is detected by rapid Ad-fibers, unmyelinated and slowly conducting
C-fibers sense poor localized and slow pain. Dysfunction in these fibers can lead to pain-related
troubles like allodynia (pain response to innocuous stimuli) or hyperalgesia (exaggerated pain

response) (Basbaum et al., 2009).

Thermoception is mainly transduced by the non-specific cationic TRP channels
(TRPV1-4 sense heat and TRPA1 and TRPMS sense cold), ASIC channels and epithelial
sodium channels. These channels induce depolarization of thermoreceptors, leading to more
frequent afferent discharge (Enyedi and Czirjak, 2010; Waxman and Zamponi, 2014). On the
other hand, K™ channels, and specially Kop channels, underlie the background K* current that
sets the resting potential in neurons, controlling membrane repolarization (Baker et al., 1987).
As they are mainly expressed in small DRG neurons (Dang et al., 2005, Noél et al., 2009) and
are activated by changes in temperature and membrane stretch (Lolicato et al., 2014; Brohawn
et al., 2012; Brohawn et al., 2014), they are believed to be also major transducers of mechanical

and thermal stimuli, but not of osmotic sensing associated with inflammation (Noél et al., 2009).

Indeed, traak 7~ and trekl 7~ mice are hypersensitive to mechanical stimulation in the
von Frey assays, corresponding to allodynia, probably due to a lack of neuronal inhibition (Noél
et al., 2009). Presumably, together with mechanosensitive excitatory cationic channels, they
determine the mechanical threshold of nociceptors. For thermal perception, Noé¢l and co-
workers have suggested that, as they are opened at 37 °C, they must be important regulators for
maintenance of internal physiological temperature. Moreover, genetic deletion of either TREK 1
or TRAAK strongly increases the number of DRG neurons activated by capsaicin and heat
between 30 and 50 °C, suggesting that heat perception depends on the balance of inhibitory
TREKI1 and TRAAK and excitatory channels (Dang et al., 2005; Noél et al., 2009).
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The same works have shown that, in DRG neurons, TRAAK and TREK1 act as silencers
of heat nociceptors (Noél et al., 2009). Therefore, the temperature threshold of heat nociceptors
will be dictated by the respective proportion of TRAAK/TREK]1 channels and excitatory
cationic channels and by their respective temperature dependence (Noél et al., 2009).
Additionally, in heat-sensitive C-fibers expressing the heat sensor TRPV-1, which is activated
at high temperatures, deletion of TRAAK decreases the threshold activation up to 5 °C and
increases their firing properties. Behavioral tests with mice also indicate that TRAAK and
TREKI1 channels are essential hubs that define firing properties and threshold of fibers

associated with noxious heat perception (Noél et al., 2009).

Additionally, TRAAK gradually closes with linear temperature dependence below
30 °C (Noél et al., 2009). Genetic deletion of both TREK1 and TRAAK (and not separately)
increases the number of DRG neurons that respond to cold temperatures (between 30 and 12 °C)
and menthol, which indicates with the previous data that the two channels contribute together
to cold perception (Noél et al., 2009). Also, additional experiments with C-fibers and behavioral
tests with mice have shown that both channels have a great importance in unpleasant cold
perception and that, in neuropathic conditions, deletion of TREK1 and TRAAK leads to a very
marked hyperalgesia (Noé€l et al., 2009). Such observations characterize TRAAK (together with
TREKT1) channels as main sensors of cold stimuli, acting in fine tune with other channels such
as the cold and menthol-activated TRPMS channel, the pungent irritant-activated TRP1 channel
and the In channel HCN (Enyedi and Czirjak, 2010; Waxman and Zamponi, 2014).

Taken together, these data suggest that TRAAK and TREKI1 produce a local
temperature-dependent control in sensory nerve terminals of the skin, regulating at the same
time temperature sensitivity of TRP channels. This control overlies changes in membrane

potential that dictate threshold activation of TRP channels and therefore fine perception of cold

and warm (Noél et al., 2009).
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3. AT2R receptors

Main characteristics of the angiotensin Il type receptor 2

G-proteins coupled receptors (GPCRs), which are encoded by more than 800 genes in
the human genome, represent one of the main hubs of signaling transduction (Fredriksson et
al., 2003). Once they bind their ligands, a series of conformational rearrangements happen
favoring the coupling and stabilization of G-proteins and other molecular effectors
(Venkatakrishnan et al., 2013). Non-sensory GPCRs can be classified in four subfamilies
according to their pharmacological properties: Class A rhodopsin-like, Class B secretin-like,

Class C metabotropic glutamate/pheromone, and frizzled receptors (Fredriksson et al., 2003).

Within the class A rhodopsin-like subfamily, AT2R constitutes one of the most studied
GPCRs (Porrello et al., 2009). Although most of physiological effects of Angll are typically
associated with blood-pressure decrease in the renin-angiotensin system, AT2R actually plays

a minor role on it, by counteracting the effect of its homolog ATIR (de Gasparo et al., 2000).

The exact function of AT2R is not clear. It has been reported that its activation induces
an anti-proliferative effect, which opposes the ATIR in cardiac fibrosis promotion and
myocardial hypertrophy (Suzuki et al., 1993; van Kesteren et al., 1997). In behavioral
experiments, at2r - mice show altered exploring and behavior (de Gasparo et al., 2000). As the
receptor is particularly highly expressed in embryonic and neonatal tissues, this may also
indicate a potential role of AT2R in early development and cell differentiation (Suzuki et al.,
1993). Concerning its distribution, AT2R expression is widespread and complex: in several
tissues it disappears after birth and sometimes it can be up-regulated after tissues injury. Its
presence seems also to be specific of tissue and species, complicating the elucidation of its

contribution on physiology (de Gasparo et al., 2000; Porrello et al., 2009; Karnik et al., 2015).
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Unconventional structure of AT2R and G-protein signaling

Generally, GPCRs consist of three domains: an extracellular region divided in the N-
terminus and three extracellular loops, the transmembrane region which consists in seven
transmembrane segments, and the intracellular region that is composed by three intracellular

loops and the C-terminus (Venkatakrishnan et al., 2013).

The extracellular part modulates ligands access by occluding or allowing accessibility
to the ligand binding pocket and contributes to structural stability through disulfide bridges
between the extracellular loops and the transmembrane segments (Venkatakrishnan et al.,
2013). The transmembrane region is considered as a structural bridge between the ligand pocket
and the G-protein-coupling domain and is the main element for membrane insertion. The bundle
of transmembrane domains usually follows a tertiary inter-contact pattern which is well
conserved among the different GPCRs (Fredriksson et al., 2003). Small rearrangements in these
connections due to ligand binding induce conformational changes in the whole receptor by
which signals are transduced to the intracellular part (Venkatakrishnan et al., 2013). The
intracellular region binds the molecular effectors of the signaling pathway. Among them, G-
proteins, B-arrestins and kinases are the principal molecules involved (Venkatakrishnan et al.,
2013). In class A GPCRs there is an amphipathic helix (H.VIII) that seems to participate in G-
protein binding (Venkatakrishnan et al., 2013; Zhang et al., 2015; Zhang et al., 2017a).

Recently, the AT2R structure was resolved by crystallization by Zhang and co-workers
(Zhang et al., 2017a) (Figure 28). As other class A rhodopsin-like GPCR, its structure includes
an extracellular N-terminus, which theoretically serves as a ligand-binding site, a seven
transmembrane bundle and an intracellular amphipathic H.VIII (Zhang et al., 2017a).
Concerning the transmembrane region, AT2R possesses some typical domains of other
rhodopsin-like GPCRs (Venkatakrishnan et al., 2013; Zhang et al., 2015; Zhang et al., 2017a).
Among these domains there is a f-hairpin conformation of the extracellular loop 2 and two
pairs of disulfide bridges linking the N-terminus with the extracellular loop 3 and H.II with the
extracellular loop 2 (Zhang et al., 2017a). Another criteria to classify AT2R within the class A
GPCR family is the existence of an intracellular cleft between H.VI and H.VII, presumably

involved in the recruitment of G-proteins and B-arrestins (Venkatakrishnan et al., 2016).
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Nevertheless, its H.VIII remarkably differs from those typical from class A GPCRs.
While in most of cases, including AT1R, this structure lies parallel to the plasma membrane
and points outside the transmembrane region regardless the action state of the receptor (Zhang
et al., 2015), AT2R’s adopts a very different conformation in the active state. This H.VIII
interacts with intracellular endings of H.III, V and VI and forms a strong complementary
interface with the intracellular cavity of the transmembrane bundle, which is stabilized by
hydrophobic interactions (Zhang et al., 2017a). These interactions are sterically unable to bind
G-proteins and B-arrestins, which is of extreme importance regarding the theoretical lack of

downstream G-protein signaling (Porrello et al., 2009, Karnik et al., 2015).
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Figure 28. H.VIII blocks the putative G-protein/ f-arrestin-binding site of AT2R.

AT2R H.VIII is depicted in purple, whereas H.VIII from other GPCRs are in different colors.
Modified from Zhang et al., 2017.

AT2R G-protein coupling has been historically questioned. First observations regarding
to its activity showed that its activation does not modify intracellular Ca>" levels nor cAMP,
indicating lack of Gs or Gi-dependent signaling (de Gasparo et al., 2000). Also stimulation by
AngllI does not inducee AT2R internalization, which does not match with class A GPCR way
of action (Dudley et al., 1991). Furthermore, it does not alter GMPc levels, phosphotyrosine
phosphatase activity nor arachidonic acid release (Mukoyama et al., 1995). Taken together with
the recently crystallized structure, these observations suggest that there is no coupling between

AT2R and G-proteins in spite of showing classic features of class A GPCRs.
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However, several studies have reported that AT2R can bind Gi proteins, linking
downstream signaling pathways (Zhang and Pratt, 1996; Hayashida et al., 1996). One of them
suggests that the intracellular third loop allows coupling of Gai (Hayashida et al., 1996).
Additional works propose that this coupling is linked to induction of apoptotic responses in
neuronal cell lines, reduction of IP3 in Xenopus oocytes, inhibition of tubule Na'-ATPase and
increase of nitric oxide synthase expression (Porrello et al., 2009, Karnik et al., 2015). On the
other hand, it has been shown that pertussis toxin (PTX) does not avoid activation of SHP-1 by
AT2R, which disagrees with AT2R-Gai coupling (Feng et al., 2002). Interestingly, AT2R
seems to interact with other non-G-proteins like the promyelocytic zinc finger protein (PLZF),
the ErbB3 EGF receptor (Porrello et al., 2009, Karnik et al., 2015). Whether AT2R exerts its
physiological effects through G-proteins or not is a challenging question that needs more

experiments to be resolved (Porrello et al., 2009, Karnik et al., 2015).
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Implication of AT2R in pain perception

Pioneer works have detected Angll expression in human trigeminal ganglia (Patil et al.,
2010) and DRG neurons (Chakrabarty et al., 2008). Furthermore, the hormone co-localizes with
calcitonin gene-related peptide and substance P in DRG neurons, which suggests a potential
role for AT2R in pain perception (Patil et al., 2010). AT2R protein expression has been also
shown in human and rat DRG small and medium neurons, where it co-localizes with the
capsaicin-sensitive TRPV1 channel. The same work shows that the AT2R inhibitor EMA401
has an inhibitory effect on neurite outgrowth and capsaicin responses by reducing cAMP levels
in DRG neurons. Thus, it has been suggested that when Angll is increased in physiological
conditions, AT2R leads to sensitization of TRPV1 channels in DRG neurons and subsequent
pain (Anand et al., 2013). AT2R implication in pain also agrees with a double-blinded phase 11
clinical trial, where pain relief associated with post-therapeutic neuralgia was observed after 4

weeks of administration of the same antagonist (Smith et al., 2016).
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4. Hypothesis: Analgesia in Buruli ulcer involves direct and G-
protein-independent coupling between TRAAK channels and AT2R

receptors

Currently, two different theories try to explain the absence of pain induced by
mycolactone in Buruli ulcer. The first one postulates that the absence of pain is due to nerve
degeneration of sensory neurons (Goto et al., 2006). Nevertheless, nerve destruction is only
observed in late stages of the disease, whereas painlessness occurs in early stages (Goto et al.,
2006; En et al., 2008). Moreover, the cytotoxic effect of mycolactone on nociceptive DRG
neurons is questioned (Anand et al., 2016; Song et al., 2017). The second theory links analgesia
to a signaling pathway triggered by the toxin. In this model, mycolactone would bind to AT2R
expressed in nociceptors, activating a molecular cascade involving G-proteins, cyclooxigenase
components and the release of arachidonic acid. As a consequence, the opening of TRAAK
channels in sensory neurons would induce analgesia (Marion et al., 2014). However, the finding
that AT2R does not seem to induce its function through G-proteins (Zhang et al., 2017) weakens
this model. Since experiments with a2 null mice have shown that this receptor plays a key
role in neuronal hyperpolarization (Marion et al., 2014; Song et al., 2017), the present work

suggests an alternative mechanism, which does not implicate G-protein participation.
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B. Results

1. Mycolactone induces hypoexcitability and prevents activation

of sensory neurons through TRAAK channels activation

To investigate the mycolactone effect in neuronal excitability of sensory neurons, small
and medium-sized DRG neurons (<25um) were perfused with the toxin. As shown in Figure
294, B, mycolactone perfusion (10 pM) almost fully abolished the ability of neurons to
generate action potentials, even at high current injection (>300 pA). To see if the effect of the
toxin reverses over the time, as observed for morphine (Williams et al., 2013), we perfused
DRG neurons from wild type animals with mycolactone until they reached a hyperpolarizing
plateau phase (-68.38 £ 3.03 mV) and then washed them out. The wash-out did not reverse the

hyperpolarizing effect of the drug after 5 min, indicating irreversibility (Figure 29C, D).
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Figure 29. Mpycolactone induces hyperpolarization of DRG neurons through TRAAK
channels.

(A) Representative traces of action potentials (spikes) generated by incremental depolarizing
current injections in small-diameter DRG neurons before and after application of mycolactone
(10 uM) (n=6). (B) Input-output plots of spike-frequency in response to I-s depolarizing
current injection in DRG neurons from wild type mice. (C) Membrane potential recording of a
wild type DRG neuron perfused with mycolactone. (D) A membrane potential of DRG neurons
after 3 min of perfusion. Mann-Whitney test (***p < 0.001). Mean + SEM.

Then, the effect of mycolactone application on the resting membrane potential (RMP)
was studied. Whereas application of the vehicle solution (DMSO 0.2 %) had no effect on the
RMP (AVm -0.6 = 1.05 mV), perfusion of mycolactone decreased it by more than 10 mV (AVm
12.38 + 1.35 mV) (Figure 304, B). To demonstrate the role of TRAAK in the mycolactone-
induced DRG neuron hyperpolarization, we used neurons from fraak” mice. TRAAK
invalidation suppressed the ability of mycolactone to modify the RMP of the neurons (AVm -
1.76 £ 0.64 mV) (Figure 304, B). Therefore, mycolactone induces hyperpolarization of DRG

neurons through activation of TRAAK channels.
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TRAAK is a mechanosensitive and temperature sensitive channel (Noél et al., 2009;
Brohawn et al., 2014). To address the effect of mycolactone and TRAAK implication in
peripheral nociceptors, C-fibers heat sensors were tested using the isolated skin-saphenous
nerve preparation (Reeh, 1986). This experiment was performed in partnership with Dr Jacques
Noél from the Institute of Molecular and Cellular Pharmacology (IPMC) in Sophia Antipolis.
Single action potentials from slowly conducting velocity (CV <1.2 m/s) C-fibers were recorded
and their receptive fields in the skin were probed for their modal sensitivity (Kress et al., 1992).
The Figure 30C shows individual response from the same C-fiber to noxious heat before and
after 10 min mycolactone incubation. Whereas in the absence of mycolactone the fiber was
producing 53 spikes for a ramp from 30 to 50 °C, it produces only 3 spikes after the incubation
with the toxin. We next conduct similar experiments on single fibers obtained from traak”
animals. Figure 30C shows the response to heat before and after 10 min mycolactone
incubation. As expected and reported earlier, the fraak”- C-fibers presented a basal activity at
rest (66 spikes during the 2 min of recording) and as expected, mycolactone failed to suppress
the noxious response as observed for wild type fibers (79 spikes). These results demonstrate
that in an intact system, ex vivo, mycolactone reduces C-fibers activity through TRAAK

channels activation in response to noxious thermal stimuli.

To fully demonstrate that TRAAK is needed to observe mycolactone-induced analgesia
in vivo, the Hargreaves plantar pain test was performed with wild type and #raak” mice by the
group of Dr Laurent Marsollier from Institut de Recherche et d’Ingénierie de la Santé (IRIS).
This test consists of measuring the time which is needed to induce paw retraction (latency)
induced by a thermal pain stimulus (Hargreaves et al., 1988). As shown in Figure 30D, 24h
after mycolactone intracutaneous injection a ~7 s increase of the latency for the paw retraction
was observed in wild type animals. To validate that the reduction of thermal sensitivity is linked
to mycolactone-induced TRAAK activation, a similar experiment was conducted with traak *
mice. As expected, genetic invalidation of TRAAK suppresses the ability of mycolactone to
induce analgesia (~12 s and ~14 s for mice injected with mycolactone and vehicle solution,
respectively, Figure 30D). Altogether, the ex vivo and in vivo results demonstrate that TRAAK

channels are necessary for thermal perception induced by mycolactone.
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Figure 30. Mycolactone induces analgesia through TRAAK channels.

(A) Membrane potential recording of wild type and traak - DRG neurons perfused with
mycolactone (10 uM) or a vehicle solution (0.2 % DMSO). (B) A Membrane potential of DRG
neurons after 3 min of perfusion. Mann-Whitney test (***p < 0.001). Mean £ SEM. (C) C-
fibers response to temperature from wild type and traak *~ mice before and after incubation
with mycolactone (10 uM). (D) Bar graphs representing the time latency of retraction of paw
retraction of wild type and traak *~ mice inoculated with mycolactone (3.75 ug) and a vehicle
solution. Mean = SEM. C-fibers experiments were performed in partnership with Dr Jacques
Noél from IPMC in Valbonne, France. Behavioral experiments were performed by the group
of Dr Laurent Marsollier from IRIS in Angers, France.
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2. Mycolactone induces long-lasting hyperpolarization but not

internalization of AT2R

Mycolactone induces a long-lasting hyperpolarization and no desensitization

In order to study the signaling pathway linking AT2R to TRAAK and its reversion
without implication of other channels and receptors, we reproduced the experiments in a
heterologous model: HEK293T transfected cells. First, as expected, mycolactone incubation
(30 min) induced a strong TRAAK current increase (fold increase ~6). To test the reversion in
this model, we incubated the cells for 4 h in the washing solution after 30 min exposure to
mycolactone. As shown in Figure 314, the current increase persisted along this period this long
period (fold increase ~3.5). We next addressed the desensitization of the signaling pathway by
incubating the cells with mycolactone for a longer period of time. This long-lasting incubation
(90 min) did not modify the mycolactone effect. In fact, the TRAAK current remained stronger
(fold increase ~6) than the one measured in non-incubated cells and similar to the one observed
in cells incubated for 30 min (Figure 31B). These results suggest that the AT2R-TRAAK
pathway does not desensitize. Thus, the mycolactone effect does not desensitize and does not
reverse after several hours explaining its long lasting effect in vivo as it was observed previously

(Babonneau et al., 2019).

AT2R does not internalize following mycolactone application.

Desensitization of protein complexes is due to the binding of B-arrestins to the
signaling proteins, notably GPCRs, inducing their internalization (Smith and Rajagopal, 2016).
Previous works have reported that AT2R does not internalize following binding to Angll (Turu
et al., 2006; Hein et al., 1997; Mukoyama et al., 1995). The internalization of AT2R induced
by mycolactone was challenged by time-resolved FRET assays by the ARPEGE platform in
Montpellier. Briefly, in this test, the receptor of interest carries a SNAP-tag and is labelled with
terbium cryptate (donor). Addition of free acceptor in a uM range leads to efficient energy
transfer. Upon internalization of the receptor by exposure to an agonist, energy transfer is
reduced and lifetime of the donor is increased (Figure 31C). HEK293T transfected cells with
either SNAP-ATIR or SNAP-AT2R were challenged with their natural ligand, Angll, as

control, and with mycolactone. ATIR, whose crystal structure reveals a binding pocket for -
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arrestin binding, (Zhang et al., 2015) was internalized in the presence of Angll, but not of
mycolactone (Figure 31D). For AT2R, the ratio of emission of terbium cryptate (620 nm) to
the acceptor (520 nm) revealed that receptor is not internalized upon addition of any of the
ligands (Figure 31E). Therefore, AT2R does not internalize upon mycolactone binding,
explaining the non-sensitization of the mycolactone effect. Interestingly, AT2R is not
internalized by AnglI incubation, which is well fitting with previous reports demonstrating its

inability to bind B-arrestins (Turu et al., 2006; Hein et al., 1997; Mukoyama et al., 1995).
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Figure 31. Mycolactone effect is sustained as it does not desensitize.

(A) Effect of short incubation (30 min) with mycolactone (10 uM) and 4 h after washing-out.
Currents were elicited by voltage-ramps (from -100 to +100 mV, 1s duration). Insets show
current densities obtained at 0 mV. Man-Whitney test (**p <0.01, ***p <0.001). Mean = SEM.
(B) Effect of short (30 min) and long (90 min) incubation with mycolactone (10 uM). (C)
Scheme of the principle of the time-resolved FRET assay. (D) Ratio 620/520 of SNAP-ATIR
upon ligand addition (Angll, 10 uM; mycolactone, 2 uM). (E) Same as F, for SNAP-AT2R.
Time-resolved FRET experiments were performed by the ARPEGE platform in Montpellier,
France.
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3. Mycolactone does not involve intracellular signaling

messengers

Mycolactone-induced TRAAK activation does not involve G-proteins.

The crystal structure of AT2R exhibits an intracellular sterical blockage of the H.VIII
on the G-protein recruitment domain of the receptor (Zhang et al., 2017a), which agrees with
previous studies reporting a lack of G-protein signaling of AT2R (Dudley et al., 1991;
Hayashida et al., 1996; de Gasparo et al., 2000). We therefore tested the role of G-protein in
the AT2R-TRAAK signaling pathway activation by mycolactone. Firstly, HEK293T cells co-
expressing AT2R and TRAAK were incubated 24 h with pertussis toxin (PTX) from Bordetella
pertussis. PTX prevents coupling of Gaiz,3 proteins in AT2R and thus, constitutes a good model
for challenging Gi-proteins role in this signaling pathway (Kang et al., 1994; Sumners and
Gelband, 1998). Cells treated with mycolactone and PTX exhibited an increased current density
similar to the one observed in the absence of PTX (4.38 = 0.68 pA/pF, 11.70 £ 1.49 pA/pF for
non-treated and treated cells, respectively, P < 0.081), indicating that Gaiz, 3 proteins are not

implicated (Figure 32A).

Secondly, BRET assays were performed in collaboration with the ARPEGE platform in
Montpellier. Briefly, the different Gaio subunits were fused to Renilla luciferase 8 (Rluc§,
donor) and the Gy subunit to Venus, a yellow fluorescent protein (acceptor). Activation of
GPCRs promotes dissociation of the Gafy complex, resulting in the BRET signal decay which
is calculated by the ratio of emission of Venus (535 nm) to Rluc8 (480 nm) (Figure 32B). As
positive control, HEK293T cells expressing the p-opioid receptor (MOR) were treated with its
agonist, the peptide DALDA. As expected, DALDA application induced a robust decrease of
the BRET signal for a large set of Gi and Go proteins, demonstrating the opioid receptor
activation and validating the test. For the AT2R condition, no changes in the BRET signal were
observed for any of the challenged G-proteins when cells expressed AT2R and were exposed
to mycolactone (Figure 32C). This rules out the participation of G-proteins for TRAAK

activation following mycolactone binding to AT2R.
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Mycolactone does not involve intracellular signaling messengers.

Having found that Gi-proteins are not involved, participation of second soluble
messengers was challenged. To test their potential involvement, we performed inside-out
patches to isolate membrane proteins from cytosolic soluble messengers (Figure 32D).
Whereas cells only expressing TRAAK were insensitive to mycolactone (Figure 32E; 22.39 +
4.41 vs 28 +£5.51 pA for cells non-exposed and exposed to mycolactone, respectively, P <0.45),
a strong current increase of the recorded current was observed in cells co-expressing TRAAK
and AT2R (Figure 32F; 25.78 £ 4.24 vs 238.71 = 89.07 pA for cells non-exposed and exposed
to mycolactone, respectively, P < 0.05). This demonstrates that activation of the signaling

pathway by mycolactone does not require intracellular soluble second messengers.
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Figure 32. Activation by mycolactone is G-protein independent and does not involve soluble
second messengers.

(A) Effect of mycolactone (10 uM) on HEK293T cells co-expressing AT2R and TRAAK and
incubated with PTX (0.5 ug/mL). Currents were elicited by voltage-ramps (from -100 to +100
mV, Is duration). Insets show current densities obtained at 0 mV. Student’s t-test (**p < 0.01).
Mean + SEM. (B) Scheme of the BRET assay principle. (C) Ratio 535/480 of BRET signal for
AT2R and MOR upon treatment with their respective ligands (mycolactone, 2 uM; DALDA, 1
nM). (D) Principle of inside-out configuration of patch-clamp. (E) Representative inside-out
recordings of HEK293T cells expressing TRAAK. (F) Representative inside-out recordings of
HEK293T cells co-expressing TRAAK and AT2R. Currents were elicited by voltage-ramps
(from -100 to +100 mV, s duration). Insets show current densities obtained at 0 mV. Student’s
t-test (*p < 0.05). Mean = SEM. BRET experiments were performed by the ARPEGE platform
in Montpellier, France.
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4. AT2R and TRAAK are coupled in membrane a micro-regulatory

domain

AT2R and TRAAK are in membrane a micro-regulatory domain.

Having found that TRAAK activation by mycolactone binding to AT2R does not require
soluble messengers, we wondered if both proteins may be associated within the same micro-
regulatory domain to be functionally coupled. To address this question, we used the cell-
attached configuration of patch-clamp in cells co-expressing the two proteins. This
configuration allows recording of channels solely confined inside the membrane patch. An
increase of the current amplitude was only observed when mycolactone was inside the
recording pipette (6.84 £ 1.09 pA vs 51.12 = 7.31 pA, in the absence and in the presence of
mycolactone, respectively, P < 0.001) but not when it was in the bath solution (6.84 + 1.09 pA
vs 7.70 = 1.56 pA, in the absence and in the presence of mycolactone, respectively, P > 0.66)
(Figure 334, B). This demonstrates that only the channels which are in the vicinity of AT2R
are activated upon mycolactone binding, suggesting that the signaling pathway is spatially
restricted and that AT2R and TRAAK must be included within a common micro-regulatory

domain.

AT2R and TRAAK are physically coupled

Then, the possible interaction between the two partners was studied. To demonstrate the
physical coupling, we used the SiMPull assays previously described. Briefly, an AT2R
construct carrying an N-terminal HA-tag and a TRAAK channel containing a C-terminal GFP
were generated and transfected on HEK293T cells. 24 h after the transfection, the cells co-
expressing both proteins were lysed and single complexes HA-AT2R-TRAAK-GFP were
pulled down on glass coverslips using an anti-HA antibody and imaged with TIRF microscopy
(Figure 33C). Visualization of GFP fluorescent spots, each one representing a single protein
complex, confirmed the existence of TRAAK-AT2R complexes (Figure 33D). Negative
control with TRAAK-GFP in the absence of a HA-tagged protein validates the specificity of
the HA-antibody (Figure 33E, F).
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Figure 33. AT2R and TRAAK are physically coupled within a micro-regulatory membrane
domain.

(A) Cell-attached recordings of HEK293T cells co-expressing AT2R and TRAAK with
mycolactone (10 uM) in the pipette solution. (B) Cell-attached recordings of HEK293T cells
co-expressing AT2R and TRAAK with mycolactone (10 uM) in the bath solution. (C) Schematic
of SiMPull of TRAAK-GFP. HEK293T cells expressing TRAAK-GFP and an HA-tagged AT2R
were lysed and then immobilized on a PEG-passivated coverslips conjugated to a biotinylated
anti-HA antibody. (D) Representative TIRF image of single molecules complexes showing the
pulldown of TRAAK-GFP by HA-AT2R. (E) SiMPull assay with TRAAK-GFP in the absence of

HA-AT2R. (F) Absence of single molecule fluorescence, confirming the specificity of the anti-
HA antibody.
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5. Mycolactone activation is specific for AT2R and TRAAK

Once a direct functional and physical coupling between the channel and the receptor
was found, the specificity of this unprecedented pathway was determined. In HEK293T cells,
the effect of mycolactone was first compared on cells co-expressing TRAAK with either AT2R
or AT1R. The two angiotensin receptors are known to counterbalance the effect of Angll, which
is possibly due their very different regulation modes regarding to G-protein signaling (de
Gasparo et al., 2000; Zhang et al., 2017a; Zhang et al., 2015). Whole-cell recordings showed
that cells co-transfected with AT2R and TRAAK, exhibited a strong current increase when they
were incubated with mycolactone (4.76 + 0.42 pA/pF vs 21.75 + 2.77 pA/pF for non-incubated
and incubated, respectively, P < 0.001) (Figure 34A4), whereas no increase of the current was
observed in cells co-expressing AT1R and TRAAK (4.40 + 0.52 pA/pF, 4.48 £ 0.66 pA/pF for
non-incubated and incubated cells, respectively, P = 0.13) (Figure 34B), indicating specificity
for AT2R.

Next, we tested cells co-expressing AT2R with TREK 1, which belongs to the same Kap
subfamily as TRAAK and is also regulated by G-proteins (Noél et al., 2011). No current
differences were observed between incubated and non-incubated cells (56.07 = 8.86 pA/pF,
58.78 + 5.94 pA/pF for non-incubated and incubated cells, respectively, P = 0.8) (Figure 34C).
TRAAK and TREKI can form heterodimers with intermediate properties from the original
homodimers (Blin et al., 2016; Levitz et al., 2016). These heterodimers are particularly
important for action potential propagation in Ranvier nodes (Kanda et al., 2019). For this
reason, we also tested TRAAK-TREK1 but observed again no differences (94.71 + 13.36
pA/pF, 97.99 + 10.42 pA/pF before and after incubation, respectively, P = 0.51) (Figure 34D).
These results discard the participation of heterodimers in the mycolactone-induced

hyperpolarization of DRG neurons and suggest AT2R-TRAAK as a highly specific system.
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Figure 34. Activation by mycolactone is specific for AT2R and TRAAK.

(A-B) Representative traces obtained from HEK293T cells co-expressing TRAAK with either
AT2R (A) or ATIR (B) before and after incubation with mycolactone (10 uM). (C-D)
Representative traces obtained from HEK293T cells co-expressing AT2R with either TREK1
(C) or TRAAK-TREKI (D) before and after incubation with mycolactone. Currents were
generated by voltage-ramps (from -100 to +100 mV, Is duration). Insets show current densities
obtained at 0 mV. Mean + SEM.
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C. Discussion

1. Mycolactone induces hyperpolarization through TRAAK

homomers

Buruli ulcer is a skin-related neglected tropical disease for which more than 2000 cases
are reported every year, mainly affecting children under the age of 15 (Yotsu et al., 2018; Yotsu
et al., 2015). This disease is characterized by a lack of inflammatory response upon tissue
necrosis and pain suppression of the wound at early stages of the infection (Yotsu et al., 2018;
Guenin-Macé et al., 2013; Hall et al., 2014; Marion et al., 2014). The mechanisms underlying
analgesia in Buruli ulcer are matter of debate (Goto et al., 2006; En et al., 2008; Marion et al.,
2014; Anand etal., 2016; Enetal.,2017; [saac etal., 2017; Song et al., 2017). The two different
theories suggest either degeneration of sensory neurons (Goto et al., 2006) or their
hyperpolarization induced by mycolactone (Marion et al., 2014). However, both theories are
questioned, since nerve degeneration is only observed at late stages of the disease (Goto et al.,
2006) when there is already painlessness, and AT2R seems not to bind G-proteins (Zhang et
al., 2017), but one theory does not exclude the other one.

The present work addressed with heterologous models and ex vivo and in vivo
experiments the molecular mechanism underlying the analgesia in Buruli ulcer, without
addressing the problem of nerve degeneration that may occur on a longer time scale. Our study
reports that binding of the disease causative toxin mycolactone to AT2R triggers the opening
of TRAAK channels, resulting in hyperpolarization of sensory neurons as the origin of the
analgesic effect. In line with this mechanism, at2r”~ null mice have been reported to be
insensitive to the analgesic mycolactone effects (Marion et al., 2014), and az2r - DRG neurons
do not hyperpolarize upon toxin incubation (Song et al., 2017). Nevertheless, sensory neurons
and notably, DRG neurons, express a large set of distinct ion channels and receptors (Waxman
and Zamponi, 2014; Noél et al., 2009), making it necessary to determine in what extent ion
channels contribute to mycolactone-mediated hypoalgesia. This projects revisits the analgesia
in Buruli ulcer and demonstrate an unprecedented highly coupling between TRAAK and AT2R

which is not controlled by an exogenous ligand.
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Using traak” animals, we confirmed the pivotal role of TRAAK channels in sensory
neuron silencing and analgesia produced by mycolactone. In fact, we have demonstrated that
TRAAK is needed to induce hyperpolarization of DRG sensory neurons, silencing of C-fibers
and analgesia in behaving mice. More specifically, by using a heterologous model, our results
ruled out the participation of other Kop channels, such as TREK1, which is Gi, Gs and Gq
sensitive, and demonstrated a high specificity. In fact TRAAK-TREKI1 heterodimers (Levitz et
al., 2016), which are implicated in rapid axonal conduction of action potentials in Ranvier nodes

are not sensitive to mycolactone (Kanda et al., 2019).
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2. Mycolactone effect is G-protein independent and long-lasting

due to the lack of AT2R desensitization

In agreement to Zhang and collaborators, our results demonstrate that AT2R does not
act through G-protein signaling. In HEK293T cells, we found that the channel and receptor are
directly coupled in a microregulatory domain and that there is no need of additional messengers
to observe TRAAK activation. Such coupling was previously reported for TRPV1 and GABAs
receptors (Hanack et al., 2015). The originality of the AT2R-TRAAK coupling resides in the
fact that it is not activated by the natural “endogenous” known receptor ligand (AnglI) but by
mycolactone which makes of the toxin an AT2R biased agonist. This result, together with prior
examples, demonstrates that coupling between a channel and a receptor may be a frequent
phenomenon in cell biology and suggests that an unknown endogenous ligand may exist, which

would activate the TRAAK-AT2R pathway.

One important finding is also the long-lasting effect observed in the heterologous
system, DRG neurons and in vivo, since the analgesic effects were observed 24 h after
mycolactone injection (Babonneau et al., 2019). To determine how AT2R and TRAAK are
coupled, we have reconstituted the system in HEK293T cells and used a series of
electrophysiological and optical experiments. We found that the lack of sensitization is due to
the non-internalization of AT2R. This non-internalization fits the model proposed recently by
Zhang and et al., in which B-arrestins cannot bind AT2R preventing the receptor from

internalization following its ligand binding (Zhang et al., 2017a).
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D. Conclusion

The discovery of a new analgesic mechanism linking AT2R and TRAAK may represent
a new clinical strategy for pain management. Current pain treatment often requires continous
and increasing doses of opioids that frequently lead to adverse effects for individuals, including
overdose and death (Ventafridda et al., 1985; Rivat and Ballantyne, 2016). New non-toxic
compounds based in the mycolactone’s ability to specifically target the AT2R-TRAAK
complex in nociceptors could overcome the tolerance problem, because of its long-lasting effect

and non-desensitization of its target.

In summary, the present work shows two important findings concerning the analgesic
effect of mycolactone and its mechanism of action. Firstly, TRAAK homodimer is required for
suppression of pain induced by mycolactone, which alters notably temperature information by
specifically decreasing excitability of small sensory neurons involved in pain perception. This
painlessness is constant over the time notably by the lack of internalization of AT2R, who does
not desensitize. This may represent a new promising way for the development of less addictive
and more specific than opioids. Secondly, we have shown the specific crosstalk between
TRAAK and AT2R, which obeys to a direct coupling between both proteins. Altogether, our
results demonstrate a physical and functional coupling between a Kop channel and an

angiotensin receptor and its antalgic relevance in the nervous system.
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Final conclusions

The importance of membrane proteins is reflected on the wide range of functions that
they mediate. These functions include transport of ions across the membrane that are transduced
into a form usable for cell excitability or transmission of environmental signals to the interior
of cells. The ability to conduct ions from one side to another of the membrane makes ion

channels the main hubs for cell excitability.

This work shows two examples that demonstrate, that ion channels do not act alone, but
work in fine tune with accessory proteins that change dramatically their function, causing a
great impact on cell physiology. On one hand, the interaction between TMEMI16A and its
ancillary subunit KCNE1 turns this classical CaCC into a voltage-dependent CI channel,
questioning the historical ancillary subunit classification. On the other hand, the direct coupling
between TRAAK and AT2R demonstrates that TRAAK and ion conduction is used to directly
transmit an external signal to the interior of the cell while opening the doors for the development

of new analgesics.
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Materials and methods

A. Molecular biology and cell culture

mTMEMI16A (isoform a), hLKCNE1 cDNA, mTRAAK, mTREK1, hAT2R and hATIR
were subcloned in pIRES2eGFP, pXOOM, pcDNA3.1, pCDNA3.1-GFP and pCMV-HA
vectors. Truncations and mutations on clones were generated by standard PCR. For SiMPull
experiments, HA-tags were fused to the N-terminus of sequences, whereas GFP-tags were fused

to the C-terminus. AT2R and ATIR were fused to a SNAP-tag at their N-termini.

HEK293T and PCT cells were transiently co-transfected using Lipofectamine 2000
or the calcium phosphate method with a total amount of 1 and 3.5 pg of DNA, respectively,
and seeded on 18 mm diameter coverslips. HEK293T cells were maintained in DMEM with
5% FBS on poly-L-lysine-coated glass coverslips in 24 well plates. PCT cells from adult wild
type and kcnel 7~ mice (129 SV/J) were micro-dissected as described previously (Vallon et al.,
2001) and maintained in F12 supplemented medium on collagen-coated glass coverslips in 24
well plates. Lumbar DRG neurons were obtained from adult mice (C57BL/6), dissociated with
0.1 % collagenase, maintained in Neurobasal supplemented medium and platted on poly-D-

lysine/laminine-coated glass coverslips in 24 well plates.
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B. Electrophysiology of project 1

HEK293T and PCT cell electrophysiology was performed 24 — 48 h after transfection.
For whole-cell patch-clamp experiments, cells were recorded in a bath solution containing (in
mM) 150 NaCl, 5 KCl, 2 CaClz and 10 HEPES, pH 7.4. The bath solution was supplemented
with 0.05% BSA when the peptide N13ter was added. Glass pipettes (2-5 MQ ) were filled with
(in mM) 5 NacCl, 135 CsCl, 2 MgClz, 5 EGTA, 10 HEPES, pH 7.3. For recordings of cells
expressing SK4 the solutions were the same as in Electrophysiology in Project 2 (see below).
For anion permeability experiments, cells were recorded with a pipette solution containing (in

mM) 144 CsCland 10 HEPES. Bath solution (in mM) 140 Nax, 2 MgCl2and 10 HEPES.

For an intracellular solution containing 10 uM of free Ca®", the intracellular solution
was adjusted with 2 mM of MgCl: and 4.96 mM of CaCl.. Total calcium concentration was
calculated with Maxchelator (maxchelator.standford.edu) for a temperature of 20°C. For inside-
out recordings the extracellular (pipette) solution contained (in mM) 140 NaCl, 10 HEPES and
0.1 EGTA. The intracellular (bath) solution had the same composition as the pipette solutions
for recordings in absence of Ca?’. A saturating Ca®>" solution (~20 pM Ca?") was made by
adding 0.12 mM of CaCl: to the bath solution. Non-saturating solutions included (in mM) 1
EGTA and 0.59, 0.79, 0.89, 0.94 of CaCl2 to obtain 0.1 uM, 0.25 uM, 0.5 uM and 1 uM free-

Ca?" solutions, respectively. The pH of inside-out solutions was adjusted to 7.4 with NaOH.

HEK293T and PCT cells were recorded at room temperature in voltage-clamp mode
using an Axopatch 200A (Molecular Devices) amplifier. Signals were filtered at 10 kHz and
digitalized at 20 kHz. Whole-cell currents were elicited by voltage-ramps (from -100 to +100
mV, 1 s) and I-V stimulation pulses (from -100 to +100 mV in 20 mV increments, 1 s each
pulse), holding the cells at -80 mV. For inside-out recording the voltage was continuously

clamped at +80 and -80 mV. Current densities were measured at +100 mV.
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C. Electrophysiology of project 2

HEK293T cell electrophysiology was performed 2472 h after transfection. For whole-
cell patch-clamp experiments, cells were recorded in a bath solution containing (in mM) 145
NaCl, 4 KCl, 1 MgClz, 2 CaClz and 10 HEPES. Glass pipettes (2-5 MQ ) were filled with (in
mM) 140 KCl, 10 HEPES, 5 EGTA and 3 MgCl2 (pH 7.4). For inside-out and cell-attached
recordings, the bath solution corresponded to the pipette solution and viceversa. Currents were
elicited by voltage-ramps (from -100 to +100 mV, 1 s) and I-V stimulation pulses (from -100
to +100 mV in 20 mV increments, 1 s each pulse), holding the cells at -80 mV. Current densities

were measured at +100 mV.

Recordings of small and medium size DRG neurons were performed 24-72h after
extraction. For whole-cell and current clamp recordings, cells were recorded in a bath solution
containing (in mM): 140 NaCl, 5 KCI, 1 MgClz, 2 CaClz, 10 HEPES and 10 glucose. The pipette
solution contained (in mM) 145 KCl, 2 MgClz, 1 CaClz, 10 EGTA and 5 HEPES (pH 7.3). The
resting membrane potential was monitored using a current-clamp gap-free protocol and APs
were induced using an incremental pulse protocol (from -25 to 300 pA in 25 pA increments, 1
s each pulse). All cell recordings, data acquisition and analysis of electrophysiology

experiments of both projects were performed using pClamp software (Molecular Devices).

113



D. SiMPull assays

The SiMPull protocol was performed according to Jain and co-workers (Jain et al.,
2012). Firstly, to construct the flow chambers, the slides and coverslips are thawed in the dark
at room temperature for 10 min. A piece of double-sided tape was sandwiched between the slide
and the coverslip, excluding a 5 mm channel where the inlet/outled holes are located. The tape
has to stick to both surfaces. The edges are sealed with epoxy glue and allowed to dry for 10

min. The volume of the flow channel is about 20 pL.

Secondly, cells were previously co-transfected with an HA-tagged bait protein and a
GFP-fused prey protein (applying the widely used eGFP A206K mutant which greatly reduces
homo-dimerization events) (Zacharias et al., 2002). Cells were harvested from the coverslip
using 500 pL of PBS without Ca*" during 35 min. Then, they were centrifuged for 2 min at
11000 rpm at 4°C and lysed in a buffer buffer containing (in mM): 150 NaCl, 10 Tris pH 7.5,
1 EDTA, protease inhibitor cocktail (Thermo Scientific) and 1.5 % IGEPAL (Sigma). After 30-
60 minute incubation at 4 °C, the lysate was centrifuged for 20 min at 16000 rpm and the

supernatant was collected and kept at 4°C.

Lysates were collected and pulled-down on coverslips passivated with PEG (99 %) and
biotin-PEG (1 %) and treated with neutravidin (1.4 mg/mL, Pierce) and a biotinylated anti-HA
antibody (15 nM, abcam, #ab26228). Several washes with T50 buffer (in mM: 50 NaCl, 10
Tris, 20 EDTA; 0.1 mg/mL BSA, pH 7.5) were performed to avoid unspecific protein binding.

Finally, single molecule complexes were imaged using a 488 nm Argon laser in total
internal reflection fluorescence microscopy with a 100x objective (Olympus). 13 x 13 um?
movies of 250 frames were acquired at frame rates of 10-30 Hz and analyzed using Fiji software
(NIH). Multiple independent experiments were performed for each condition and only the spots
which were fully bleached at the end of the illumination were considered. Representative data
sets are presented to quantitatively compare the different conditions (minimum 15 movies per

condition, at least 50 analyzed traces per movie).
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E. Time-resolved FRET assays

HEK293T cells expressing SNAP-receptors were labeled with 100 nM of
benzylguanine-terbium cryptate (BG-Tb) for 1 h at 37 °C in DMEM supplemented with 10 %
FBS. After four washing steps with PBS, the fluorescence signal from BG-Tb was measured

on an INFINITE F500 plate reader with an excitation at 337 nm and an emission at 620 nm.

F. BRET assays

24 h after transfection with receptors, HEK293T cells were washed twice with PBS and
the reagents were added. For the basal condition, 5 uM of coelenterazine H was added in the
wells containing the cells, and for the test condition each ligand (DALDA 1 nM, mycolactone
2 uM) was co-incubated with coelenterazine H. BRET between Rluc8 and Venus was measured
after the addition of the Rluc8 substrate coelenterazine H (5 uM). BRET readings were collected
using a Mithras 2 plate reader. The BRET signal was then calculated by the ratio of emission
of Venus (535 nm) to Rluc8 (480 nm).

G. Behavioral tests

Mycolactone (3.75 pg), that does not induce tissular damages or inflammatory response,
was injected subcutaneously into the right footpad of seven-week-old female mice (Charles
River Laboratories, Saint-Germain-Nuelles, France). Pain receptivity was assessed by the
Hargreaves method (Hargreaves et al., 1988), with a plantar test instrument (Ugo Basile,
Gemonio, Italy). All animals were acclimatized to the apparatus for 15 min on at least three
consecutive days before the experiment and for 10 min before each test. The response to an
infrared stimulus focused on the right footpad was measured. The intensity of the stimulus was
set at 35 % and a cut-off time of 30 s was applied to prevent the lesioning of mouse tissues by
the stimulus. The time from the start of the stimulus to paw retraction (latency) was recorded
automatically. The flicking/licking of the paw was confirmed by visual observation. Results
were expressed as the ratio of the latencies of the response to a heat stimulus between

mycolactone-treated groups and vehicle-treated groups 24 h after injection.
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H. Nerve-skin experiments

Single C-fiber recording technique from the isolated skin-saphenous nerve preparation
were used as described previously (Reeh, 1986; Noél et al., 2009). After euthanasia with CO2,
the hindpaw skin of 12 - 16 week-old male mouse was dissected with the saphenous nerve. The
skin was pinned in a recording chamber superfused with warm (~30°C) synthetic interstitial
fluid (SIF), in mM : 120 NacCl, 3.48 KCI, 5 NaHCO3, 1.67 NaH2PO4, 2 CaClz, 0.69 MgSOs4,
9.64 Na-gluconate, 5.5 glucose, 7.6 sucrose, and 10 HEPES, pH adjusted to 7.4 with NaOH,
saturated with O2/CO2—95%/5%. The receptive field of a C-fiber was searched by mechanical
probing of the skin and further characterized for mechanosensitivity with calibrated von Frey
filaments and conduction velocity with electrical stimulation. C-fibers were characterized with
a conduction velocity below 1.3 m/s. C-fibers’ receptive fields were isolated with a thick walled
elrin ring inside which solutions were applied (internal volume of 400 pl) through local
perfusion pipes of a CL-100 bipolar temperature controller (Warner instrument). Recordings
with isolated DAMSO0 extracellular differential amplifier (WPI) were band-pass filtered
between 60 Hz and 2 kHz and sampled at 10 kHz on computer with pClamp 10 software (Axon
Instrument). Analysis of action-potentials was done off-line with Spike2 software (Cambridge
Electronic Design). Spikes were detected with threshold crossing, set at twice the RMS noise,
and single spike template analysis of Spike2 software. Each spike was visualized individually
and false positive deleted. Data analysis was done with GraphPad Prism 4 for Wilcoxon signed

rank test.
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SUMMARY

It is often unclear why some genetic mutations to a
given gene contribute to neurological disorders and
others do not. For instance, two mutations have pre-
viously been found to produce a dominant negative
for TRESK, a two-pore-domain K+ channel impli-
cated in migraine: TRESK-MT, a 2-bp frameshift
mutation, and TRESK-C110R. Both mutants inhibit
TRESK, but only TRESK-MT increases sensory
neuron excitability and is linked to migraine. Here,
we identify a new mechanism, termed frameshift
mutation-induced alternative translation initiation
(fsATI), that may explain why only TRESK-MT is
associated with migraine. fsATI leads to the produc-
tion of a second protein fragment, TRESK-MT2,
which co-assembles with and inhibits TREK1 and
TREK2, two other two-pore-domain K+ channels, to
increase trigeminal sensory neuron excitability, lead-
ing to a migraine-like phenotype in rodents. These
findings identify TREK1 and TREK2 as potential
molecular targets in migraine and suggest that fsATI
should be considered as a distinct class of mu-
tations.

INTRODUCTION

Migraine is a common, disabling neurological disorder with a ge-
netic, environmental, and hormonal component with an annual
prevalence estimated at ~15%. It is characterized by attacks
of severe, usually unilateral, and throbbing headache and can
be accompanied by nausea, vomiting, and photophobia.
Migraine is clinically divided into two main subtypes: migraine
with aura (MA), when a migraine is preceded by transient neuro-
logical disturbances that are usually visual, and migraine without
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aura (MO). Cortical spreading depression (CSD) underlies the
aura, although its precise relationship to headache is unclear.
Activation and sensitization of trigeminal neurons (TG) leading
to the release of pro-inflammatory peptides is likely a key
component in pain initiation and transmission in migraine
(Noseda and Burstein, 2013; Yan and Dussor, 2014).

Recent evidence points to a pivotal contribution of a variety of
two-pore-domain potassium (K2P) channels in chronic pain pro-
cessing. The diverse K,p channel family is made of 15 subtypes,
which form 6 subfamilies. The activity of these channels drives
the membrane potential toward the K* equilibrium potential
and therefore reduces cellular excitability. Expression of several
Kop channel subunits has been detected in nociceptive dorsal
root ganglion and trigeminal neurons (Alloui et al., 2006; Bautista
et al., 2008; Blin et al., 2016; Morenilla-Palao et al., 2014; Noeél
et al., 2009; Yamamoto et al., 2009). One subtype of Kyp chan-
nels that is highly expressed in sensory neurons, TRESK, has
been directly linked to MA via a causally linked 2-bp frameshift
mutation (F139WfsX24) identified in the KCNK18 gene, which
causes premature truncation of TRESK (“TRESK-MT”; Lafre-
niere et al., 2010; Wood, 2010). This mutation segregated
perfectly with the MA phenotype in a large pedigree and was
shown to produce a non-functional protein that can serve as a
dominant negative that functionally downregulates the wild-
type (WT) TRESK channel (Lafreniere et al.,, 2010; Wood,
2010). TRESK-MT has been shown to induce hyperexcitability
of TG neurons (Guo et al., 2014; Liu et al., 2013), which likely un-
derscores its role in migraine. However, in subsequent genetic
screening studies, another missense TRESK variant, C110R,
was identified (Andres-Enguix et al., 2012). TRESK-C110R,
similar to TRESK-MT, exerts a dominant-negative effect on
WT-TRESK in heterologous cells, but expression of this mutant
was found to have no effect on TG excitability (Guo et al.,
2014). This absence of effect explains why this mutant was found
in both migraine patients and control subjects (Guo et al., 2014).
Therefore, despite the fact that both mutations lead to the same
apparent effect on TRESK function, only TRESK-MT is able to in-
crease TG excitability and is linked to migraine pathophysiology.

aaaaaaa
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Classically a eukaryotic mRNA is thought to contain one trans-
lation start codon, which allows the production of a single protein
species. However, in some cases, eukaryotic ribosomes can
recognize several alternative translation start sites to induce
the formation of several different proteins from the same
mRNA (Kochetov, 2008). This alternative translation initiation is
a means of expanding the proteome (Kochetov, 2008) and has
been shown to increase the functional diversity of Kop channels
(Thomas et al., 2008), raising the possibility that it plays a role in
TRESK-mediated migraine pathophysiology.

In this study, we addressed why TRESK-MT (F139WfsX24),
but not TRESK-C110R, is able to increase TG excitability and,
potentially, play a role in migraines. Using single-molecule fluo-
rescence and chemical optogenetic methods, we found that
TRESK is able to heterodimerize with 2 distantly related Kop
channels from another subfamily, TREK1 and TREK2, and that
TRESK-MT strongly inhibits TRESK, TREK1, and TREK2 cur-
rents. In stark contrast, we show that TRESK-C110R is only
able to inhibit TRESK, but not TREK1 or TREK2. Furthermore,
we show, using double knockout (KO) mice for TREK1 and
TREK?2, that TRESK-MT increases TG neuronal excitability by in-
hibiting TREK1 and TREK2. Consistent with a role for TREK1 and
TREK2 in migraine induction, we found that double-KO mice for
TREK1 and TREK2 present, at rest, a migraine-like allodynia
phenotype. These results resolve the contradictory lack of effect
of TRESK-C110R, which targets only TRESK and not TREK1 or
TREK?2. Strikingly, we next find that the 2-bp frameshift mutation
of TRESK-MT puts an alternative start codon in frame, which
leads to the translation of a second TRESK fragment, termed
MT2, which specifically co-assembles with TREK1 and TREK2
to downregulate their function, leading to the TG excitability in-
crease. Consistent with a role for MT2 in migraine induction,
we found that MT2 expression within the trigeminal ganglia
induced a migraine-like allodynia phenotype in rat. Finally, we
find that other previously uncharacterized migraine-associated
TRESK mutations also produce multiple fragments via alterna-
tive translation initiation (ATI) that can have distinct effects on
TRESK and TREK channels. Together, these findings identify
frameshift-induced ATI (fsATl) as a mechanism initiated by
TRESK mutations, which leads to two protein fragments with
dominant-negative effects on distinct channel targets to, ulti-
mately, increase sensory neuron excitability, which may
contribute to migraine induction.

RESULTS

TRESK Heteromerizes with TREK1 and TREK2

Despite the fact that Kop channels share a similar architecture
and global function, they share a low level of sequence identity,
even between members of the same subfamily. Surprisingly, this
low level of identity does not preclude heteromerization, as we
and others recently showed within the TREK subfamily (Blin
et al.,, 2016; Hwang et al., 2014; Lengyel et al., 2016; Levitz
et al., 2016). Based on this and the fact that TG neurons ex-
press many Kop channels (TREK1, TREK2, TRAAK, TASK1,
and TASKS; Bautista et al., 2008; Yamamoto et al., 2009), we hy-
pothesized that the difference between TRESK mutants is due to
their differential ability to modify the function of other K,p chan-

nels through heteromerization. To assess the ability of TRESK to
heteromerize with other Kyp channels that are expressed in TG
neurons, we used the single-molecule pull-down (“SiMPull”)
assay (Jain et al., 2012) to visualize individual antibody-immobi-
lized protein complexes on polyethylene-glycol-passivated
glass coverslips (Figure 1A). We co-expressed GFP-TRESK
with either hemagglutinin HA-TRESK, HA-TREK1, HA-TREK2,
HA-TRAAK, HA-TASK1, or HA-TASKS and assessed their ability
to co-immunoprecipitate (colP) GFP-TRESK via an anti-HA anti-
body. HA-TRESK, HA-TREK1, and HA-TREK2, were able to colP
many fluorescent GFP-TRESK spots (Figures 1B and 1C),
whereas no GFP-TRESK spots were observed for HA-TRAAK,
HA-TASK1, or HA-TASKS (Figure 1C), indicating that TRESK
co-assembly with other K,p channels is specific for TREK1 and
TREK2. Importantly, controls showed that identical results
were observed in two different non-ionic detergents (Figure 1C),
that similar expression levels were seen for GFP-TRESK when
co-expressed with HA-TREK1 or HA-TRESK (Figure S1A), that
all HA-tagged K2P constructs were able to pull down themselves
(Figures S1B and S1C), and that pull-down was dependent on
the presence of the anti-HA antibody (Figure S1D) and confirm
that TREK1, TREK2, and TRESK can be co-expressed in the
same cultured TG neurons using immunofluochemistry and sin-
gle-cell RT-PCR (Figure S1F).

We next used photobleaching step analysis (Ulbrich and Isac-
off, 2007) to determine the stoichiometry of TREK1 and TRESK
complexes to test the hypothesis that they form heterodimers.
First, we confirmed that HA-GFP-TREK1 form homodimers in
our assay by observing ~70% 2-step bleaching for each when
expressed and immunoprecipitated alone with anti-HA anti-
bodies (Figure S2A), consistent with the formation of strict di-
mers with a GFP maturation rate of ~80%. Then, we counted
the number of GFP-TRESK subunits within a HA-TREK1/GFP-
TRESK complex by observing bleaching steps of GFP-TRESK
colP with immobilized HA-TREK1 (Figure S2C). The majority of
fluorescence intensity trajectories showed one bleaching step
(~70%; Figure S2C). This distribution is similar to the one
observed for HA-TREK1/GFP-TREK1 complexes (Figure S2B)
and agrees well with a 1:1 stoichiometry showing that TREK1-
TRESK is primarily a heterodimer.

To test the functionality of the TREK1-TRESK heterodimer, we
developed a heterodimerization assay based on an engineered
“photoswitchable conditional subunit” (TREK1-PCS) of TREK1.
The TREK1-PCS is a TREK1 subunit where the C terminus has
been deleted to produce endoplasmic reticulum retention, which
can be rescued through co-assembly with a full-length subunit
(Sandoz et al., 2012). Following co-assembly and surface target-
ing, TREK1-PCS can then optically control the channel via a teth-
ered photoswitchable blocker (“MAQ”), which attaches to a
genetically engineered cysteine. Therefore, gain of photosensi-
tivity of an identified co-expressed TREK-interacting subunit al-
lows for the verification of a functional heteromer with TREK1. As
expected, expression of TREK1-PCS alone did not generate a
photoswitchable current (Figure 1D), but co-expression with
either TREK1 or TRESK induced a robust photoswitchable cur-
rent (Figures 1E and 1F), indicating that the TRESK subunit is
able to co-assemble with TREK1-PCS. Consistent with SiMPull
data, no photocurrent was observed when TASK1 (Figure 1G)
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Figure 1. TRESK Heteromerizes Physically and Functionally with TREK1 and TREK2

(A) Schematic of single-molecule pull-down (SiMPull) of GFP-TRESK. HEK293T cells expressing GFP-TRESK and an HA-tagged K2P channel (“HA-K2Px”) were
lysed and then immobilized on a polyethylene glycol (PEG)-passivated coverslip conjugated to a biotinylated anti-HA antibody.

(B and C) Representative images (B) (IGEPAL) and summary bar graphs (C) with 2 different detergents, IGEPAL and DDM, showing pull-down of GFP-TRESK by
HA-TRESK, HA-TREKT1, or HA-TREK2, but not by HA-TASK1, HA-TASK3, or HA-TRAAK. Data are represented as mean + SEM.

(D-G) Co-expression of TREK1-PCS with WT-TREK1 produces a heteromeric channel that traffics from the endoplasmic reticulum (ER) to the plasma membrane
(PM) and which can be light gated due to attachment of a photoswitchable blocker to the TREK1-PCS. TREK1-PCS expression alone does not produce any
photoswitchable current (D), but co-expression of TREK1 (E) or TRESK (F), but not TASK1 (G), leads to a photoswitchable current indicating that TREK1-TRESK
form functional heteromers, but there is no functional assembly of TREK1 and TASK1.

See also Figures S1, S2, and S3.

or TASK3 (Figure S1E) were co-expressed with TREK1-PCS.
Furthermore, the bleaching step distribution of GFP-TREK1-
PCS spots colPed with immobilized HA-TREK1 is similar to
HA-TREK1/GFP-TREK1; the majority of fluorescence spots
showed one bleaching step (~70%; Figure S2D), supporting
the conclusion that the light-gated TREK1-PCS/TRESK current
is carried by a TREK1-PCS/TRESK heterodimer with a common
pore.

Next, to test the functional properties of the TREK1-TRESK
heteromer, we constructed a linked, tandem dimer to have a uni-
form representation at the surface of the cell of the TREK1-
TRESK heteromer (Figure S3). This heteromeric channel dis-
played properties that are a mix of those from TREK1 and TRESK
homodimers. Notably, TRESK is insensitive to arachidonic acid
and TREK1 is sensitive (Figures S3A-S3C) and TRESK-TREK1
tandems show an intermediate sensitivity to arachidonic acid
(Figure S3C). Furthermore, similar to TRESK, but not TREK1,
TRESK-TREK1 tandems showed sensitivity to intracellular cal-
cium, as tested with ionomycin application (Figures S3D and
S3F). Consistent with this, the light-gated TREK1-PCS/TRESK
current is also calcium sensitive (Figures S3E and S3F), confirm-
ing that the light-gated TREK1-PCS/TRESK current is carried by
a TRESK1-TRESK heteromer with a common pore.

Having found that TREK can physically and functionally het-
eromerize with TRESK and that all three channel subtypes are
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co-expressed in sensory neurons, we next investigated the abil-
ity of TRESK mutants to modify TREK1 and TREK2 currents.

TRESK-MT, but Not TRESK-C110R, Acts as a Dominant
Negative on TREK1 and TREK2 Channels

As previously shown (Andres-Enguix et al., 2012), both TRESK-
MT and TRESK-C110R exert a dominant-negative effect on
whole-cell TRESK currents (Figures 2A-2C). Because TREK1
can co-assemble with TRESK (Figure 1), we addressed the
impact of the MT and C110R variants on TREK1 current. We
found that TRESK-C110R co-expression did not modify TREK1
current, whereas TRESK-MT co-expression induced a near-
complete inhibition of TREK1 current (Figures 2D-2F). Similar
to TREK1, TRESK-MT, but not TRESK-C110R, strongly inhibited
TREK?2 current (Figures 2G-2l). This dominant-negative effect is
specific and likely dependent on co-assembly because TASK1,
TASKS, and TRAAK, which do not colP with TRESK (Figure 1),
were not sensitive to TRESK-MT co-expression (Figure S4). To
address why TRESK-C110R does not modify TREK1 or TREK2
current, we used the SiMPull assay to test the ability of
TRESK-C110R to physically interact with TREK1. We co-ex-
pressed HA-TREK1 with either GFP-TRESK or GFP-TRESK-
C110R and tested their ability to be colPeded with HA-TREK1
via an anti-HA antibody. Whereas GFP-TRESK was able to be
colPed with HA-TREK1, leading to many fluorescent spots,
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Figure 2. TRESK-MT, but Not TRESK-C110R,
Acts as a Dominant Negative on TREK1 and
TREK2 Channels

(A and B) Representative traces showing the effect
of TRESK-C110R (A) and TRESK-MT (B) co-
expression on TRESK current in HEK293T cells.
Currents were elicited by voltage ramps (from —100
to 100 mV; 1 s duration).

(C) Bar graph summarizing the relative TRESK cur-
rent amplitude at 0 mV for TRESK when TRESK-
C110R and TRESK-MT are or not co-expressed.
Data are represented as mean + SEM.

(D-F) Same as (A)—(C) for TREK1.

(G-l) same as (A)—(C) for TREK2. The numbers of
cells tested are indicated in parentheses on the
graphs. Student’s t test (***p < 0.001).

See also Figures S4 and S5.

(Figure S6), smaller rheobase (55 + 6 pA;
p < 0.05) and a significant increase in the
number of APs evoked by suprathreshold
current injections compared to WT TG neu-
rons. Consistent with arole for TREK1 and 2
in mediating the effects of TRESK-MT,
TRESK-MT overexpression did not alter
the excitability of TREK1~/~/TREK2™/~

very few spots were observed for GFP-TRESK-C110R (Fig-
ure S5A). This indicates that TREK1 can co-assemble with
TRESK and that the C110R mutation leads to a drastic reduction
of this association, explaining why TRESK-C110R has no effect
on TREK1 current. Together, these data show that TRESK-MT
can inhibit TRESK, TREK1, and TREK2, whereas TRESK-
C110R is only able to inhibit TRESK. Based on the fact that
TRESK-MT, but not TRESK-C110R, is able to induce TG neuron
hyperexcitability (Guo et al., 2014; Liu et al., 2013), we hypothe-
sized that TRESK-MT induces sensory neuron hyperexcitability
primarily by acting on TREK1 and TREK2, not TRESK.

TRESK-MT Increases Neuronal Excitability through the
Inhibition of TREK1 and TREK2

Toinvestigate the role of TREK1 and TREK2 in the induction of TG
hyperexcitability by TRESK-MT, we tested whether overexpres-
sion of GFP-TRESK-MT alters the passive and active electro-
physiological properties of small-diameter (<25 um) TG neurons
from wild-type or TREK1/TREK2 double-knockout (TREK1~/~/
TREK2~'~ ) mice. As previously shown, TRESK-MT expression
in WT TG neurons led to a decrease of the lamotrigine current
(Figure S6), leading to an increase in excitability (Figure 3C),
which included a decrease in the rheobase (74 + 11 pA versus
47 + 5 pA; p < 0.05 for TG neurons expressing GFP or TRESK-
MT, respectively) and an increase in the number of action poten-
tials (APs) evoked by suprathreshold current injections compared
to control (Figures 3A and 3C). As shown in Figure 3B, neurons
from TREK1~/~/TREK2~'~ mice were more excitable than WT
TG neurons. These neurons have a smaller lamotrigine current

mice (Figure 3D). TREK1~/~/TREK2~'~ TG

neurons showed no increase in the number

of evoked APs or a reduction in rheobase
(55 = 6 pA versus 53 + 5 pA for TG neuron expressing GFP or
TRESK-MT, respectively; p > 0.5). Together, these data strongly
support a major role for TREK1 and TREK2 in the control of TG
neuron excitability and support the idea that TRESK-MT differs
functionally from TRESK-C110R in its ability to target TREK1
and TREK2 to increase the excitability of TG neurons, which is
likely a crucial step in the induction of migraines.

TREK1~-/TREK2™~ Mice Show a Mechanical Allodynia,
which Is Not Increased by NO Donors

Having found that expression of the TRESK-MT mutant increases
TG excitability through TREK1-TREK2 inhibition, we hypothe-
sized that TREK1~/~/TREK2~'~ mice would show an increased
susceptibility to a migraine-related phenotype. Migraine is asso-
ciated with an increase of the sensitivity to all sensory modalities,
and cutaneous allodynia can be used as a quantifiable marker of
migraine disorder (Bates et al., 2010; Verkest et al., 2018). One
approach to model acute and chronic migraine is the quantifica-
tion of this increase in response to known migraine triggers, such
as nitric oxide (NO) donors (Bates et al., 2010), including
isosorbide dinitrate (ISDN) (Verkest et al., 2018). We quantified
ISDN-evoked mechanical allodynia in TREK7~/~/TREK2~'~ and
wild-type controls in acute and chronic conditions. In a first
experiment, paw mechanical nociception thresholds were deter-
mined with a dynamic von Frey aesthesiometer before and during
a 3-hr period after intraperitoneal injection of ISDN (10 mg/kg;
Figure 3E; Bates et al.,, 2010; Verkest et al., 2018). In a
second experiment, we assessed mechanical nociception
thresholds in both TREK1~/~/TREK2~'~ and wild-type controls
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by intraperitoneally injecting ISDN every day for four days as a
model of chronic migraine-associated pain (Figure 3E). We found
that, at rest, TREK1~/~/TREK2~'~ mice showed a decreased me-
chanical threshold compared to WT mice (2.6 + 0.1 g versus 3.9 +
0.1 g; p < 0.001). Notably, the basal mechanical threshold of
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Figure 3. TREK1 and TREK2 Invalidation In-
creases Sensory Neuron Excitability and Me-
chanical Pain Perception

(A-D) TREK1~/~/TREK2~~ TG neurons are more
excitable than WT TG neurons and are not sensitive
to TRESK-MT overexpression.

(A) Representative traces of action potentials
(spikes) generated by incremental depolarizing cur-
rent injections in small-diameter TG neurons.

(B) Input-output plots of spike frequency in
response to 1-s depolarizing current injection in
untransfected, small TG neurons from WT and
TREK1~/~/TREK2~'~ double-KO mice.

(C and D) TRESK-MT acts as a dominant negative on
TREK1 and TREK2 channels to increase excitability
of TG neurons. Input-output plots of the spike fre-
quency in response to 1-s depolarizing current in-
jection in transfected small TG neurons from WT (C)
and TREK1~/~/TREK2~'~ double-KO mice (D) show
that an increase in excitability elicited by TRESK-MT
is observed in WT, but not T71~/~/T2/~, neurons.
The numbers of tested cells are indicated in paren-
theses on the plots and come from at least 4
different animals. Student’s t test ("p < 0.05; **p <
0.01; **p < 0.001).

(E-H) TREK1~/~/TREK2~~ double-knockout ani-
mals present a migraine-like hypersensitivity to
mechanical stimuli.

(E) Schematic of experimental behavioral para-
digms. Green arrows represent the injection of
ISDN, a known migraine trigger. Blue arrows repre-
sent the measurement of mechanical sensitivity.

(F) Paw withdrawal mechanical threshold, assessed
after the first ISDN injection, were significantly
decreased in double-knockout animals and re-
mained less than WT for the first 1.5 hr following
ISDN injection.

(G) Mechanical responses, assessed prior to and
after chronic ISDN injections, were significantly
decreased in double-knockout animals.

(H) Variation (AThreshold (g)) of the paw withdrawal
mechanical threshold induced by ISDN chronic
treatment or by topiramate injection. Mechanical
responses were assessed before and after ISDN
chronic (4 days) treatment (left bars) and before and
2 hr after topiramate injection (right bars) in WT and
TREK1~/~/TREK2~'~ double-knockout ISDN-non-
treated mice. Numbers of mice tested are indicated
in parentheses on the plots; Student’s t test to
compare WT versus TREK1~/~/TREK2~~ mice (*p <
0.05; *p < 0.01; ***p < 0.001). Data are represented
as mean + SEM.

See also Figure S6.

TREK1~/~/TREK2~'~ mice is similar to the
allodynic threshold observed 1.5 hr after
acute ISDN injection in WT mice (Figure 3F;
p = 0.831). In the acute model experiment,

the injection of ISDN in TREK1~/~/TREK2~'~ mice does not
induce any modification of the mechanical threshold, which re-
mained significantly lower than in wild-type controls during the
first 1.5 hr following ISDN injection (Figure 3F; p < 0.001 after
30 min and p < 0.01 after 1 hr with a linear mixed-effects model).



Figure 4. TRESK-MT Induces the Translation
of a Second Protein, MT2

(A) Representative images from SiMPull experiments
showing that GFP-TRESK-MT can be pulled down by
HA-TRESK, but not by HA-TREK1.

(B) Cartoon showing the membrane topology of
TRESK and the expected products induced by ATl in
the TRESK-MT mutation. The region corresponding
to aberrant sequences is shown in red.

(C) Co-synthesis of mCherry-MT1 and MT2-GFP
products from the mCherry-TRESK-MT-GFP cDNA
in HEK293T cells (top), MDCK (middle), and TG
neurons (bottom). DAPI nuclear stain is shown in
blue.

(D) Western blot against HA-TRESK-MT-HA probed
with anti-HA antibodies from HEK293T cells lysate.
See also Figure S10.
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In the chronic migraine-associated pain assay, the mechan-
ical thresholds remained significantly lower for TREK1~/~/
TREK2~'~ mice compared to wild-type controls, but the differ-
ence was strongly reduced (Amechanical threshold induced by
4 days ISDN treatment 0.33 + 0.2 g in TREK1~/~/TREK2™/~
versus 1.12 + 0.1 g in WT mice; Figure 3G).

Having found that TREK1~/~/TREK2~'~ mice show basal me-
chanical allodynia that cannot be further increased by an ISDN
injection, we wondered whether a treatment used in prophylaxis
in migraine patient, topiramate, could reverse this observed
migraine-like phenotype as was observed in models of nitroglyc-
erin (NO) donor-induced migraine (Pradhan et al., 2014) and in a
model of ISDN-induced migraine in rats (Verkest et al., 2018). We
assessed the mechanical nociception threshold in TREK1~/~/
TREK2~'~ mice before and 2 hr following the intraperitoneal in-
jection of 30 mg/kg of topiramate. Treatment with topiramate
reversed partially the chronic basal allodynia seen in TREK1~/~/
TREK2~'~ mice (Amechanical threshold of 1.2 + 0.2 g; Figure 3H),
as was previously observed for a nitroglycerin-evoked form of al-

induced by topiramate, a drug used in the
clinic to treat chronic migraine.

TRESK-MT Mutation Induces the
Translation of a Second Protein, MT2
We next explored how TRESK-MT exerts its
effects on TREK channels at the molecular
level. The F139WfsX24 frameshift mutation
of TRESK-MT results in the premature truncation of the human
TRESK protein from 384 amino acids (aas) to 162 aas. The
truncated TRESK includes the first 138 aas of wild-type TRESK
followed by a 24-aa aberrant sequence. The corresponding
mutation has very similar effects on the mouse TRESK gene,
generating a truncated protein with the first 149 aas of wild-
type TRESK and followed by a 50-aa aberrant sequence at the
C terminus (Figure 4B). We fused a GFP tag to the N terminus
of the mouse TRESK-MT and tested its ability to be immobilized
by HA-TRESK, HA-TREK1, or HA-TREK2 in the SiMPull assay.
Surprisingly, only HA-TRESK was able to colP GFP-TRESK-
MT via an anti-HA antibody (Figure 4A). This result confirms
that TRESK-MT associates with TRESK to induce its domi-
nant-negative effect but raises the question of how TRESK-MT
is able to inhibit TREK1 and TREK2 without direct association.
It has been hypothesized that ATl of eukaryotic mRNAs,
including those that encode Kyp channels (Thomas et al.,
2008), may provide a method to expand the proteome (Koche-
tov, 2008). A close examination of the nucleotide sequence of
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Figure 5. MT2 Mediates TREK1 Inhibition

(A) Representative traces showing the effect of
introduction of a STOP codon at the beginning of the
MT2 ORF within the 2-3 loop (TRESK-MTstop) ON
TREK1 current in HEK293T cells. Inset shows a
summary of TREK1 relative current densities when
TRESK-MTstop is co-expressed.

(B) Representative traces showing the effect of
TRESK-MTstop on TRESK current. (Insets) TRESK
relative current densities when TRESK-MTstop is
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(C) Representative traces showing the effect of
introduction of a mutation of ATG at position +356
(AATG1) on TREK1 current and summary bar graph
showing the effect of mutation of candidate alter-
native start codons (AATG1, AATG2, or AATG3) and
mutation of the Kozak sequence surrounding ATG1
(AKozac) in TRESK-MT. Currents were elicited by
voltage ramps (from —100 to 100 mV; 1 s duration).
(D) Representative traces showing the effect of
TRESK-MTaatgt on TRESK current. (Insets) TRESK
relative current densities when TRESK-MTatg1 IS
co-expressed are shown.
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TRESK-MT revealed that the F139WfsX24 frameshift mutation
places two new ATG codons in frame with the reference open
reading frame of TRESK (ATGs at position +356 and +407 for
the human TRESK cDNA and +389 and +490 for the mouse
cDNA). We hypothesized that one of these codons may serve
as an ATl site that can lead to the formation of a second trun-
cated TRESK protein, termed “MT2,” that would include a short
(either 2 or 19 aas) N-terminal aberrant sequence followed by the
C-terminal part of TM2, including the 2-3 intracellular loop, TM3,
P2 loop, TM4, and the C-terminal domains (Figure 4B). To test
whether MT2 is co-translated with MT1, we introduced an N-ter-
minal mCherry tag in frame with MT1 and a C-terminal GFP
in frame with MT2 within the mouse TRESK-MT cDNA
(“mCherry-TRESK-MT-GFP”). Expression of this construct led
to HEK293T cells with both mCherry and GFP fluorescence,
showing the co-translation of mCherry-MT1 and MT2-GFP (Fig-
ure 4C). This co-translation was observed in other cell lines,
including MDCK cells (Figure 4C), as well as in primary TG neu-
rons (Figure 4C). Next, we introduced an N-terminal HA tag in
frame with MT1 and another one in frame with MT2 within the
mouse TRESK-MT cDNA (“HA-TRESK-MT-HA”). Lysate from
cells transfected with HA-TRESK-MT-HA was probed in a west-
ern blot with anti-HA antibodies, and 2 bands, with a similar in-
tensity, corresponding to the expected molecular weights for
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MT1 (~23 kDa) and MT2 (~29 kDa) were detected (Figure 4D).
Together, these data clearly show that TRESK-MT leads to the
production of two distinct fragments of TRESK.

To probe the function of MT2, we introduced a stop codon into
the MT2 open reading frame (ORF) of TRESK-MT at the begin-
ning of the 2-3 loop (Figure 4B), inducing the loss of expression
of MT2 (Figure S7A). As shown in Figure 5, whereas the introduc-
tion of the stop codon in the MT2 ORF did not change the ability
of TRESK-MT to inhibit TRESK current (Figure 5B), this stop
codon abolished the ability of TRESK-MT to produce a domi-
nant-negative functional effect on TREK1 (Figure 5A). We next
confirmed the importance of this second ORF by mutating, in
TRESK-MT, the putative ATI start codons one by one. Mutation
of the first ATG abolished the ability of TRESK-MT to inhibit
TREK1 (Figure 5C), but not TRESK (Figure 5D), whereas mutation
of the second ATG did not alter the ability of TRESK-MT to inhibit
TREK1 current (Figures 5C and S7B). These data indicate that
the ATI site is the first internal ATG. As a control, we mutated a
third ATG, which is also present in the WT-TRESK sequence,
and found that it did not change the ability of TRESK-MT to
inhibit both TRESK and TREK1 currents (Figures 5C and S7C).
Similar to TREK1, introduction of a stop codon into the MT2
ORF or mutation of the first ATG also abolished the inhibition
of TREK2 by TRESK-MT (Figures 5E and 5F). To further
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Figure 6. MT1 Acts as Dominant Negative on TRESK, whereas MT2 Acts as a Dominant Negative on TREK1 and TREK2 Channels

(A-D) Representative traces showing the effect of TRESK-MT1 (A and C) or TRESK-MT2 (B and D) co-expression on TRESK (A and B) or TREK1 (C and D) currents
in HEK293T cells. Currents were elicited by voltage ramps (from —100 to 100 mV; 1 s duration).

(E) Bar graph summarizing the relative TRESK, TREK1, and TREK2 current amplitudes at 0 mV when MT1 or MT2 are co-expressed. The numbers of cells tested
are indicated in parentheses on the graphs. Cells come from at least two experimental days. Student’s t test (***p < 0.001). Data are represented as mean + SEM.
(F) Representative images showing that GFP-MT2, but not GFP-MT1, can be pulled down by HA-TREK1 and HA-TREK2 via an anti-HA antibody in the SiMPull

assay with HEK293T cells.
See also Figures S7, S8, and S11.

demonstrate that the first ATG serves as a start codon, we
mutated the potential Kozak sequence GCTATGG to CCTATGC
and found that alteration of the Kozak sequence strongly
reduced the inhibitory effect of TRESK-MT on TREK1 current
(Figures 5C and S7D) without affecting the effect on TRESK (Fig-
ures 5D and S7E).

MT2, but Not MT1, by Acting as a Dominant Negative on
TREK1 and TREK2 Channels, Increases Neuronal
Excitability of WT Small TG Neurons, Leading to Facial
Allodynia
To independently express MT1 and MT2 for functional charac-
terization, we sub-cloned both ORFs into separate mammalian
expression vectors. Co-expression of MT2 with TRESK did not
modify TRESK current (Figures 6B and 6E), and MT1 co-expres-
sion induced a ~3-fold decrease of the current, which was
similar to what was observed for the co-expression of the full
TRESK-MT construct (Figures 6A and 6E). On the contrary, co-
expression of MT1 did not modify TREK1 current (Figures 6C
and 6E), but co-expression of MT2 induced a ~4-fold decrease
of the current, similar to what was observed with co-expression
of the full TRESK-MT construct (Figures 6D and 6E). Similar re-
sults were obtained for TREK2 (Figures 6E and S8). Consistent
with the functional data, we found that GFP-MT2 is colPed
with HA-TREK1 or HA-TREK2 in the SiMPull assay (Figure 6F).
To validate the physiological role of interaction between
TREK1, TREK2, and MT2, we tested the functional effect of
MT2 in TG neurons. Whereas MT1 expression did not alter the
excitability of WT TG neurons (Figures 7A and 7B), MT2

increased it significantly (Figures 7A and 7C). In fact, MT1 did
not modify the rheobase (74 + 11 pA versus 79 + 5 pA; p > 0.5
for TG neurons expressing GFP or MT1, respectively) and did
not modify the number of APs evoked by suprathreshold current
injections compared to control. Conversely, MT2 expression in
WT TG neurons led to an increase in excitability (Figure 7), which
included a decrease in the rheobase (74 = 11 pA versus 55 =
5 pA; p < 0.05 for TG neurons expressing GFP or MT2, respec-
tively; p < 0.05) and an increase in the number of APs evoked
by suprathreshold current injections compared to control (Fig-
ures 7A and 7C). We confirmed that this effect is linked to
TREK1 and TREK2 because MT2 overexpression failed to
increase the excitability of TREK1~/~/TREK2~~ TG neurons
(Figure 7D).

Having found that MT2, by inhibiting TREK1 and TREK?2, is suf-
ficient to increase TG excitability, we asked whether MT2
expression in TG ganglia would induce a migraine-related
phenotype. We conducted behavioral experiments in rats in
which MT2 was virally overexpressed within the trigeminal
ganglia. Rats allowed to test the mechanical pain threshold on
the face, which is directly linked to TG excitability, constituting
a relatively direct, reliable, and quantifiable marker of migraine
disorder in clinical contexts as well as in NO-induced migraine
(Pradhan et al., 2014; Kopruszinski et al., 2017; Harris et al.,
2017). As shown in Figure 7F, MT2 expression in TG ganglia (Fig-
ure S9) significantly increased the facial mechanical threshold
(8.3 £ 0.4 g versus 7.7 + 0.4 g; p < 0.001). Furthermore, as was
seen for the TREK1~/~/TREK2™'~ mice, the basal mechanical
facial threshold of MT2-expressing rats is similar to the threshold
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Figure 7. MT2, but Not MT1, Increases Neuronal Excitability of WT
Small TG Neurons through TREK1 and TREK2 Inhibition

(A) Representative traces showing spikes generated by incremental depola-
rizing current injections (+50 pA and +100 pA) in small-diameter TG neurons.
(B and C) Input-output plots of spike frequency in response to 1-s depolarizing
current injections in WT small-diameter TG neurons transfected with either
GFP (“WT?”), the GFP-tagged MT1 subunit (“MT1”; B), or the GFP-tagged MT2
subunit (“MT2”; C).

(D) Input-output plots of spike frequency show a lack of effect of GFP-MT2
expression on TG neurons from TREK1/TREK2 double-KO mice (T7~/~/T27).
(E-G) MT2 overexpression in TG leads to facial mechanical allodynia in rats.

(E) Schematic of experimental behavioral paradigms. After a week of habitu-
ation, rats were injected with 10 uL of AAV2 encoding for either MT2 + GFP
or GFP.

(F) Face withdrawal mechanical threshold assessed after trigeminal virus
infection encoding either GFP (WT rat condition) or MT2.

(G) Face withdrawal mechanical threshold, assessed after the first ISDN in-
jection. The threshold for MT2-expressing rats was significantly decreased
before the injection and remained less than WT for the first 1.5 hr following
ISDN injection. The numbers of tested cells and rats are indicated in paren-
theses on the plots. Mice neurons come from at least 5 different animals.
Student’s ttest (‘p < 0.05, **p < 0.01, and ***p < 0.001). Data are represented as
mean + SEM.

See also Figure S9.
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observed 1.5, 2, and 3 hr after acute ISDN injection in WT rats.
Having found that MT2 overexpression induced allodynia, we
quantified ISDN-evoked mechanical allodynia and found that
MT2 overexpression in TG neurons prevents any further effect
of ISDN on facial allodynia. This loss of effect of NO donors
may be due to the fact that the “ceiling” level of allodynia has
already been reached.

Together, these data demonstrate that, at rest, the overex-
pression of MT2 leads to an increase in TG excitability and a
chronical cutaneous allodynia to a similar level to what is
observed following NO-donor injection. This is also similar to
the allodynia observed in TREK1/~/TREK2~/~ double-KO
mice (Figure 3).

MT2-Producing Alternative Translation Initiation Is
Found in Other Migraine-Associated TRESK Mutants
Having found that MT2 is responsible for the migraine-associ-
ated increase in TG excitability and induction of a migraine-like
phenotype through the inhibition of TREK1 and TREK2, we antic-
ipated that other frameshift mutations may exist that place the
ATG at position +356 in frame with the reference open reading
frame of TRESK. Such mutations would lead to the formation
of MT2. This mutation could be either a 2-bp deletion or 1-bp
insertion in the region between the ATG at position +356 and
the ATG at position +427 (Figure S10). We used the Exome
Aggregation Consortium (ExAC) database (Lek et al., 2016)
and found one variant (Y121LfsX44) with a T duplication (+1
pb; ¢.361dupT) that places the ATl site in frame with the TRESK
ORF (Figure S9). We introduced this insertion into the mCherry-
TRESK-GFP (mCherry-TRESK-c.361dubT-GFP) sequence and
found, similar to mCherry-TRESK-MT-GFP (Figure 4C), that
this construct led to HEK293T cells with both mCherry and
GFP fluorescence (Figure 8A) due to the co-translation of both
MT1 and MT2 proteins. Similar to TRESK-MT, this mutant is
able to inhibit TRESK, TREK1, and TREK2 (Figure 8). As was
seen for TRESK-MT (Figure 5), introduction of a stop codon
into the MT2 ORF (TRESK c¢.361dupTstop) Of this mutant abol-
ished its ability to inhibit TREK1 and TREK2 (Figure 8), but not
TRESK. Because this Y121LfsX44 mutation leads to the same
molecular effects as TRESK-MT on TREK function, we hypothe-
sized that it may be associated with a migraine phenotype. To
address this, we looked in the ClinVar database (Landrum
et al., 2016) and found that this mutant has been correlated
with a migraine phenotype (RCV000490385.1).

DISCUSSION

Although initial findings of migraine-associated mutations of
TRESK represented a major breakthrough (Lafreniere et al.,
2010), a direct relationship between TRESK channel disruption
and migraine has been challenged based on the discovery of a
TRESK mutation (C110R) that produces a dominant-negative
form of TRESK but is found in a control cohort population (An-
dres-Enguix et al., 2012). The presence of this mutation in control
individuals indicates that a single non-functional TRESK variant
alone may not be sufficient to cause migraines, consistent with
the genetic complexity of this disorder. In this study, we have ad-
dressed this controversy and found that the migraine-associated
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Figure 8. TRESK-c.361dupT (Y121LfsX44) Acts as a Dominant Negative to Reduce Both TRESK and TREK1 Current
(A) Co-synthesis of mCherry-MT1 and MT2-GFP products from the mCherry-TRESK-c.361dupT-GFP cDNA in HEK293T cells.
(B and C) Representative traces showing the effect of TRESK ¢.361dupT (B) and TRESK ¢.361dupTstop (C) co-expression on TRESK current. Currents were

elicited by voltage ramps (from —100 to 100 mV; 1 s duration).
(D and E) Same as (B) and (C) for TREK1.
(F and G) same as (A) and (B) for TREK2.

(H) Bar graph summarizing the relative TRESK, TREK1, and TREK2 current amplitudes at 0 mV for TRESK, TREK1, and TREK2 when TRESK ¢.361dupT and
TRESK c¢.361dupTstop are co-expressed. The numbers of cells tested are indicated in parentheses on the graphs. Cells come from at least two experimental
days. Student’s t test (**p < 0.01 and ***p < 0.001). Data are represented as mean + SEM.

See also Figure S10.

mutation of TRESK exerts its effects on sensory neurons by
associating and serving as a dominant negative not only for
TRESK but also for TREK1 and TREK2 channels. In stark
contrast, TRESK-C110R is not able to regulate TREK channels.
Consistent with a function of TREK1 and TREK2 in TRESK-MT-
induced migraine, the TREK1~/~/TREK2~/~ mice show a
migraine-like hypersensitivity to mechanical stimuli. Surprisingly,
we find that migraine-associated frameshift mutations of TRESK
induce alternative translation initiation that allows the formation
of a second product, MT2, which mediates the dominant-nega-
tive action on TREK1 and TREK2 when overexpressed. This
dominant-negative action on TREK1 and TREK2, ultimately,
leads to an increase in TG neuron excitability and a migraine-
like hypersensitivity to facial mechanical stimuli. Supporting

this phenomenon as a general mechanism, we found another
migraine-associated frameshift mutation in TRESK that pro-
duces a similar ORF shift, which also leads to the formation of
MT2. Together, these findings support a role of fsATI and for
TREK potassium channels as a key part of sensory neuron excit-
ability and the underlying cellular mechanism of migraine.

We and others (Blin et al., 2016; Hwang et al., 2014; Lengyel
et al., 2016; Levitz et al., 2016) have recently shown that Kop
channels are able to form both homodimeric and heterodimeric
potassium channels. In this study, we show that TREK and
TRESK readily assemble as heteromers. To co-assemble
natively, TRESK and TREK must be expressed in the same cells.
We and others have found that TG neurons from mice can co-ex-
press TREK1, TREK2, and TRESK (Bautista et al., 2008), and it
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has been confirmed that TREK1 and TRESK are also co-ex-
pressed in human TG neurons (Flegel et al., 2015). Recent sin-
gle-cell RNA sequencing data on dorsal root ganglion (DRG) sen-
sory neurons from mice have also shown that co-expression of
TRESK with TREK-2 and/or TREK-1 occurs in some subtypes
of sensory neurons involved in pain signaling, including peptider-
gic and non-peptidergic subtypes (Usoskin et al., 2015; Zeisel
et al.,, 2018). Single-channel recordings also identified these
channels in medium- and small-sized sensory neurons of the
DRG, which are likely involved in nociception (Kang et al.,
2005). In this study, we have supported these previous findings
by using immunohistochemistry and single-cell RT-PCR (Fig-
ure S1), as well as pharmacology (Figure S6), to confirm the
co-expression of TRESK and TREK channels in sensory neu-
rons. Nevertheless, the relative expression levels of TREK and
TRESK in TG neurons are, as is the case for the DRG, likely var-
iable, and therefore, we expect a differential population of homo
and heteromers from cell to cell. Expression studies with single-
cell precision are ultimately needed to precisely determine which
subpopulations co-express different relative amounts of each
channel. We show that this TRESK-TREK heteromer is a func-
tional dimer because one TRESK is able to co-assemble with
one TREK subunit to form a heterodimeric channel with a com-
mon pore using a photoswitchable conditional TREK1 (Sandoz
et al., 2012). This is quite surprising given that TREK1/2 and
TRESK are in different Kop channel subfamilies and only show
low sequence identity of ~19.7% (Sano et al., 2003). We previ-
ously found that all members of the TREK channel subfamily
(TREK1, TREK2, and TRAAK) can co-assemble but that TREK
was unable to interact with TASK channels. Similar to the other
reported heteromers, TREK1-TRESK heterodimers show unique
biophysical behavior that blends the properties of the parent
subunits. Notably, TREK1-TRESK is both arachidonic-acid-
and calcium-sensitive. In this study, we also show that TRESK
does not heteromerize with three other Kyp channels, one from
the TREK subfamily, TRAAK, and two from the TASK subfamily,
TASK1 and TASKS3. Together, this indicates that not all pairs of
Kop channel subunits are able to interact and that there are
indeed rules of interaction that remain to be deciphered. Future
work will be needed to determine the molecular mechanisms
and structural interfaces that mediate specific Kop heteromer
assembly and the associated functional consequences of
heteromerization.

TRESK channels are expressed in the DRG and show their
highest expression levels in TG. In DRG and TG, TRESK is
most abundant in the small- and medium-size sensory neurons
(Dobler et al., 2007; Lafreniere et al., 2010). In TG neurons,
introduction of TRESK-MT has been shown to reduce the lamo-
trigine-sensitive K* current, leading to an increase in excitability
(Guo et al., 2014; Liu et al., 2013). This increase of TG excit-
ability cannot be explained by TRESK inhibition because
TRESK-C110R, which also strongly inhibits wild-type TRESK,
does not inhibit the lamotrigine-sensitive K* current and does
not increase TG excitability, explaining its lack of involvement
in migraine (Guo et al., 2014). TREK1 and TREK2 are also ex-
pressed in DRG and show high expression levels in TG (Blin
et al., 2016; Yamamoto et al., 2009). Furthermore, TREK1 and
TREK2 have recently been shown to also be lamotrigine sensi-
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tive (Walsh et al., 2016; Figure S6). We found that TRESK-MT
inhibits TREK1 and TREK2 to increase TG excitability, showing
that TREK1 and TREK2 control TG neuron excitability. To
address the impact of this sensory neuron excitability increase,
linked to TREK1 and TREK2 inhibition, we tested TREK1~/~/
TREK2~'~ mice for their susceptibility to a migraine-like pheno-
type. Migraine is associated with increased sensitivity to all
sensory modalities, and it appears that cutaneous allodynia
can be used as a quantifiable marker of migraine disorder
(Bates et al., 2010). Increase of basal mechanical hyperalgesia
induced by TREK1 and TREK2 invalidation, to a similar level
compared to WT animals after ISDN injection, is in agreement
with a KO-induced increase of sensory neuron excitability
that is relevant to migraine (Brennan et al., 2013). Furthermore,
trigeminal overexpression of MT2 in rats also induced a chronic
facial allodynia. This facial allodynia can be a facial hypersensi-
tivity without migraine; however, orbitofacial allodynia is clearly
accepted as a reflection of the activity of TG neurons and
therefore relevant to migraine (Pradhan et al., 2014; Kopruszin-
ski et al., 2017; Harris et al., 2017). Nevertheless, inhibition of
TREK1/TREK2 by TRESK-MT2 fragments will depend on its
physiological expression and remains to be demonstrated
without overexpression. Topiramate was previously shown to
inhibit NO-donor-induced acute or basal chronic allodynia
(Pradhan et al., 2014). We found that topiramate was able to
partially reverse TREK1-TREK2 invalidation-induced allodynia,
which is consistent with its action as a prophylactic migraine
therapy (Pradhan et al., 2014). Therefore, these results seem
to indicate that the dysfunction of TREK1 and TREK2, and
not of TRESK alone, contributes to the increase of TG excit-
ability, which may lead to an alteration of pain processing like
during migraine, suggesting that TREK1, TREK2, and TREK-
TRESK heterodimers should be considered as new targets for
migraine treatment.

An important remaining question is: how can TREK1 and
TREK2 dysfunction lead to migraine phenotypes? Importantly,
the TRESK-MT mutant has been found in migraine with aura
phenotype (Lafreniere et al., 2010). Aura has been linked to
CSD, which precedes the activation of TG neurons (Noseda
and Burstein, 2013). TREK1 and TREK2 channel activity, by
reducing TG excitability, may serve as a brake to prevent the
pathological activation of TG neurons during the early stages
of CSD. In patients expressing TRESK-MT, this mechanism
may be reduced or eliminated, enhancing the activation of TG
neurons, thus leading to migraines. Fitting the model in which
an increase in TG excitability is the primary underlying cause of
headaches, the TRESK-MT proband described in the original La-
freniére paper (Lafreniere et al., 2010; OMIM no. 613656) also
showed migraine headaches in isolation without a preced-
ing aura.

Most importantly, this study led us to uncover an undescribed
mechanism involving alternative translation initiation. We pro-
vide evidence that the 2-bp deletion observed for TRESK-MT in-
troduces an in-frame start codon with the reference open
reading frame of TRESK, allowing the formation of MT2, the
TRESK fragment responsible for the increase in TG excitability.
Translation initiation of most eukaryotic mRNAs follows a linear
scanning mechanism where the 40S ribosome is recruited to the



5’ cap structure of the mRNA followed by downstream move-
ment until an initiation codon is encountered (Kozak, 1999). In
these cases, the translation initiation site is the first cap-prox-
imal start codon for methionine (AUG). In most eukaryotic
mRNA, this first AUG is embedded into the Kozak consensus
sequence [A/G]-XX-ATGG (Kozak, 1984a, 1984b; Jackson
et al., 2010). However, if the first AUG is used inefficiently,
some ribosomes read through the site without recognition;
this leaky scanning can result in translation initiation at a down-
stream position (Thomas et al., 2008). This has been observed
for TREK1, where the second strong ATl site allows the physio-
logical formation of a TREK1 channel with a shorter N terminus
that leads to altered TREK1 ion selectivity (Thomas et al., 2008).
Similar to what was seen with TREK1, the TRESK ATG at
position +356 is embedded into the Kozak consensus sequence
(GCTATGG), which may explain why this ATG can serve as an
ATIl. To further determine why the ATG at position +356 is
able to serve as an ATI, we submitted the TRESK-MT sequence
to TIS Miner and the ATGpr algorithms (Nishikawa et al., 2000),
and both algorithms predicted that the ATG at position +356 is a
strong start codon and it is the second possible start codon
after ATG at position +1. Furthermore, we found that Kozak
sequence mutation significantly reduced the TRESK-MT effect
on TREK1 current. This indicates that leaky scanning may
explain the generation of TRESK-MT2.

At the physiological level, ATl is thought to increase protein
functional diversity, as is also the case with RNA splicing. For
example, it was recently shown in osteogenesis imperfecta
(Ol) disease, that a causative missense mutation of c.-14C >
T of the cDNA encoding IFITM5 creates an upstream ATG
(ACG at position —15 was mutated to give ATG) in the 5
UTR in frame with IFITM5, which can serve as an ATI site, re-
sulting in addition of an N-terminal 15-aa sequence (Lazarus
et al., 2014). Here, we find that an ATG embedded by a strong
Kozak sequence, downstream of the ATG at position +1, can
be put in frame by a frameshift mutation to induce the transla-
tion of a second truncated protein. In the present work, this
second product was found to target TREK1 and TREK2 to in-
crease TG neuron excitability and to produce mechanical allo-
dynia, linking this mutant to migraine. This represents the first
example where a frameshift mutation downstream of an ATG
start codon at position +1 creates a new ORF, allowing the
production of a second product that is at the origin of a phys-
iological disturbance. To see whether this fsATl is a general
phenomenon in TRESK, we predicted that any mutations
before the stop codon ATG at position +427 that put the ATG
at position +356 in frame would induce the formation of an
MT2 that would lead to disease. Indeed, we demonstrate that
another frameshift mutation, ¢.361dupT (Y121LfsX44), also
leads to the formation of MT2 and is correlated to migraine
(Clinvar, RCV000490385.1). It is not possible to make any
causal statements from this observation, but it is worth noting
that this is the only other TRESK mutation that has been linked
to a migraine phenotype. Together, this work shows that
different frameshift mutations downstream of the first start
codon can lead to ATI to produce a second protein that can
carry the physiological function, suggesting that this mecha-
nism may be widespread in nature and therefore needs to be
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considered when analyzing frameshift mutations linked to hu-
man disorders.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-HA-7 (western) Sigma Cat# H9658

anti-TRESK abcam Cat# ab96868; RRID:AB_10863722

Atto 488 Sigma-Aldrich Cat# 41051; RRID:AB_260092

Biotinylated anti-HA clone 16B12 BioLegend Cat# 901501; RRID:AB_901501

Cy3 abcam Cat# ab146452

Cy5 abcam Cat# ab146454

TREK1 Blin et al., 2016 N/A

TREK2 Blin et al., 2016 N/A

Bacterial and Virus Strains

MT2-IRES2EGFP in pAAV This paper Vectorology facility, PVM, Biocampus
Montpellier

IRES2EGFP in pAAV This paper Vectorology facility, PVM, Biocampus
Montpellier

Biological Samples

Mice trigeminal ganglia This paper N/A

Rat trigeminal ganglia This paper N/A

Chemicals, Peptides, and Recombinant Proteins

Biotin-PEG Laysan Bio Iltem# Biotin-PEG-SVA-3400

Collagenase type Il

Dako Fluorescent Mounting medium

DMEM media

FBS

ISDN Risordan®
Laminin
Lipofectamine 2000

Moloney murine leukemia virus reverse

transcriptase
NeutrAvidin

PEG

Polybrene
Poly-L-lysine
Protease inhibitors
Random hexamers

ThermoFisher
Dako Corporation
ThermoFisher
Sigma-Aldrich
Sanofi
Sigma-Aldrich
Invitrogen
Invitrogen

ThermoFisher
Laysan Bio
Sigma-Aldrich
Sigma-Aldrich
Roche Diagnostics
ThermoFisher

Cat#17101015
Code S3023
Cat# 10566-016
Cat# F9665
N/A

Cat# L2020
Cat#11668027
Cat# 28025013

Cat# 31000

Iltem# MPEG-SVA-5000
Cat# TR-1003
Cat#P4707
Cat#4693116001

Cat# N8080127

SuperScript Il ThermoFisher Cat# 18064014
Topiramate Sigma-Aldrich Cat# T0575
Trypsin Sigma-Aldrich Cat# T1763
Critical Commercial Assays

mMMESSAGE mMACHINE T7 Transcription Kit Invitrogen Cat # AM1344
Nucleospin RNA Plus XS kit MACHEREY-NAGEL GmbH & Co. KG Cat# 740990.50
PowerUp SYBR Green Master Mix ThermoFisher Cat# A25742
Experimental Models: Cell Lines

HEK293T ATCC Cat#CRL11268
Mouse primary neurons This paper N/A

X. laevis oocytes This paper N/A
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Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Experimental Models: Organisms/Strains

Mouse: C57BL/6J
Mouse: TREK1/TREK2 dKO
Rat: Sprague Dawley

Charles River Laboratories
Guyon et al., 2009
Janvier Labs

Strain Code 027
N/A
Strain RjHan:SD

Oligonucleotides

GAPDH sens cctggagaaacctgccaagtatga This paper N/A

GAPDH reverse tgctgttgaagtcgcaggaga This paper N/A

TREK1 forward catcttcatcctgtttggctg This paper N/A

TREKT1 reverse atcatgctcagaacagctgc This paper N/A

TREK2 forward aacagtggttgccatcttcg This paper N/A

TREK?2 reverse ccagcaaagaagaaggcact This paper N/A

TRESK forward ctgcttcctttgctgectg This paper N/A

TRESK reverse aagaagagagcgctcaggaa This paper N/A

Recombinant DNA

pcDNAS.1-GFP-X This paper N/A

pCMV-HA-X This paper N/A

pIRES2eGFP Clontech Cat#6029-1

Software and Algorithms

Fiji/lmageJ NIH https://imagej.net/Fiji/Downloads

pClamp Molecular Devices http://mdc.custhelp.com/app/answers/detail/
a_id/20260/~/axon%E2%84%A2-pclamp%
E2%84%A2-11-electrophysiology-data-
acquisition-%26-analysis-software

SigmaPlot Systat Software Inc. https://systatsoftware.com/products/
sigmaplot/

Other

Axioplan 2 Imaging Microscope

Axopatch 200A amplifier

Camera EMCCD iXon

Dagan TEV-200A
Dynamic plantar aesthesiometer
von Frey filaments

Zeiss

Molecular Devices

Andor

Cornerstone
Ugo Basil
Bioseb

https://www.micro-shop.zeiss.com/?s=
16103145829fcb6&I=en&p=us&f=a&i=10027

https://fr.moleculardevices.com/products/
axon-patch-clamp-system/amplifiers/axon-
instruments-patch-clamp-amplifiers#gref

https://andor.oxinst.com/products/ixon-
emccd-cameras

http://www.dagan.com/tev-200a.htm
Cati: 37450
Modéle: Bio-VF-M

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Guillaume

Sandoz (sandoz@unice.fr).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Knock-out mice

Mice lacking TREK1 and TREK2 were generated as described (Guyon et al., 2009). Null mutations were backcrossed against
the C57BL/6J inbred strain for 10+ generations prior to establishing the breeding cages to generate subjects for this study.
Age- and sex-matched C57BL/6J WT mice, aged 9-12 weeks, were obtained from Charles River Laboratories (Wilming-

ton, MA).
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HEK cells
HEK (human embryonic kidney) 293T cells were purchased from ATCC and maintained at 37°, in 5% CO, in high glucose DMEM
containing 10% fetal bovine serum and used from passage 10 to 40. One splitting per week was made on 35 mm diameter dishes.

Xenopus oocytes

Xenopus leavis oocytes were collected from female Xenopus leavis (agreement # 35382015121816318324V7) and dissociated using
collagenase type IV (Levitz et al., 2016). Oocytes were injected with 50 nL of a cRNA at a concentration of 1ug/uL and maintained at
18°C in ND96 solution (96 mM NaCl, 2 mM KCI, 2 mM MgCl,, 1.8 mM CaCl,, 5mM HEPES, pH 7.4). Oocytes were used 1 to 3 days
after injections.

Rats

Experiments were performed on male Sprague Dawley rats (Janvier Labs) weighing 250 to 400 g (mean weight: 337 + 16 g, 6 to
9 weeks old), and on male knock-out mice for TREK1 and TREK2 (weighting 20-25 g 7- to 13-weeks-old). Animals were housed
in a 12 hour light-dark cycle with food and water available ad libitum. Animal procedures were approved by the Institutional Local
Ethical Committee and authorized by the French Ministry of Research and the Spanish Ministry of Research according to the Euro-
pean Union regulations and the Directive 2010/63/EU (Agreements C061525 and 01550.03). Animals were sacrificed at experimental
end points by CO2 euthanasia.

WT mice

All mouse experiments were conducted according to national and international guidelines and have been approved by the local
ethical committee (CIEPAL NCE). The C57BL/6J breeders were maintained on a 12 h light/dark cycle with constant temperature
(23-24°C), humidity (45%-50%), and food and water ad libitum at the animal facility of Valrose.

METHOD DETAILS

Behavioral experiments

Drug administration and virus injection

For the topiramate experiment, mice were injected intraperitonealy with topiramate once at a dose of 30 mg/kg and mechanical no-
ciception thresholds were assessed every 30 minutes for two hours after the injection.

The procedures of virus trigeminal injections are described by Long et al. (Long et al., 2017). Briefly, following general anesthesia
with a cocktail of ketamine and xylazine (100 mg/kg and 10 mg/kg respectively in i.p), rats were shaved on the right side, which is the
injected side, and placed on a warmed surgical plate. The site of injection was determined using a notch between the condylar pro-
cess and the ipsilateral angular process. The depth of injection was 9 mm. Antibiotics were used 5 days following injections. Viral
vector suspension (10 pL, 10 transduction unit) containing 6 ng/mL of Polybrene was injected slowly over 1 min. Rats in the exper-
imental group (randomly selected, n = 14) received 10 pL of viral vector containing the MT2 protein sequence, while those in the con-
trol group (randomly selected, n = 14) received the same amount of EGFP viral vector. Injections were made in a blind way for the
behavior experimenter. Epifluorescence imaging and gPCR were performed to verify successful transduction of trigeminal ganglia
by viral vector.

Mechanical sensitivity measurements

The face mechanical sensitivity was measured using calibrated von Frey filaments (Bioseb, France). Unrestrained rats placed in
individual plastic boxes on top of a wire surface were trained over one week to stimulation on the periorbital area, following a pro-
gressive protocol, starting with non-noxious filaments during the first 3 days of training. The face withdrawal force threshold (g)
was determined by the filament evoking at least three responses over five trials, starting with lower force filaments. Basal values
were determined 2 days before experiments. Animals showing an outliner threshold for the basal value were excluded from the study.

The hindpaw mechanical sensitivity was evaluated with a dynamic plantar aesthesiometer (Ugo Basile, Italy). Unrestrained mice
were placed in 10 individual plastic boxes on top of a wire surface. The mouse hindpaw was submitted to a force ramp up to
7.5 g during 10 s, the paw withdrawal force threshold (g) was assessed in three consecutive trials with at least 3-5 min between
the trials and averaged to select animals. Basal values were determined 2 days before experiments. Animals showing an outliner
threshold for the basal value were excluded from the study.

Migraine rodent models

The rodent model of NO-induced migraine was induced by intraperitoneal (i.p.) injection of ISDN (Risordan®, Sanofi) at 10mg/kg, a
long-lasting NO donor. The vehicle control used in these experiments was 0.9% saline. The acute mechanical allodynia induced by a
single ISDN injection was followed on the hindpaw for mice and on the face for rats before (basal value) and for 3 hours after injection,
every 30 minutes. Animals showing an outliner threshold for the basal value were excluded from the study. Chronic mechanical al-
lodynia was induced by a single daily injection of ISDN during 4 days. The hindpaw extra-cephalic mechanical sensitivity was
measured each day before the ISDN i.p. injection for mice. Topiramate was tested on chronic mechanical allodynia on the 5th
day and effects were followed every 30 min during 2 hours after injection in mice. Experiments were made on two batches of animals
in duplicate.
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Electrophysiology

HEK293T cell electrophysiology was performed 24-72 h after Lipofectamine transfection (with 1 to 1,6 ug DNA) in solution containing
(in mM): 145 mM NaCl, 4 mM KCI, 1 mM MgCl,, 2 mM CaCl, and 10 mM HEPES. For co-expression of K2P channels and mutant
channels, a DNA ratio of 1:1 was used. Glass pipettes of resistance between 3 and 6 MQ were filled with intracellular solution con-
taining (in mM): 140 KCI, 10 HEPES, 5 EGTA, 3 MgCl,, pH 7.4. Cells were patch clamped using an Axopatch 200A (Molecular Devices)
amplifier in the whole cell mode. Currents were elicited by voltage-ramps (from —100 to 100 mV, 1 s in duration) and the current den-
sity was calculated at 0 mV.

Oocyte two-electrode voltage clamp electrophysiology was performed in a 0.3-mL perfusion chamber; a single oocyte was
impaled with two standard microelectrodes (1-2.5 MQ resistance) filled with 3 M KCI, and maintained under voltage clamp using
a Dagan TEV 200 amplifier in standard ND96 solution [96 mM NaCl, 2 mM KCI, 1.8 mM CaCl2, 2 mM MgCI2, 5 mM HEPES
pH 7.4 with NaOH]. For the high K* solution contained 80 mM K*, 78 mM NaCl was replaced by KCI. Stimulation of the preparation,
data acquisition, and analysis were performed using pClamp software (Molecular Devices).

Neuronal excitability was studied in small-diameter TG neurons transfected with 1 pg of the pIRES2EGFP vector containing the
Xinsert in which there is no N-terminal tag on the insert and EGFP is co-translated as a transfection marker or the pIRES2EGFP con-
trol plasmid with Lipofectamine 2000. Extracellular solution contained (in mM): 135 NaCl, 5 KCI, 2 CaCl2, 1 MgCI2, 5 HEPES,
10 glucose, pH 7.4 with NaOH, 310 mOsm. The pipette solution contained the following (in mM): 140 K-gluconate, 10 NaCl,
2 MgCl2, 5 EGTA, 10 HEPES, 2 ATP-Mg, 0.3 GTP-Na, 1 CaCI2 pH 7.3 with KOH, 290 mOsm. Recording pipettes had < 4.5 MQ resis-
tance. Series resistance (< 20 MQ) was not compensated. Signals were filtered at 10 kHz and digitized at 20 kHz. After establishing
whole-cell access, membrane capacitance was determined with amplifier circuitry. The amplifier was then switched to current-clamp
mode to measure resting membrane potential (Vrest). Neurons were excluded from analysis if the Vrest was higher than —40 mV or if
the input resistance was smaller than 200 MQ. To test neuronal excitability, neurons were held at Vrest and injected with 1 s depola-
rizing currents in 25 pA incremental steps until at least 1 action potential (AP) was elicited.

Immunocytochemistry

Transfected neurons on coverslips were fixed with PBS containing 4% paraformaldehyde for 15 minutes at room temperature
(RT), then permeabilized with PBS and 0,1% Triton X-100 (PBST) and blocked for 1h with 5% horse serum (HS) in PBST. Pri-
mary and secondary antibodies were diluted in PBST and 5% HS and incubated for 1h at RT. Three 5-min washes with PBST
were carried out between each incubation step and at the end of the procedure. Coverslips were mounted in Dako Fluorescent
Mounting medium (Dako Corporation, Carpinteria, CA, USA). The following antibodies were used: rabbit anti-TREK1 and TREK2
(Blin et al., 2016), anti-TRESK (ab96868, abcam) conjugated with Cy3 (ab146452, abcam), Cy5 (ab146454, abcam) and Atto 488
(Sigma) respectively. Microscopy analysis and data acquisition were carried out with an Axioplan 2 Imaging Micro-
scope (Zeiss®).

Molecular Biology, Cell Culture and Gene Expression

Channel DNA was used in the pIRES2eGFP, pcDNA3.1 and pCMV-HA vectors. HEK293T cells were maintained in DMEM with 5%
FBS on poly-L-lysine-coated glass coverslips in 12 well plates. Cells were transiently co-transfected using Lipofectamine 2000 (In-
vitrogen) with a total of 1-1.6 ug of DNA total per 35 mm dish. When two genes were co expressed, a ratio of 1:1 DNA was used.

PCR amplification and quantification

Semiquantitative PCR were performed to determine the relative levels of TREK1, TREK2, and TRESK after RNA extraction and
reverse transcription using primers described below. gPCR (10 uL) was performed using the aforementioned reverse-transcribed
cDNA (4 uL) and the primers for TREK1 (forward: catcttcatcctgtttggctg, reverse: atcatgctcagaacagctge, 240 pb), TREK2 (forward:
aacagtggttgccatcttcg, reverse: ccagcaaagaagaaggcact, 276 pb), TRESK (forward: ctgcttcctttgetgectg, reverse: aagaagagagcgct
caggaa, 256 pb) and GAPDH (forward: cctggagaaacctgccaagtatga, reverse: tgctgttgaagtcgcaggaga) as a reference. After initial
denaturation at 95°C for 15 s, 40 cycles of amplification (95°C for 15 s and 60°C for 1 minute) were performed.

Quantitative PCR were performed to determine the levels of GFP after inoculation of adenovirus vectors containing GFP MT2 se-
quences into trigeminal ganglia using the same protocol with specific primers for the GFP (forward: aagctgaccctgaagttcatctgc,
reverse: cttgtagttgccgtcgtccttgaa).

Analysis were made using the GAPDH as the housekeeping gene along with the 2-AACt Calculation Method.

Primary cultures of mouse TG neurons

Trigeminal ganglion tissues were collected from postnatal day 8 mice of either sex and treated with 2 mg/ml collagenase type I
(Worthington) for ~2 hours, followed by 2.5 mg/ml trypsin for 15 min. Neurons were dissociated by triturating with fire-polished
glass pipettes and seeded on polylysine/laminin coated coverslips. The DMEM-based culture medium contained 10% fetal bovine
serum and 2mM GlutaMAX (Invitrogen). Neurons were transfected at 1 d in vitro (DIV) with 1ug of DNA using Lipofectamine 2000
(Invitrogen). Transfected neurons were identified by the green fluorescence and patch clamp recordings were performed between
DIV 3 and 5.
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Single Molecule Pulldown (SiMPull)

For SiMPull experiments, a DNA ratio of 1:1 was used, with a total quantity of 1 pug. 24 hours after transfection, HEK 239T cells were
harvested from coverslips by incubating with Ca®*-free PBS buffer for 20-30 minutes followed by gentle pipetting. Cells were lysed in
buffer containing (in mM): 150 NaCl, 10 Tris pH 7.5, 1 EDTA, protease inhibitor cocktail (Thermo Scientific) and 1.5% IGEPAL (Sigma)
or 1% DDM (Sigma). After 30-60 minute incubation at 4°, lysate was centrifuged for 20 minutes at 12,500 g and the supernatant was
collected. Coverslips passivated with PEG (~99%)/ biotin-PEG (~1%) and treated with NeutrAvidin (Pierce) were prepared as
described (Jain et al., 2012). 15 nM biotinylated anti-HA antibody (clone 16B12, BioLegend) was applied for 20 minutes and then
washed out. Antibody dilutions and washes were done in T50 buffer with BSA containing (in mM): 50 NaCl, 10 Tris pH 7.5, and
0.1 mg/mL BSA. Lysate, diluted in lysis buffer containing 0.04% IGEPAL, was then applied to the chamber and washed away
following brief incubation (~2 minutes). Single molecules were imaged using a 488 nm Argon laser on a total internal reflection fluo-
rescence microscope with a 60x objective (Olympus). We recorded the emission light after an additional 3x magnification and pas-
sage through a double dichroic mirror and an emission filter (525/50 for GFP) with a back-illuminated EMCCD camera (Andor iXon
DV-897 BV). Recordings were made in blind for the experimenter before being analyzed.

Single cell reverse transcription

The procedures of single cell RT-PCR are adapted from Johansen et al. (Johansen et al., 1995). The content of each cell was aspi-
rated into the patch pipette by applying negative pressure. The flow of the cytosol in the pipette as well as the aspiration of the nucleus
was controlled under the microscope. Only cell samples which included the nucleus were investigated in the present study.

The pipette was then released from the holder and mounted on a syringe to expel its content into a test tube. To the ~6.5 uL of the
pipette-content expelled into the test tube was added 3.5 uL of a solution containing random hexamers (Invitrogen, 5 uM final con-
centration), dithiothreitol (DTT, final concentration 10 mM), the four deoxyribonucleotide triphosphates (dNTP, Thermo Fisher, final
0,5 mM each), 20 U ribonuclease inhibitor (Promega), and 100 U Moloney murine leukemia virus reverse transcriptase (Invitrogen).

The total 10 pL reaction was incubated for 1h at 35°C for synthesis of single stranded cDNA, and then kept on ice until PCR.

Trigeminal neurons RNA extraction and reverse transcription

Total RNA was isolated from trigeminal neurons in suspension using a Nucleospin RNA Plus XS kit (from MACHEREY-NAGEL GmbH
& Co. KG) according to the manufacturer’s protocols and 1 pg of RNA was reverse transcribed (with 10 nM random hexamers for
5 min at 65°C, then with 10 mM DTT, 0.5 mM each dNTP, 100 U SuperScript Il (Invitrogen) 42°C for 50 min). Subsequently, the
cDNA was quantified by gPCR with PowerUp SYBR Green Master Mix (ThermoFisher).

Vector preparation

Adenovirus vector (DJ) encoding an IRES2EGFP or MT2-IRES2EGFP were used. Following linearization, this vector was recombined
with the mouse version of the MT2 protein. The recombinant was amplified with PCR, and DNA sequencing was performed to verify
the DNA sequence. Viral vectors were packaged and harvested by transfection of HEK293T cells, followed by quantification of the
viral titer through quantitative PCR. In addition, as a control, an adenovirus vector containing only the IRES2EGFP sequence
was used.

Western blot analysis

24 to 48 hours after transfection using 1ug DNA with Lipofectamine 2000, HEK293T cells were homogenized in PBS containing
saponin (0.5% w/v), Triton X-100 (0.5% w/v) and protease inhibitors (Roche Diagnostics, Basel, Switzerland). Lysates were clarified
by centrifugation at 20 000 g for 30 min. Proteins were separated on 10% SDS polyacrylamide gel and blotted onto nitrocellulose
membrane (Hybond-C extra, Amersham Biosciences, Freiburg, Germany). Detection was carried out using mouse monoclonal anti-
body clone HA-7 against the HA epitope (Sigma-Aldrich).

QUANTIFICATION AND STATISTICAL ANALYSIS

Single Molecule Pulldown

Movies of 250-500 frames were acquired at frame rates of 10-30 Hz. The imaged area was 13 x 13 um?. At least 5 movies were
recorded for each condition and data was analyzed using custom software. Multiple independent experiments (at least 3 times)
were performed for each condition. Representative datasets are presented to quantitatively compare conditions tested on the
same day.

Electrophysiology

The numbers of cells tested are indicated in parentheses on top of graphs in each figure. Cells come from at least 3 batches of exper-
iment. Student’s t test (*p < 0.05, **p < 0.01, **p < 0.001) are performed between the different conditions tested (indicated in each
figure’s legend). For neurons, the cells come from at least 4 different animals. When the data did not follow a normal distribution,
Mann-Whitney U test were assessed.
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Animal experiment

Numbers of mice and rats tested are indicated in parentheses in each figure. Student’s t test to compare WT versus TREK1 =/
TREK2~'~ mice (*p < 0.05, **p < 0.01, **p < 0.001).

Quantitative PCR

Analysis were made using the GAPDH as the housekeeping gene along with the 2-AACt Calculation Method. n represents the num-
ber of single cells tested.
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SUMMARY

Determination of what is the specificity of subunits composing a protein complex is essential when studying
gene variants on human pathophysiology. The pore-forming a-subunit KCNQ1, which belongs to the voltage-
gated ion channel superfamily, associates to its B-auxiliary subunit KCNE1 to generate the slow cardiac po-
tassium Ik current, whose dysfunction leads to cardiac arrhythmia. Using pharmacology, gene invalidation,
and single-molecule fluorescence assays, we found that KCNE1 fulfils all criteria of a bona fide auxiliary sub-
unit of the TMEM16A chloride channel, which belongs to the anoctamin superfamily. Strikingly, assembly
with KCNE1 switches TMEM16A from a calcium-dependent to a voltage-dependent ion channel. Importantly,
clinically relevant inherited mutations within the TMEM16A-regulating domain of KCNE1 abolish the
TMEM16A modulation, suggesting that the TMEM16A-KCNE1 current may contribute to inherited pathol-
ogies. Altogether, these findings challenge the dogma of the specificity of auxiliary subunits regarding protein

complexes and questions ion channel classification.

INTRODUCTION

KCNE1 is a 129-residue peptide, with a single short hydro-
phobic membrane spanning domain and carboxy- and
amino-terminal domains facing toward the intracellular and
extracellular side, respectively (Takumi et al., 1988). When in-
jected in Xenopus laevis oocytes, KCNE1 produces a slowly
activating K* current (Takumi et al., 1988). For this reason,
KCNE1 was initially believed to be the minimal sequence
that could encode for a K* channel (Goldstein and Miller,
1991; Wang and Goldstein, 1995). Experiments using other
heterologous cell models questioned this finding, because
expression of KCNE1 alone is not able to induce current in
mammalian cell lines (Lesage et al., 1993). This enigma was
resolved by the discovery that Xenopus oocytes express
endogenous KCNQ1 channels, which are modulated by
KCNE1 (Barhanin et al., 1996; Sanguinetti et al., 1996). These
experiments showed that KCNE1 does not encode for a pore-
forming a-subunit but for an ancillary (B) subunit of the
voltage-dependent potassium KCNQ1 channel. Association
between KCNQ1 and KCNE1 underlies the slow repolarizing
component in the cardiac action potential (Ixs) (Barhanin
et al., 1996; Sanguinetti et al., 1996). In addition to the K* cur-
rent described above, a voltage-dependent CI™ current was

observed upon injection of cRNA of KCNE1 in Xenopus oo-
cytes (Attali et al., 1993), and up to now, the molecular identity
of this current has remained elusive.

Ca?*-activated CI~ channels (CaCCs), belonging to the anoc-
tamin protein superfamily, play a major role in cell physiology,
including signal transduction, regulation of cardiac and neuronal
excitability, epithelial secretion, and muscle contraction, among
others (Hartzell et al., 2005; Pedemonte and Galietta, 2014).
TMEM16A was the first member of this superfamily to be cloned
by three independent laboratories, using different approaches
(Caputo et al., 2008; Schroeder et al., 2008; Yang et al., 2008).
Ten anoctamin members have been found in mammals, but
only TMEM16A and TMEM16B have been demonstrated to be
full CaCCs, whereas the rest of the family operates as scram-
blases that rapidly and bidirectionally translocate lipids maintain-
ing the asymmetry of the plasma membrane (Falzone et al., 2018;
Pedemonte and Galietta, 2014). The structure of TMEM16A has
been recently elucidated, defining the channel as a homodimer
constituted of ten transmembrane domains per subunit (Dang
etal., 2017; Peters et al., 2018). TMEM16A represents the major
chloride channel in Xenopus oocytes (Schroeder et al., 2008),
where it mediates fast polyspermy block (Wozniak et al., 2018).
Nevertheless, no B-subunit has been identified for this channel
up to now.
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Because of its high expression in Xenopus oocytes (Schroeder
et al., 2008), we hypothesize in the present manuscript that
KCNE1 may serve as a B-subunit of the pore-forming TMEM16A
a-subunits to induce the voltage-gated CI™ current, which was
described almost 30 years ago (Attali et al., 1993). We demon-
strate here that KCNE1 interacts physically with TMEM16A
with a 2a:2f stoichiometry using electrophysiology in heterolo-
gous and native systems and single molecule pull-down assays.
This interaction induces a sustained voltage-dependent chloride
current in the absence of elevated cytoplasmic Caz“', which,
physiologically, responds to the blood pressure regulating
renin-angiotensin system in proximal tubule cells. Importantly,
we find that clinically relevant inherited polymorphisms within
the KCNE1-regulating domain, including the common S38G
polymorphism, abolish the KCNE1-dependent regulation of
TMEM16A, indicating that this current may contribute to in-
herited pathologies such as cardiac arrhythmia. Our results
demonstrate that KCNE1 fulfils all criteria of an auxiliary subunit
of chloride channels. Therefore, KCNE1 associates with and
modulates two distinct classes of protein superfamilies: the
voltage-gated ion channels and the anoctamins. This finding
should be considered when analyzing functional impacts of
KCNE1 gene variants on human pathophysiology.

RESULTS

KCNE1 shifts TMEM16A from a calcium-dependent to a
voltage-dependent ClI™ channel

To test the ability of KCNE1 to regulate TMEM16A, we used the
heterologous HEK293T cell model, which expresses neither
TMEM16A nor KCNE1 endogenously. Whereas transfection of
HEK293T cells with either TMEM16A or KCNE1 alone produced
no significant current, co-expression of both proteins induced a
voltage-dependent current, whose density was of 18.1 + 2.8 pA/
pF at +100 mV (Figures 1A and 1B). The reversal potential was
—4.8 + 1.3 mV, which is similar to the expected reversal Cl™ po-
tential in the experimental conditions used. This chloride current
was inhibited by niflumic acid (NFA), T16Ainh-A01 (Davis et al.,
2013), and also by Ani9, the most specific TMEM16A inhibitor
(Seo et al.,, 2016; Figures 1C and 1D). As expected, the
TMEM16A-KCNE1 current presented higher permeability for
large anions with lower hydration energy, as it has been shown
before for TMEM16A alone in the presence of calcium (Table
S1; Caputo et al., 2008; Schroeder et al., 2008; Yang et al.,
2008). In addition, the channel does not become cation perme-
able, because replacement of the external solution by a 15 mM
NaCl solution supplemented with D-mannitol allowed us to
determine a Pn./Pg of ~0.1. This value is consistent with the
calculated prediction through the Goldman-Hodgkin-Katz equa-
tion in our conditions (see Equation 1 in the STAR methods) and
similar to the reported value (Yang et al., 2008; Peters et al.,
2018). This suggests that KCNE1 switches TMEM16A from a cal-
cium-dependent to a voltage-dependent chloride channel.

To preclude the possibility that KCNE1 activates endogenous
calcium channels, we conducted similar experiments in the pres-
ence of the fast calcium chelator BAPTA (Figures 1E and 1F). As
shown in Figure 1F, BAPTA did not affect the voltage-dependent
current evoked by the TMEM16A-KCNE1 complex. To rule out a
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potential modulation of endogenous calcium channels by
KCNE1 leading to TMEM16A activation, we co-expressed
KCNE1 with the Ca®*-activated SK4 channel, which has a similar
calcium sensitivity as TMEM16A (Cao and Houamed, 1999).
KCNE1 overexpression did not induce any increase of the SK4
current in the absence of calcium (Figures 1G and 1H). Alto-
gether, these results exclude an implication of intracellular
Ca®* in the KCNE1-induced and voltage-dependent activation
of TMEM16A.

TMEM16A does not have any obvious classical voltage-
sensor domains, but several cytoplasmic and transmembrane
domains have been shown to be implicated in its regulation by
voltage, including the first intracellular loop (Xiao et al., 2011)
and the sixth transmembrane domain (TM6) (Peters et al.,
2018). To determine which domain is involved in the KCNE1-
induced voltage-gating of the channel, we first tested the effect
of KCNE1 on the mutation 444EEEE447/444AAAA 47 that is known
to abolish the intrinsic TMEM16A voltage-dependence (Xiao
et al., 2011). The mutation 444EEEE447/444AAAA 47 did not pre-
vent channel regulation by KCNE1, ruling out the hypothesis
that KCNE1 modifies the gating of TMEM16A by acting on the
intrinsic voltage-dependence linked to this domain (Figure S1).
We then tested the role of the TMEM16A TM6 domain using
two TMEM16A mutants bearing the TM6 mutations 1637A and
Q645A, which enable the channel to be activated in the absence
of calcium (Peters et al., 2018). As expected, these two mutants
produced current in the absence of elevated Ca?*, but no addi-
tional effect was observed upon co-expression of KCNE1 (Fig-
ures 2A-2C). The absence of an additive effect strongly supports
the idea that KCNE1 modulates channel gating by acting on the
TM6 conformation. This conformation mimics a single Ca®* oc-
cupancy state as it has been demonstrated for both mutations
(Figures 2B and 2C; Peters et al., 2018). Supporting this, we
found that the conductance versus Vm curve observed for
TMEM16A + KCNE1 overlaps with the curve obtained with
TMEM16A alone at moderate calcium concentrations (0.5 uM)
(Figure 2D). Despite of their ability to enable channel activation
in the absence of calcium, the TM6 1637A and Q645A mutants
are stillmodulated by Ca®* (Peters et al., 2018). Therefore, we as-
sessed the calcium sensitivity of the TMEM16A-KCNE1 current.
Similarly to both mutants, TMEM16A-KCNE1 presented a cal-
cium sensitivity (Figures 2E, 2F, and S2) reinforcing the idea
that KCNE1 modulates channel gating by acting on the TM6
conformation. We also evaluated the impact of KCNE1 co-
expression on channel density and found that there was no effect
of KCNE1 on it. In fact, at saturating calcium concentrations no
difference in current densities was observed between cells ex-
pressing TMEM16A alone and TMEM16A + KCNE1 (Figure 2F).

TMEM16A activation by KCNE1 involves physical
interaction

To be considered as an auxiliary subunit, a protein has to interact
directly and stably with the a-subunits. To test the physical asso-
ciation between KCNE1 and TMEM16A, we used the recently
developed single molecule pull-down (SiMPull) assay (Jain
etal., 2011; Levitz et al., 2016; Royal et al., 2019). By direct visu-
alization of antibody-immobilized protein complexes (Figures 3A
and 3E), this technique allows one to determine the composition
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Figure 1. KCNE1 converts the CaCC
TMEM16A into a voltage-dependent chlo-
ride channel

(A) Representative current traces showing the ef-
fect of expression of either KCNE1 or TMEM16A or
both TMEM16A and KCNE1 in HEK293T cells.
Traces were generated using pulses between
—100 and +100 mV at 20 mV intervals from a
holding potential of —80 mV.

(B) Summary of current densities obtained
at +100 mV.

(C and D) Representative traces showing the effect
of application of either niflumic acid (NFA) (100 pM,
C), T16A(inh)A01 (10 uM, C) or Ani9 (300 nM, D).
(E and F) Representative traces of TMEM16A alone
(E) or co-expressed with KCNE1 (F) in the presence
of 1 mM of BAPTA. Currents were elicited by
voltage-ramps (from —100 to +100 mV, 1 s dura-
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(G) Representative current traces obtained from
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and stoichiometry within single protein complexes by counting
fluorophore bleaching (Jain et al., 2011; Levitz et al., 2016; Royal
et al., 2019). After co-transfection with the two putative partners
KCNE1 and TMEM16A, one of them fused to an HA affinity tag
and the other to a GFP label, and subsequent pull-down, we
observed many fluorescent spots for both conditions,
TMEM16A-GFP + HA-KCNE1 (Figure 3B) and KCNE1-GFP +
HA-TMEM16A (Figure 3F). This demonstrates a physical interac-
tion between KCNE1 and TMEM16A. Importantly, when HA-
KCNE1 or HA-TMEM16A were not co-expressed, no proteins
fused to GFP were isolated (Figures 3I-3L), confirming the spec-
ificity of the HA-antibody that we used in our SiMPull assays. By
analyzing bleaching steps for immobilized HA-KCNE1-
TMEM16A-GFP complexes, we were able to determine the
number of TMEM16A-GFP subunits within the complex. We
found that the majority of fluorescence intensity trajectories
showed two-step bleaching (~70%), with the remaining spots
bleaching in one step (~20%) or occasionally three steps

16050 0 vm (mv)mo

(4)
Vector KCNE1

at +100 mV. Mann-Whitney test (*p < 0.01, ***p <
0.001). Mean + SEM.
See also Figure S3 and Table S1.

m 1 uM Ca?*
)

Eéi)k (~10%) (Figures 3C and 3D). This distri-
bution agrees well with the binomial distri-
bution predicted for a strict dimer based

) on an estimated GFP maturation proba-

bility of ~75% (Ulbrich and Isacoff,

2007; Zacharias et al., 2002). Analysis of

the SiMPull experiment with HA-

TMEM16A-KCNE1-GFP showed that

most complexes presented two bleaching steps (~65%) and

some remaining spots bleached in one (~25%) and three steps

(~10%) (Figures 3G and 3H). This distribution corresponds to

the presence of two KCNE1-GFP subunits within the protein

complex. Therefore, two KCNE1 subunits assemble with two

TMEM16A subunits (Dang et al., 2017; Takumi et al., 1988),

following a 2a:2f3 stoichiometry.

The KCNEs-dependent regulation of TMEM16A is not
restricted to KCNE1

The anoctamin family is constituted of ten members, but only
TMEM16A and TMEM16B have been demonstrated to be full
CaCCs (Schroeder et al., 2008). We assessed the ability of the
KCNE1 to modulate the TMEM16B current. Co-expression of
TMEM16B with KCNE1 did not induce any chloride current at
rest, nor did any other KCNE subunit (Figure S3A). The KCNE
family comprises five members that show a similar structure
despite their low homology (Crump and Abbott, 2014). The
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Figure 2. 1637A and Q645A in the TM6 of
TMEM16A are keys residues for channel
regulation by KCNE1 and calcium

(A) Representative current traces showing the ef-
fect of expression of either TMEM16A 1637A alone
or TMEM16A 1637A + KCNE1 in HEK293T cells.
Currents were elicited by voltage-ramps (from
—100 to +100 mV, 1 s duration), insets show a
summary of current density fold increase induced
by KCNE1 co-expression at +100 mV in the wild-
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(B and C) KCNE1 does not modify the voltage
sensitivity of TMEM16A-TM6 1637A and Q645A
mutants. G/Guax Versus Vm curves for 1637A (B)
and Q645A (C) mutants expressed alone or co-
expressed with KCNE1 in whole-cell patch clamp.
(D) TMEM16A activation at a moderate calcium
concentration. G/Gpmax Vversus Vm curves for
TMEM16A alone in the presence of 0.5 uM Ca®*
and TMEM16A co-expressed with KCNE1.

(E and F) Calcium sensitivity of TMEM16A-KCNE1
channel complex.

(E) Whole cell current traces showing TMEM16A
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different members of this family have been found to differently
regulate the KCNQ1 channel (Bendahhou et al., 2005). We stud-
ied TMEM16A regulation by the different KCNE subunits and
observed that, as demonstrated for KCNE1, only KCNE5 was
able to induce a sustained chloride current in the absence of
intracellular elevation of Ca®* (Figures S3B and S3C). KCNE5
was also found to interact with TMEM16A at the single molecule
level (Figures S3D and S3E).

The complex KCNE1-TMEM16A generates voltage-
dependent Cl™ currents in proximal convoluted

tubule cells

To be considered as a bona fide auxiliary subunit, the protein
must interact with the alpha subunits in a native environment.
To confirm that KCNE1 is an auxiliary subunit of TMEM16A in
native tissue and to eliminate possible artifacts due to heterolo-
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TMEM16A + KCNE1

holding potential of —80 mV at saturating [Ca2"];,
Bar graph represents normalized current densities
of TMEM16A and TMEM16A + KCNE1 at a satu-
rating calcium concentration showing a similar
maximal current amplitude with or without KCNE1.
Mann-Whitney test (**“p < 0.001). Mean + SEM.
See also Figures S1 and S2.

3nAl
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gous overexpression, we took advantage
of kidney proximal convoluted tubule
(PCT) cells obtained from wild-type and
kcne1l knockout (KO) mice (Barriere
et al., 2003). PCT cells are considered as
a relevant model as they naturally co-express both TMEM16A
and KCNE1 (Faria et al., 2014; Vallon et al., 2001) and do not
necessitate any genetic manipulation to record TMEM16A cur-
rents. Moreover, while no modification of the K* current was
found in PCT cells from kcne? KO mice compared to wild-
type, a DIDS (4,4'-diisothiocyanostilbene-2,2’-disulfonic acid)-
sensitive CI~ conductance was impaired (Barriere et al., 2003).
We confirmed the loss of current, whose reversal potential was
similar to the expected CI™ reversal potential in kcne1 null PCT
cells (18.07 = 1.21 pA/pF versus 5.37 + 0.56 pA/pF for PCT cells
from wild-type and KO mice, respectively) (Figure 4A). This cur-
rent was inhibited by NFA (4.51 + 0.28 pA/pF), T16Ainh-A01
(5.52 + 0.72 pA/pF), and Ani9 (2.88 + 0.38 pA/pF) (Figures 4B-
4D). Moreover, knock down of TMEM16A by a previously
validated small interfering RNA (siRNA) transfection (Sala-Raba-
nal et al., 2017) in wild-type PCT cells significantly reduced the
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CI™ current amplitude (4.23 + 0.48 pA/pF) (Figure 4E). This dem-
onstrates the involvement of TMEM16A subunits in the channel
complex responsible for the herein studied Cl™ current. Arescue
experiment by KCNE1 transfection of kcne1™~ cells fully
restored the voltage-dependent CI™ current (21.59 + 1.38 pA/
pF) (Figure 4F), showing that the absence of chloride current in
these cells was only due to the KO of kcne? and not due to
any modification that might occur during the culture process.

The KCNE1-TMEM16A voltage-dependent Cl ™ current
in proximal convoluted tubule cells is dynamically
regulated by the renin-angiotensin system
Both kcne?™'~ and tmem16a~'~ mice exhibit an increased he-
matocrit value and dehydration due to enhanced water loss (Val-
lon et al., 2001; Faria et al., 2014), which suggests a functional
role of the KCNE1-TMEM16A complex in water reabsorption
and consequently in blood pressure regulation. In the renal
proximal tubule, these processes are regulated by the renin-
angiotensin system that activates AT1R leading to PKC pathway
stimulation. This pathway increases Na* transport through acti-
vation of the apical Na*/H* exchanger 3 (NHE3) (Harris and
Young, 1977; Lara et al., 2008; Li et al., 2011). To keep the elec-
troneutrality, Na* transport needs notably Cl~ as a counter ion.
We hypothesized that the KCNE1-TMEM16A channels may
carry this CI™ current

Application of angiotensin Il (Angll), the natural ligand of angio-
tensin Il receptor type 1 (AT1R), on wild-type PCT cells led to an
~3-fold increase in chloride current with a reversal potential that
was similar to the expected CI™ reversal potential (Figure 5A).
Angll application on kcne?™~ PCT cells failed to produce any
current increase (6.5 + 0.6 pA/pF versus 6.6 + 1.1 pA/pF, p >
0.9) (Figure 5B), demonstrating that this Angll-induced chloride

Y
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Figure 3. KCNE1 and TMEM16A interactina
24:23 complex

(A) Schematic of single molecule pull-down (SiM-
Pull) assay of TMEM16A. Lysates of HEK293T cells
co-expressing TMEM16A-GFP and HA-tagged
KCNE1 were immobilized on a PEG-passivated
coverslip conjugated to a biotinylated anti-HA
antibody.

(B) Representative TIRF image of single molecules
showing the pull-down of TMEM16A-GFP by HA-
H KCNET.

(C) Representative trace showing two photo-

1 2 3
Bleaching steps

s el bleaching steps (orange arrows) of TMEM16A-
2 GFP (a.u., arbitrary units).
(%. 30 (D) Summary of photobleaching step distribution
for TMEM16A-GFP.
0 (E-H), same as (A)-(D) for the SiMPull of KCNE1-

1 2 3
Bleaching steps

GFP by HA-TMEM16A.
(I-L) Specificity of the anti-HA antibody.
(I-J) SiMPull assay with TMEM16A-GFP in the

L KCNE1-GFP absence of HA-KCNE1.

(K and L) SiMPull assay with KCNE1-GFP in the
absence of HA-TMEM16A.
See also Figure S3.

current is dependent on KCNE1. More-

over, knock down of TMEM16A by siRNA
transfection (Sala-Rabanal et al., 2017) in wild-type PCT cells
prevented this CI™ current increase (9.21 + 1.07 pA/pF versus
10.03 + 1.1 pA/pF) (Figure 5C), and Ani9 application fully in-
hibited it (68.69 + 8.77 versus 8.92 + 1.25 pA/pF) (Figure 5D).
Together, this demonstrates that the CI™ current enhanced by
Angll is dependent on KCNE1 and is carried by TMEM16A,
showing an endogenous role for the KCNE1-TMEM16A channel
in the renin-angiotensin system.

In the proximal tubule, AT1R has been shown to couple to pro-
tein kinase A (PKA) (Crajoinas et al., 2016) and protein kinase C
(PKC) (Lara et al., 2008) pathways. As shown in Figure S4A,
application of the PKA agonist 8-(4-chlorophenylthio) adenosine
3',5’-cyclic monophosphate (CPT-cAMP) on wild-type PCT cells
did not alter the CI™ current (21.60 + 3.03 pA/pF versus 19.69 +
2.03 pA/pF, p > 0.5), whereas phorbol 12-myristate 13-acetate
(PMA), a PKC agonist, led to a similar CI™ current increase as
observed for AT1R activation (27.13 + 2.04 pA/pF versus 83.47
+ 14.81 pA/pF) (Figure S4B). This indicates that AT1R activates
the PKC pathway to enhance the KCNE1-TMEM16A current.
Moreover, this regulation is KCNE1-dependent, because
kene1™'~ PCT cells did not respond to PMA (5.59 + 1.14 pA/pF
versus 9.19 + 1.97 pA/pF, p > 0.1) (Figure S4C), because it
was also seen for Angll.

To address how KCNE1 confers the ability of TMEM16A to be
activated by Angll through PKC pathway, we reconstituted the
system in HEK293T cells. First, we validated the model: Angll
did not modify the TMEM16A current when co-expressed with
AT1R alone (Figure S5A) but induced an ~2.5-fold increase of
the TMEM16A-KCNE1 chloride current on cells co-expressing
KCNE1-TMEM16A and AT1R (Figure S5B). As observed in
PCT cells, PMA, but not CPT-cAMP, induced an ~3-fold in-
crease of the TMEM16A-KCNE1 chloride current (20.31 + 3.31
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Figure 4. KCNE1-TMEM16A complex cre-
ates a voltage-dependent chloride current
in proximal convoluted tubule (PCT) cells
(A) Representative traces obtained from wild-type
and kcne1™~ PCT cells.

(B-D) Representative traces from wild-type cells
after incubation with NFA (100 uM, B), AO1 (10 uM,
C), (56 uM Ani9, D).
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densities. Mann-Whitney test (**p < 0.001). Mean
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(Figure 6B). By contrast, deletion of the
full N-terminal domain suppressed the
ability of KCNE1 to regulate TMEM16A
(6.56 + 0.89 pA/pF) (Figure 6B). No effect
was observed for the partial N-terminal
truncations, neither for ANt16 (25.43 +
4.46 pA/pF) nor for ANt30 (25.23 =+
6.62 pA/pF) (Figure 6C). This demon-
strates that the domain essential for

kcnet”-
+ KCNE1

Im (pA)

10050 0 vm (mv) 100

versus 63.12 + 10.39 pA/pF) (Figures S5C and S5D), confirming
an involvement of PKC. Substitution of the KCNE1-serine S102,
a known PKC-targeted residue (Kanda et al., 2011; Xu et al,,
2009), by an alanine abolished the regulation of the channel by
AT1R and PKC (Figures S5E and S5F). Therefore, it is the phos-
phorylation of KCNE1 at residue S102 that promotes the
TMEM16A-KCNE1 current following AT1R and PKC activation.
Furthermore, replacement of S102 by an aspartate residue,
mimicking a phosphorylated serine (Kanda et al., 2011; Xu
et al., 2009), induced an ~3.5-fold increase of the current
(20.31 + 3.31 versus 74.88 + 24.38 pA/pF) (Figure S5G) similar
to the current increase induced by either PKC or AT1R activation,
confirming the pivotal role of KCNE1-S102 phosphorylation in
the TMEM16A-KCNE1 chloride current regulation. These data
demonstrate that in addition to the modification of channel
gating, KCNE1 brings a regulation to TMEM16A by AT1R
through PKC activation.

The N-terminal pre-transmembrane domain of KCNE1 is
key for TMEM16A regulation

KCNE?1 is a single transmembrane protein with an extracellular
N-terminal domain and a C-terminal domain within the cytosol
(Takumi et al., 1988). To determine the interacting site with
TMEM16A, we produced a series of truncated KCNE1 forms
(Figure 6A) and tested them for their ability to regulate
TMEM16A. Truncation of the KCNE1 C-terminal domain (the
last 80 residues of the C terminus) did not abolish the KCNE1-
mediated TMEM16A regulation (25.04 + 4.9 pA/pF, p > 0.15)
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TMEM16A activation is included in the
sequence of the 13 residues preceding
the transmembrane domain from L30 to
L42. This result is in line with the previous
observation, that a partial deletion of KCNE1, including eight of
the 13 amino acids of this sequence (KCNE1A44_3g), abolished
the KCNE1-induced chloride current in Xenopus oocytes (Attali
et al., 1993). To check if this small domain is sufficient to recapit-
ulate the properties of the entire KCNE1 on the TMEM16A cur-
rent, we used a corresponding synthetic peptide (Nter13),
bearing the L30-L42 sequence. In HEK293T cells only express-
ing TMEM16A, application of 100 pM Nter13 elicited an Ani9-
sensitive current (15.48 + 3.25 pA/pF) (Figures 6D, S6A, and
S6B). Again, the reversal potential was similar to the current
observed when the full KCNE1 is co-expressed, whereas no ef-
fect was observed by application of a scrambled peptide
(Figure 6D).

KCNE1 polymorphisms within the TMEM16A-

interacting sequence suppress the Cl™ current

Previous works have identified two common KCNE1 polymor-
phisms, S38G and R32H, within the 13-residue extracellular
domain. Although these polymorphisms may be related to car-
diac arrhythmia, they do not or just weakly affect the cardiac
Iks current generated by KCNE1-KCNQ1 (Crump and Abbott,
2014; Westenskow et al., 2004; Yao et al., 2018). We therefore
tested the potential of these two KCNE1 variants to regulate
TMEM16A. The disease-related mutation T7I, which does not
belong to the regulating 13-residue domain, was used as a con-
trol. Whereas mutation T7I did not alter the KCNE1-dependent
regulation of TMEM16A (24.69 + 1.57 pA/pF) (Figures 7C and
7D), both R32H and S38G mutations abolished the ability of
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A ) B . Figure 5. Activation of a KCNE1-dependent
Wild-type PCT cells kene1™ PCT cells chloride current by the renin-angiotensin
%' ‘E 100 system in proximal tubule cells
é ég 50 3 z (A-C) Representative current traces showing the
= =3 8) (8) = @g effect of Angll application (100 nM) on wild-type
2 2 ) —_= 21E (A), kene1™'~ (B) and wild-type PCT cells treated
a3 3 X& 1 with a siRNA against TMEM16A (C).
+Angll (D) Inhibition of wild-type PCT cells stimulated with
. Angll by Ani9 (5 uM). Inset: current densities ob-
-100 -50 0 Vm (mV)100 tained at +100 mV. Representative traces of
kene1™~ PCT cells before and after treatment with
Angll. Mann-Whitney test (**p < 0.01, ***p < 0.001).
Mean + SEM.
€ Wild-type PCT cells D Wild-type PCT cells See also Figures S4 and S5.
g 100 treated with SIRNA -g 100, (i)
3L 50 3 < S'550 (13) e &c\
€ | @ 5@% < @) v@é . . .
e ol=—"= 21E e 0 N o E +Angll  cardiac arrhythmias (Barhanin et al,
3 x?*‘& 1 3 xv“ng“\ 1 1996; Crump and Abbott, 2014; Sangui-
+ Angll +Ani9  nettiet al., 1995, 1996). Cross-modulation
100 -50 0\ (my) 100 -100—56— 0 i (mv)100 by B-subunits of pore-forming a-subunits

KCNE1 to modulate the TMEM16A current properties (5.69 +
1.18 pA/pF and 6.96 + 0.78 pA/pF for R32H and S38G) (Figures
7C and 7D). This finding suggests a potential role of the KCNE1-
TMEM16A complex in human diseases.

DISCUSSION

Most ion channels are assembled as complexes of a pore-forming
a-subunit, associated with auxiliary (B) subunits. In this study, we
demonstrate that KCNE1, classically considered as a -subunit of
the cardiac KCNQ1 pore-forming subunit belonging to the
voltage-dependent K, channel superfamily, also serves as an
auxiliary subunit of the anoctamin superfamily channel TMEM16A,
a Ca®*-activated CI~ channel (CaCC). By stably interacting with
TMEM16A following a 2a:23 stoichiometry, KCNE1 induces a
voltage-dependent current in the absence of intracellular eleva-
tion of calcium. Furthermore, we show that the presence of
KCNE1 in the TMEM16A channel complex is essential for the dy-
namic regulation by the blood pressure-regulating renin-angio-
tensin system in proximal tubule cells. KCNE1 polymorphisms
within the TMEM16A-interacting domain abolish its ability to regu-
late TMEM16A, suggesting a possible implication of this voltage-
dependent chloride current in human diseases.

B-subunits of ion channels are important molecular players
providing a source of electrical signaling diversity in cells.
Although they cannot induce native currents per se, they asso-
ciate with pore-forming subunits of ion channels and modulate
their pharmacological and biophysical characteristics. Their phys-
iological importance is reflected by the large number of diseases
linked to their mutations, such as muscular pathologies, epilepsy,
and cardiac arrhythmias (Adelman, 1995; Cannon, 2007; Crump
and Abbott, 2014; Vergult et al., 2015). KCNE1 is a famous
example of a K, B-subunit, which associates with KCNQ1 and
hERG to control both lxs and lx, components of the cardiac action
potential. More than sixty KCNE1 gene variants have been re-
ported to be associated with human diseases, particularly with

from the same superfamily of ion channels

was shown for Na, and K, channels (Mari-

onneau et al., 2012; Nguyen et al., 2012).
Na, B4 coordinates the control of K, and Na, channels, which deri-
vate from the same ancestor (Moran et al., 2015) and belong to the
superfamily of voltage-gated ion channels. Our results demon-
strate auxiliary subunit-cross-modulation of two different super-
families, which are phylogenetically not related: the voltage-gated
channels and the anoctamins.

This cross-regulation concerns not only the KCNE member 1
of the KCNE subunit family, but also the KCNE member 5.
Despite the fact that we did not find a significant alignment of
the KCNE1’s 13 residues sequence in the KCNE5 sequence,
both subunits interact with TMEM16A and both seem to have a
similar activating effect on the CI~ current. A similar effect
does not necessarily mean an identical mode of action and it is
possible that they differ in their manner to regulate TMEM16A.
This has been already described for K, channel regulation by
the different KCNE members. For instance, both KCNE4 and
KCNE5 provoke the same inhibition of KCNQ1 channels, but
whereas KCNE4 inhibits the binding of the channel activator
calmodulin, KCNE5 shifts the voltage-dependence of KCNQ1
toward highly depolarized potentials (Angelo et al., 2002;
Ciampa et al., 2011) rendering the channel non-functional at
physiological potentials. Future studies will aim to fully charac-
terize these regulations and interactions between KCNE and
TMEM16 members. Our results demonstrate auxiliary subunit-
cross-modulation of two different superfamilies, which are
phylogenetically not related: the voltage-gated channels and
the anoctamins.

We found that, by interacting with TMEM16A, KCNE1 mod-
ifies the gating of this anoctamin member, switching it from a
calcium-dependent to a voltage-dependent channel. Our ex-
periments with different Ca®* chelators and with the Ca®*-
activated SK4 channel as a very sensitive reporter demon-
strated that activation of this CaCC is independent from any
rise of cytosolic Ca?*, the natural activator of the channel in
the absence of KCNE1 (Caputo et al., 2008; Schroeder
et al., 2008; Yang et al., 2008). We also discarded a potential
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Figure 6. The pre-transmembrane domain (Nter13) of KCNE1 is sufficient for KCNE1-induced TMEM16A conversion
(A) Cartoon depicting KCNE1 truncated forms used to determine the domains implicated in TMEM16A interaction.
(B and C) Representative traces obtained from HEK293T cells co-expressing TMEM16A and KCNE1ACt, KCNE1ANt (B), KCNE1ANt16, or KCNE1ANt30 (in

which the first 16 and 30 residues were deleted, respectively, C).

(D) Representative traces showing the effect of the Nter13 and a scrambled peptide on a HEK293T cell expressing TMEM16A alone. Currents were elicited by
voltage-ramps (from —100 to +100 mV, 1 s duration). Insets show the summary of current densities obtained for the different conditions at +100 mV. Mann-

Whitney test (**p < 0.001). Mean + SEM.
See also Figure S6.

increase of cell surface expression of TMEM16A when KCNE1
is present. An absent current density increase at a saturating
Ca?* concentration in the presence of KCNE1 shows that this
protein does not stabilize the channel at the cell surface, as it
was previously described for CLCA1 (Sala-Rabanal et al.,
2017), but rather modifies channel gating. Recently, the
TMEM16A-TM6 segment was reported to play a crucial role
in voltage and calcium sensing (Peters et al., 2018). The
TM6 was shown to be flexible allowing it to adopt several sta-
ble conformations that would condition the channel activity
mode. Its key function was demonstrated by showing that
two mutations within the TM6 (1637A and Q645A) enable
channel activation by membrane depolarization in the
absence of calcium, as KCNE1 does (Peters et al., 2018).
The absence of an additive effect of KCNE1 when co-ex-
pressed with the two TM6 mutants supports an overlapping
mechanism. KCNE1 may modulate channel activity by modi-
fying the TM6 conformation, placing the channel in a
voltage-dependent mode and enabling the channel to be acti-
vated independently of Ca®*. Clearly, the voltage-dependent
chloride channel superfamily is not restricted to the CIC fam-
ily, but extends to the anoctamin family when combined with
KCNE1. This also shows that the difference between Ca®*
and voltage-dependent channels is not strict and that we
should rather consider a continuum of biophysical properties.

Whereas the KCNQ1-KCNE1 stoichiometry remains a matter of
debate (Morin and Kobertz, 2008; Murray et al., 2016; Nakajo et al.,
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2010; Plant et al., 2014), we found that the TMEM16A-KCNE1
complex is composed of 2¢:2f subunits by using the SiMPull
assay. We have shown that this complex is formed in HEK cells
upon heterologous expression, but we also demonstrated its pres-
ence in native kidney cells, where it mediates a ClI~ conductance
that is sensitive to TMEM16A inhibitors. This CI~ conductance
cannot be recorded in KCNE1 KO cells or in cells in which
TMEM16A has been knocked down, and itis rescued in these cells
by KCNE1 re-expression upon transfection. The TMEM16A-
KCNE1 channel may participate in the volume regulation of PCT
cells, as the regulatory volume decrease (RVD) typically observed
after a hypo-osmotic shock in cells issued from kcne?™'~ mice is
reduced (Barriére et al., 2003). This lack of RVD was attributed to
the loss of a chloride conductance and not to the loss of the
KCNQ1-KCNE1 K* current, as it was anticipated at that time. At
the whole animal level, kcne1™~ and tmem16a~'~ mice exhibit
similar phenotypes such as an increased hematocrit value and
dehydration due to enhanced water loss (Vallon et al., 2001; Faria
et al., 2014). The renin-angiotensin system is involved in blood
pressure regulation by notably increasing water and salt reabsorp-
tion through activation of AT1R, enhancing the transport of Na*
and its counter ion CI™. In line with this, our results demonstrate
that the KCNE1-TMEM16A chloride current in proximal tubule
cells increases upon activation of the renin-angiotensin system.
This indicates that the KCNE1-TMEM16A chloride current is, at
least partially, the Angll-dependent CI~ KCNE1-TMEM16A cur-
rent, in which TMEM16A is the pore-forming o-subunit and
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KCNE1 the B-subunit. Therefore, TMEM16A-KCNE1 associationis
not only found upon recombinant overexpression, but can also be
observed in native cells, notably in renal PCT cells, in which the
complex responds to the renin-angiotensin system involved in
physiological blood pressure regulation.

Our detailed study of the signaling pathway, linking the renin-
angiotensin system activation to the CI” TMEM16A-KCNE1 cur-
rent, demonstrates that it is the phosphorylation of the KCNE1
B-subunit that confers the ability to TMEM16A a-subunit to be
stimulated by Angll. In fact, phosphorylation of KCNE1-S102 is
responsible for the totality of the effect observed upon Angll
binding on AT1R. Therefore, KCNE1 mediates a dynamic chan-
nel regulation by involving intracellular PKC-dependent path-
ways. Interestingly, the PKC-targeted S102 residue was shown
to lead to a reduced Ik current, carried by KCNQ1-KCNE1 com-
plex, when phosphorylated (Kanda et al., 2011; Xu et al., 2009).

Our electrophysiological assays, using truncated forms of
KCNE1 and synthetic peptides based on the B-subunit, allowed
us to determine the crucial role of the N terminus of KCNET1 in
TMEM16A regulation. More specifically, we have observed that
the segment closer to the transmembrane domain of KCNET1 is
necessary and sufficient to recapitulate the action of the entire
KCNE1 on the TMEM16A current. The synthetic peptide gener-
ated on the basis of this segment’s sequence is the first de-
signed TMEM16A agonist and may be useful for clinical applica-
tions. Notably, activation of an apical chloride channel such as
TMEM16A triggers the secretion of water, which makes
TMEM16A-targeted activators potential drug candidates for
treatment of cystic fibrosis or dry eye syndromes.

The KCNE1 N-terminal 13-amino acid segment bears at least
two residues that are subject topolymorphisms (R32H and
S38G) related with cardiac arrhythmias (Crump and Abbott,
2014). Whereas several clinically relevant KCNE1 variants were

found to modify its ability to regulate
KCNQ1, providing a link between these
mutations and polymorphisms with car-
diac arrhythmias, the KCNE1 S38G poorly
impairs KCNQ1 regulation by KCNE1
(Yao et al.,, 2018). We found that the
KCNE1 S38G as well as the R32H mu-
x tants lost their ability to regulate
TMEM16A, suggesting a potential role of
this chloride current in cardiac arrhyth-
mias. Along this line, a recent study performed in canine heart
suggests a protective role for TMEM16A against risk of arrhyth-
mias by reducing spatial and temporal heterogeneity of cardiac
repolarization and early after-depolarization (Hegyi et al., 2017).
To sum up, we have found that KCNE1, a well-known auxiliary
subunit of voltage-dependent K* channels, fulfills the four
needed conditions to be considered as an auxiliary subunit of
the anoctamin anion channel superfamily (Adelman, 1995; Arik-
kath and Campbell, 2003; Cannon, 2007; Gurnett and Campbell,
1996; Trimmer, 1998): first, KCNE1 does not show any ion chan-
nel activity by itself, second, KCNE1 and TMEM16A interact
directly and stably with a fixed stoichiometry (20:28), third,
KCNE1 modifies drastically the TMEM16A function enabling
the channel to work in the absence of elevated cytosolic calcium,
and fourth, KCNE1 regulates TMEM16A in native tissue. There-
fore, KCNET1 is a bona fide auxiliary subunit of two distinct clas-
ses of ion channel superfamilies which are not phylogenetically
related: the voltage-gated cation channel and the anoctamin su-
perfamily. Finally, the TMEM16A-KCNE1 association should be
considered when analyzing outcomes of clinically relevant
KCNE1 mutations, as emphasized by the finding that two known
cardiac arrhythmia-related KCNE1 variants, including S38G, lost
their ability to regulate TMEM16A.
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Antibodies
Biotinylated anti-HA clone 16B12 BioLegend Cat# 901501; RRID: AB_2565023
Chemicals, Peptides, and Recombinant Proteins
8-(4-Chlorophenylthio) adenosine 3',5'-cyclic Sigma-Aldrich Cat# C3912
monophosphate (CPT-cAMP)
Angiotensin Il Tocris Cat# 1158
Ani9 Sigma- Aldrich Cat# 1813
Biotin-PEG-Succinimidyl Valerate Laysan Bio ltem# Biotin-PEG-SVA-5000
BSA Euromedex Cat# 04-100-812-C
Collagen This paper N/A
Dexamethasone Sigma-Aldrich Cat# D4902
DMEM GIBCO Cat# 41965-039
DMEM/F12 Sigma-Aldrich Cati# 6421
DPBS GIBCO Cat# 14190-169
EGF Sigma-Aldrich Cat# E4127
FBS Dutscher Cat# S1900-500
Glutamine GIBCO Cat# 25030-081
HEPES GIBCO Cat# 15630-080
IGEPAL Sigma-Aldrich Cat# 18896
ITS Sigma-Aldrich Cat# 13146
Lipofectamine 2000 Invitrogen Cat#11668027
mPEG-Succinimidyl Valerate Laysan Bio Iltem# MPEG-SVA-5000
NeutrAvidin ThermoFisher Cat# 31000
Niflumic acid Sigma-Aldrich Cat# N0630
Nter13 GenScript N/A
Penicillin-Streptomycin GIBCO Cat# 15140-122
Phorbol 12-myristate 13-acetate (PMA) Sigma-Aldrich Cat# P8139
Poly-L-lysine Sigma-Aldrich Cat# P4707
Protease inhibitor Roche Diagnostics Cat# 4693116001
Protease inhibitors Roche Diagnostics Cat# 04 693 116 001
Scrambled Peptide GenScript N/A
T3 Sigma-Aldrich Cat# T0281
Trypsin Sigma-Aldrich Cat# T1763
Trypsin-EDTA GIBCO Cat# 25300-054
Deposited Data
Raw and analyzed data This paper https://doi.org/10.17632/k74mpd5p5n.1
Experimental Models: Cell Lines
HEK293T cells ATCC Cat#CRL11268
PCT cells Barriére et al., 2003; N/A

Vetter et al., 1996
Oligonucleotides
KCNET1 (forward): TATGAATTCACCATGAT Sigma-Aldrich N/A

CCTGTCTAACACCACA
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REAGENT or RESOURCE SOURCE IDENTIFIER
KCNE1 (reverse): TAGTCGACTCATGGGGA Sigma-Aldrich N/A
AGGCTTCGTCTCAGGA

KCNE1 T7I (internal forward) Sigma-Aldrich N/A
TATGAATTCACCATGATCCT

GTCTAACACCATAGCGGTGA

KCNE1 T7I (internal reverse) Sigma-Aldrich N/A
ATACTCGAGTCATGGGGAAGGCTTCGTCT

KCNE1 R32H (internal forward) Sigma-Aldrich N/A
GGCCTGGCCCACAGGTCCCCCCGC

KCNE1 R32H (internal reverse) Sigma-Aldrich N/A
GGGGGACCTGTGGGCCAGGCCCGA

KCNE1 S38G (internal forward) Sigma-Aldrich N/A
CCCCGCAGCGGTGACGGCAAGCTG

KCNE1 S38G (internal reverse) Sigma-Aldrich N/A
CTTGCCGTCACCGCTGCGGGGGGA

KCNE1 ACt (forward) Sigma-Aldrich N/A
TATGAATTCACCATGATCCTGTCTAACACCACA

KCNE1 ACt (reverse) Sigma-Aldrich N/A
ATACTCGAGCTAGTTGAATGGGTCGTTCGAG

KCNE1 ANt (forward) Sigma-Aldrich N/A
TATCTCGAGACCATGGAGGCCCTCTACGTC

KCNE1 ANt (reverse) Sigma-Aldrich N/A
ATAGAATTCTCATGGGGAAGGCTTCGTCTC

KCNE1 ANt16 (forward) Sigma-Aldrich N/A
TATCTCGAGACCATGCTGTGGCAGGAGACA

KCNE1 ANt16 (reverse) Sigma-Aldrich N/A
ATAGAATTCTCATGGGGAAGGCTTCGTCTC

KCNE1 ANt30 (forward) Sigma-Aldrich N/A
TATCTCGAGACCATGGCCCGCAGGTCCCCC

KCNE1 ANt30 (reverse) Sigma-Aldrich N/A
ATAGAATTCTCATGGGGAAGGCTTCGTCTC

HA-KCNE1 (forward) Sigma-Aldrich N/A
TATGAATTCTTATCCTGTCTAACACCACAGCG

HA-KCNET1 (reverse) Sigma-Aldrich N/A
ATACTCGAGTCATGGGGAAGGCTTCGTCT

KCNE1-GFP (forward) Sigma-Aldrich N/A
TATGCTAGCCATGATCCTGTCTAACACCAC

KCNE1-GFP (reverse) Sigma-Aldrich N/A
ATAGGATCCCTAGACTCGAGCGGCCGCCA

KCNE1-GFP (internal forward) Sigma-Aldrich N/A
AGACGAAGCCTTCCCCA

GTGAGCAAGGGCGAGGAG

KCNE1-GFP (internal reverse) Sigma-Aldrich N/A
CTCCTCGCCCTTGCTCACTGGGGAAGGCTTCGTCT

KCNE1 S102A (internal forward) Sigma-Aldrich N/A
CGGGTCCTGGAGGCCTACAGGTCGTGC

KCNE1 S102A (internal reverse) Sigma-Aldrich N/A
GCACGACCTGTAGGCCTCCAGGACCCG

KCNE1 102D (internal forward) Sigma-Aldrich N/A
CGGGTCCTGGAGGACTACAGGTCGTGC

KCNE1 S102D (internal reverse) Sigma-Aldrich N/A

GCACGACCTGTAGTCCTCCAGGACCCG

(Continued on next page)

Cell 184, 1-11.e1-€5, January 21, 2021 e2




https://doi.org/10.1016/j.cell.2020.11.047

Please cite this article in press as: Avalos Prado et al., KCNET is an auxiliary subunit of two distinct ion channel superfamilies, Cell (2021),

¢? CellPress

Cell

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
TMEM16A (forward): Sigma-Aldrich N/A
TATCTCGAGACCATGAGGGTCCCCGAGAAGTA

TMEM16A (reverse): ATAGAATTCCTACAGCGCGTCCCCAT Sigma-Aldrich N/A
TMEM16A 1637A (internal forward): Sigma-Aldrich N/A
CTGAGCATCGCTATGCTGGGCAAG

TMEM16A I1637A (internal reverse): Sigma-Aldrich N/A
GCCCAGCATAGCGATGCTCAGCTG

TMEM16A Q645A (internal forward): Sigma-Aldrich N/A
CAGCTAATCGCGAACAATCTCTTC

siRNA targeting sequence TMEM16A Santa Cruz Biotechnology sc-76687
Recombinant DNA

pCMV-HA-X Clontech 631604
pcDNAB.1-GFP-X Royal et al., 2019 N/A
pIRES2eGFP Clontech 6029-1
pcDNAS.1 ThermoFisher V79020
MTMEM16A 444,EEEE/AAAA,47 Provided by Criss Hartzell N/A
mTMEM16A Provided by Dr Lily Yeh Jan ~ N/A
hKCNEH1 Barhanin et al., 1996 N/A

Software and Algorithms

Fiji/lmageJ, v1.8

NIH, Schneider et al., 2012

https://imagej.nih.gov/ij/

pCLAMP 10, pCLAMP 11 Molecular Devices N/A

MaxChelator https://somapp.ucdmc. N/A
ucdavis.edu/pharmacology/
bers/maxchelator/

SigmaPlot v11 Systat Software Inc. N/A

Other

Axioplan 2 Imaging Microscope
Axopatch 200B amplifier
Micromanipulator MP225

Digidata 1550B

Perfusion

Camera EMCCD iXon

sCMOS camera Zyla 4.2+

Nikon TiE/Yokogawa W1 Microscope

Zeiss
Molecular Devices
Sutter Instrument

Molecular Devices

ValveLink 8.2

Andor

Andor

Nikon

http://www.micro-shop.zeiss.com/de/de/

N/A

https://www.wpi-europe.com/products/
micromanipulators/motorised-manipulators/

mp-225.aspx
N/A
https://www.autom8.com/perfusion-

systems-overview/valvelink8-2-controller/

https://andor.oxinst.com/products/ixon-

emccd-cameras

https://andor.oxinst.com/products/
scmos-camera-series/zyla-4-2-scmos

N/A

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Guillaume

Sandoz (sandoz@unice.fr).

Materials availability
This study did not generate new unique reagents.

Data and code availability

Source data for the main and supplemental figures in the paper is available at Mendeley https://doi.org/10.17632/k74mpd5p5n.1.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

HEK293T cells

HEK293T (ATCC, #CRL11268) cells were maintained in DMEM supplemented with 10% FBS in 35 mm dishes. At 70%-80% conflu-
ency they were transiently co-transfected using lipofectamine 2000 (Invitrogen) or the calcium phosphate method with a total amount
of 1 and 3.5 pg of DNA, respectively, and seeded on 18 mm diameter poly-L-lysine-coated glass coverslips in 12 well plates. Cells
were recorded or used for SiMPull experiments 24 h — 48 h after their transfection.

PCT cells

Proximal convoluted tubule (PCT) cells originating from either wild-type or kcne1 ™'~ mice (inbred 129Sv) (Vetter et al., 1996) were
prepared as described previously (Barriere et al., 2003). Culture were maintained in DMEM/F12 (Sigma) supplemented with 1%
FBS (Dutscher), 5 mg/I insulin, 5 mg/I transferrin, 30 nM sodium selenite (ITS, Sigma), 2 mM glutamine, 10 nM triiodothyronine
(T3, Sigma), 20 mM HEPES (GIBCO), 50 nM dexamethasone (Sigma) and 10ug/l EGF (Sigma). At 70%-80% confluency they
were transiently transfected using the calcium phosphate method with a total amount of 3.5 ug of DNA and seeded on collagen-
coated glass coverslips.

METHOD DETAILS

Molecular biology and gene expression

mTMEM16A splice variant “a” (kindly provided by Dr Lily Yeh Jan, RefSeq: NM_001242349.1), n"MTMEM16A 444,EEEE/AAAA 447 (kindly
provided by Dr Criss Hartzell) and hKCNE1 cDNA (RefSeq: NM_000219.5) were subcloned in pIRES2eGFP, pcDNA3.1, pCDNA3.1-
GFP-X and pCMV-HA vectors. Truncations and mutations were generated by PCR. For SiMPull experiments, HA-tags were fused to
the N terminus of sequences, whereas GFP-tags were fused to the C-terminal part.

Electrophysiology

HEK293T and PCT cell electrophysiology was performed 24 — 48 h after transfection. For whole-cell patch-clamp experiments, cells
were recorded in a bath solution containing (in mM) 150 NaCl, 5 KCI, 2 CaCl, and 10 HEPES, pH 7.4. The glass pipettes (2-5 MQ of
resistance) were filled with (in mM) 5 NaCl, 135 CsCl, 2 MgCl,, 5 EGTA, 10 HEPES, pH 7.3. Concentrations of Angll, PMA, CPT-cAMP
and of the different inhibitors used are indicated in the respective figure legends with incubation times ranging from 20 to 40 min. For
siRNA experiments cells were transfected overnight with 50 pmol siRNA using lipofectamine 2000 and recorded the next day. Total
calcium concentration was calculated with Maxchelator (https://somapp.ucdmc.ucdavis.edu/pharmacology/bers/maxchelator/) for
atemperature of 20°C. HEK293T and PCT cells were recorded at room temperature in voltage-clamp mode using an Axopatch 200B
(Molecular Devices) amplifier. Signals were filtered at 10 kHz and digitalized at 20 kHz. Whole-cell currents were elicited by voltage-
ramps (from —100 to +100 mV, 1 s) and |-V stimulation pulses (from —100 to +100 mV in 20 mV increments, 1 s each pulse), holding
the cells at —80 mV. Current densities were measured at +100 mV.

For inside-out recordings, the extracellular (pipette) solution contained (in mM) 140 NaCl, 10 HEPES and 0.1 EGTA. The intracellular
(bath) solution had the same composition as the pipette solutions for recordings in absence of Ca?*. A saturating Ca®* solution
(~20 pM Ca?*) was prepared by adding 0.12 mM of CaCl, to the bath solution. Non-saturating solutions included (in mM) 1 EGTA
and 0.59, 0.79, 0.89, 0.94 of CaCl, to obtain 0.1 pM, 0.25 uM, 0.5 uM and 1 uM free-Ca®* solutions, respectively. The pH of in-
side-out solutions was adjusted to 7.4 with NaOH. Cell recordings, data acquisition and analysis of electrophysiology were per-
formed using pClamp software (Molecular Devices).

For anion permeability experiments, cells were recorded using a pipette filled with CsCl 140 mM. The permeability ratio Px/Pc was
calculated from the reversal potential shift (AE,) given by the Goldman-Hodgkin-Katz equation (Equation 1), when replacing extracel-
lular CI” with ion X,

_RT ,PX X,
“zF T PCI[CIT]

o

AE, = E;x — Erci Equation 1

in which, E,x and E,¢ represent the reversal potentials of ions X” and CI', and [X], and [CI'], represent concentrations of ions X” and CI°
in the bath solution, respectively.

Single Molecule Pulldown assay

For SiMPull assays, we followed the protocol previously described by Jain et al. (2011). Briefly, HEK293T cells co-transfected with an
HA-tagged bait protein and a GFP-fused prey protein (applying the widely used eGFP A206K mutant which greatly reduces homo-
dimerization events) (Zacharias et al., 2002) were lysed in a buffer containing (in mM): 150 NaCl, 10 Tris pH 7.5, 1 EDTA, protease
inhibitor cocktail (Roche-Diagnostics) and 1.5% IGEPAL (Sigma). Lysates were collected and pulled-down on coverslips passivated
with PEG (99%) and biotin-PEG (1%) and treated with neutravidin (1.4 mg/mL, ThermoFisher) and biotinylated anti-HA antibody
(15 nM, BioLegend). Several washes with T50 buffer (in mM: 50 NaCl, 10 Tris, 20 EDTA; 0.1 mg/mL BSA, pH 7.5) were performed
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to avoid unspecific protein binding. Finally, single molecule complexes were imaged using a 488 nm Argon laser in total internal
reflection fluorescence microscopy with a 100x objective (Nikon). 13 x 13 um? movies of 250 frames were acquired at frame rates
of 10-30 Hz and analyzed using Fiji software (NIH). Multiple independent experiments were performed for each condition and only the
spots which were fully bleached at the end of the illumination were considered. Representative datasets are presented to quantita-
tively compare the different conditions.

QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis of obtained currents in whole-cell and inside-out recordings was performed using ClampFit. For analysis of ramp traces and
I-V traces cursors were set at 100 mV, where we extracted the average current. Signals were filtered at 10 kHz and digitalized at 20
kHz. Statistical details can be found in the figure legends and in the main text. Reported n values can be found in the figure legends.
For SiMPull experiments a minimum of 15 movies per condition was acquired in at least two independent experiments. Per movie, at
least 50 bleaching traces were analyzed. Statistical analysis was performed in SigmaPlot and Excel.
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Figure S1. KCNE1 does not shift the intrinsic voltage-dependence of TMEM16A, related to Figure 2

Representative current traces showing the effect of expression of either TMEM16A 444EEEE 447/444AAAA 47 alone or TMEM16A 444EEEE 147/444AAAA 47 and
KCNE1 in HEK293T cells. Currents were elicited by voltage-ramps (from —100 to +100 mV, 1 s duration), insets show a summary of current density fold increase
induced by KCNE1 co-expression obtained at +100 mV. Mann-Whitney test (**p < 0.01). Mean + SEM.
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Figure S2. Calcium sensitivity of the TMEM16A-KCNE1 channel complex, related to Figure 2
(A) Representative current traces of TMEM16A-CaCC in inside-out patch configuration in response to various intracellular calcium concentrations. (B) Calcium
dose-response of TMEM16A channel.
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Figure S3. KCNES interacts with and shifts the TMEM16A channel from a calcium to a voltage-dependent mode, related to Figures 1 and 3
(A) Representative current traces showing the effect of expression of TMEM16B alone or with KCNE1. Traces were generated using pulses between —100
and +100 mV at 20 mV intervals from a holding potential of —80 mV. Bar graph represents the current density obtained at +100 mV for TMEM16B expressed alone
or with the different KCNE subunits. (B) Representative current traces showing the effect of expression of TMEM16A alone or with KCNE1, KCNE2, KCNE3,
KCNE4 or KCNE5. Traces were generated using pulses between —100 and +100 mV at 20 mV intervals from a holding potential of —80 mV. (C) Bar graph
representing the current density obtained at +100 mV for TMEM16A expressed alone or with the different KCNE subunits. (D) Schematic of single molecule pull-
down (SiMPull) assay. Lysates of HEK293T cells co-expressing TMEM16A-GFP and HA-tagged KCNE1, KCNE2 or KCNE5 were immobilized on a PEG-
passivated coverslip conjugated to a biotinylated anti-HA antibody. (E) Bar graph showing the number of spots within the field of view obtained for the SiMPull

assay of TMEM16A-GFP expressed alone or with HA-tagged KCNE1, KCNE2 or KCNE5.



- ¢ CelPress Cell

>
o]
(@]

Wild-type PCT cells Wild-type PCT cells kcnet™ PCT cells
= 2z ) =
g 100 3 100 @ 100
o — o 3y~ [Ty 3y~
250 ap) o) [ b Seo0 o) M =TT ek 23 o e
g& ol mm ;e ) £ £ 2{E
5 R = 5 W ® = *PMA 5 RR\s =
o & & & LT S P
S K +CPT-cCAMP _ +PMA
S | “CPT-cAMP | +Ani9 | _PMA
A0 50 0 vy (my) 190 00567 0 vy (my) 160 00 50 0 vy () 190

Figure S4. The KCNE1-TMEM16A current is stimulated by activation of PKC, related to Figure 5

(A) Representative current traces showing the effect of CPT-cAMP (500 uM) on wild-type PCT cells. (B-C) Representative current traces showing the effect of
PMA application (100 nM) on wild-type PCT cells (B), on PCT cells treated with Ani9 (5 uM) after exposure to PMA, and on kcne? ™'~ PCT cells (C). Inset, current
densities obtained at +100 mV. Mann-Whitney test (**p < 0.01, ***p < 0.001). Mean + SEM.
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Figure S5. The KCNE1-TMEM16A current is stimulated by the renin-angiotensin system in HEK293T cells through KCNE1-S102 phos-
phorylation, related to Figure 5

(A, B) Representative current traces showing the effect of Angll application on cells co-expressing TMEM16A and AT1R (A) and co-expressing TMEM16A, AT1R
and KCNE1 (B). (C, D) Representative current traces showing the effect of CPT-cAMP (500 uM, C) and PMA (100 nM, D) application on cells co-expressing
TMEM16A and KCNET1. Inset, current densities obtained at +100 mV. (E-F) KCNE1-Ser102 is targeted by PKC to enhance the TMEM16A-KCNE1 chloride current
upon Angll binding to AT1R. (E) Application of Angll in HEK293T cells co-expressing TMEM16A, AT1R and KCNE1 S102A does not regulate the chloride current.
(F, G) Effect of PMA (100 nM) addition on HEK293T cells co-expressing TMEM16A and KCNE1 S102A (F) or KCNE1 S102D (G). (H) Comparison of current
densities obtained from cells co-expressing TMEM16A with either wild-type KCNE1 or KCNE1 S102A or KCNE1 S102D. Inset, current densities obtained
at +100 mV. Mann-Whitney test (*p < 0.01, **p < 0.001). Mean + SEM.
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Figure S6. Nter13 peptide is sufficient to switch the functioning mode of TMEM16A, related to Figure 6

(A) Representative traces showing the effect of Nter13 peptide application (100 uM) and its reversion by Ani9 (5 uM) on a HEK293T cell expressing TMEM16A
alone. (B) Effect of Nter13 peptide on TMEM16A current over time followed by inhibition through co-application of Ani9 in HEK293T cells. (C) Concentration-
response curve representing the current density observed for different peptide concentrations in HEK293T cells expressing TMEM16A. Mean + SEM.
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Résumé - La migraine est un désordre neurologique qui affecte 15 % de la population mondiale. Les crises
migraineuses sont liées, entre autres, & I’hyperexcitabilité électrique des neurones trigéminaux. Leur activité
électrique est contrdlée par les canaux potassiques & deux domaines P (K2P) dont 'importance dans I'induction
du controle de I'excitabilité a récemment été mise en évidence par la découverte d’une version mutée de I'un
d’eux TRESK, le mutant TRESK-MT, qui est lié & la migraine. Cette découverte a été controversée a la suite du
séquencage d’autres canaux TRESK mutés non fonctionnels qui ne sont pas liés a la migraine. Notre étude
montre que les mutations délétéres du géne TRESK impliquées dans la migraine entrainent la formation de deux
protéines au lieu d’une (comme attendu du géne non muté), via un nouveau mécanisme appelé fsATI (initiation
alternative de la traduction induite par déplacement du cadre de lecture). L’une est inactive et autre, en ciblant
d’autres canaux K2P, TREK1 et TREK2, stimule fortement ’activité électrique des neurones provoquant ainsi
des crises migraineuses. Cette découverte a permis 'identification de deux nouvelles cibles dans le traitement de
la migraine, TREK1 et TREK2, et suggére que les mutations induisant une traduction alternative due a un
déplacement du cadre de lecture (fsATT) doivent étre considérées comme une classe distincte de mutations lors
de I’étude des mutations impliquées dans les pathologies humaines.

Mots clés : canaux ioniques, excitabilité, hétéromérisation, douleur, migraine

Abstract - Two-pore-domain potassium channels and molecular mechanisms underlying
migraine. Migraine is a common, disabling neurological disorder with genetic, environmental and hormonal
components and a prevalence estimated at ~15%. Migraine episodes are notably related, among several factors,
to electric hyperexcitability in sensory neurons. Their electrical activity is controlled by ion channels that
generate current, specifically by the two-pore-domain potassium, K2P, channels, which inhibit electrical
activity. Mutation in the gene encoding TRESK, a K2P channel, causes the formation of TRESK-MT1, the
expected non-functional C-terminal truncated TRESK channel, and an additional unexpected protein,
TRESK-MT2, which corresponds to a non-functional N-terminal truncated TRESK channel, through a
mechanism called frameshift mutation-induced Alternative Translation Initiation (fsATI). TRESK-MT1 is
inactive but TRESK-M2 targets two other ion channels, TREK1 and TREK2, inducing a great stimulation of
the neuronal electrical activity that may cause migraines. These findings identify TREK1 and TREK2 as
potential molecular targets for migraine treatment and suggest that fSATI should be considered as a distinct
class of mutations.

Keywords: ion channels, excitability, heteromerization, pain, migraine

Introduction

Il est difficile de comprendre pourquoi des mutations
génétiques délétéres du méme géne se trouvent étre ou ne
pas étre associées & une pathologie. La migraine est un
désordre neurologique handicapant qui affecte 15 % de la
population. Une attaque migraineuse se traduit par des
maux de téte, ayant un caractére pulsatile, d’'une durée de

* Auteur correspondant : sandoz@unice.fr

4 a T2h, accompagnés d’une hypersensibilité & de
nombreux stimuli tels que la lumiére ou le son pouvant
mener a des nausées voire des vomissements. Les
migraines sont cliniquement divisées en deux sous-types:
la migraine avec aura (MA), quand elle est précédée de
perturbations neurologiques transitoires, telles que des
auras visuelles, et la migraine sans aura (MO). La
dépression corticale envahissante est sous-jacente aux
auras, bien que la relation de causalité n’ait pas encore été
élucidée. La migraine est une maladie complexe liée, entre
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Figure 1. Représentation schématique soulignant les méca-
nismes qui contribuent & la pathogenése de la migraine. 1. La
migraine est déclenchée lorsqu'une vague électrique, initiée par
des stimuli endogénes et exogénes, va perturber le systéme de
modulation sensorielle dans le cerveau pour finalement activer les
premiéres divisions du systéme trigéminal (V1/2/3). 2. Cette
activation stimule le relargage de neuropeptides comme le CGRP,
al'origine d’une dilatation vasculaire et d’'une inflammation. Il en
résulte une facilitation de la transmission du signal douloureux par
ces mémes divisions jusqu’aux corps cellulaires situés dans les
ganglions trigéminaux. 3. A ce niveau, des mutations dans le géne
kenk18 et les dérégulations conséquentes des canaux K2P
potentialisent ’hyperexcitabilité neuronale et la transmission de
la douleur. En haut: en condition physiologique, la protéine
TRESK fonctionnelle controle activement la conductance potas-
sique et stabilise le potentiel de membrane négatif, et par
conséquent I'équilibre du sodium (Na") et du calcium (Ca®"). En
bas: la mutation de TRESK détruit cet équilibre en empéchant
lefflux de K", pour finalement faciliter I’émission de potentiels
d’actions, renforgant la transmission de I'information nociceptive
et le relargage des différents neurotransmetteurs des voies
correspondantes (adapté d’Albury et al., 2017).

autres, a I’hyperexcitabilité électrique des neurones
sensoriels de la face appelés neurones trigéminaux. Cette
activation et la sensibilisation qui en découle ménent & un
relargage de peptides pro-inflammatoires (Messlinger
et al., 2011), composants clé dans linitiation et la
transmission de la migraine (Figure 1). Cette excitabilité
électrique est sous le controle des canaux ioniques.

Les canaux ioniques

Les cellules constituant tout organisme sont délimitées
par une bicouche lipidique appelée membrane plasmique.
Celle-ci isole I'intérieur de la cellule du milieu extracellu-
laire. Les molécules chargées telles que les ions ne peuvent
traverser cette barriére hydrophobe que par 'intermédiaire
de protéines transmembranaires. Des protéines enzymati-
ques intégrées a cette membrane utilisent 1’énergie de
IATP pour générer une distribution asymétrique (gradient

de concentration) des ions de part et d’autre de cette
membrane. La pompe Na/K ATPase, qui est responsable
delamise en place des gradients de Na" et K, est I’exemple
le plus connu. L’énergie électrochimique produite par ces
gradients est utilisée par la cellule pour transporter des
molécules (de 'extérieur vers 'intérieur et inversement), et
pour générer des signaux électriques. Ces derniers nécessi-
tent des structures membranaires particuliéres que 'on
appelle canaux ioniques, lesquels sont le plus souvent
spécifiques d'un seul type d’ion. Par exemple, lors de
I'ouverture de canaux sélectifs du K, ce cation, plus
concentré a l'intérieur qu’a I'extérieur, a tendance a sortir,
créant ainsi une différence de potentiel entre les milieux
intra- et extra-cellulaires, qui peut étre calculée par
I’équation de Nernst. Dans une cellule non excitée, ou au
repos, le potentiel de membrane est trés proche du potentiel
d’équilibre de I'ion K (Ek). La raison en est que, dans cet
état, les canaux K sont pratiquement les seuls ouverts. Par
conséquent, ce sont eux qui imposent le potentiel de repos.
C’est la raison pour laquelle l'intérieur de la cellule est
polarisé négativement au repos. A 'inverse, 'ouverture des
canaux sélectifs pour le Na" oule Ca®" entraine une entrée
de ces cations dans la cellule, ce qui déplace le potentiel de
membrane vers des valeurs plus positives, traduisant une
dépolarisation de la cellule. Les signaux électriques générés
par ces gradients sont I'un des moyens mis en place par la
cellule pour réguler son activité en réponse a différents types
de stimuli. La premiére fonction physiologique parfaite-
ment décrite pour les canaux ioniques est la génération et la
propagation des signaux électriques (potentiel d’action,
PA) le long des axones. Dés le début des années cinquante,
Hodgkin et Huxley expliquérent les mécanismes de la
genése et de la propagation du PA. En particulier, un PA
n’est possible que grace a l'association de plusieurs
conductances ioniques: sodiques, potassiques et parfois
calciques. A chacun de ces canaux est associée une phase du
PA. La phase de dépolarisation est due & I'ouverture des
canaux sodiques. Cette dépolarisation ouvre les canaux
calciques dépendants du potentiel et responsables de la
phase plateau. La phase de repolarisation est déclenchée
par Pouverture des canaux potassiques dépendants du
potentiel de membrane et/ou du calcium.

Les canaux potassiques

Les canaux potassiques ne sont pas seulement impliqués
dans la genése d’un potentiel d’action, ils sont également a
Porigine de nombreuses fonctions physiologiques. Les roles
physiologiques des canaux potassiques ont pu étre mis en
évidence grace aux énormes progrés de la biologie molécu-
laire qui sont intervenus au cours de ces trente derniéres
années. L’émergence des techniques de clonage a permis
I’étude de la régulation et des propriétés électrophysiologi-
ques et pharmacologiques de nombreux canaux ioniques. Les
canaux potassiques sont régulés par une grande variété de
stimuli chimiques (pH, osmolarité, oxygeéne, anesthésiques),
physiques (activité électrique, pression, température) et
biologiques (ATP, calcium, protéine G, acides gras, kinases,
phosphatases). Dans les cellules excitables, I'activité de ces
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Figure 2. Topologie de canaux potassiques KP. Les canaux
voltage-dépendants (en rouge) possédent six domaines trans-
membranaires et un domaine P (pore). Les canaux rectifiants
entrants (en bleu) ont deux domaines transmembranaires et un
domaine P. Les canaux a deux domaines P (K2P, en vert)
possédent quatre domaines transmembranaires et donc deux
domaines pore (P1 et P2).

canaux joue un roéle important dans le contréle de
Pexcitabilité et dans la génération et la fréquence des PA.
Ils sont impliqués dans divers processus physiologiques tels
que la mémoire, la neuroprotection, le controle respiratoire,
la contraction musculaire, la sécrétion d’hormones et de
neurotransmetteurs, la régulation du rythme cardiaque.
Certains de ces canaux sont la cible des anesthésiques
généraux ou volatils. Dans les cellules non excitables, les
canaux potassiques sont impliqués dans le contréle du
volume cellulaire, la prolifération et lapoptose. Afin
d’assurer toutes ces fonctions, il existe une importante
diversité moléculaire de canaux potassiques présentant des
modes de régulation distincts. En effet, il existe chez
I’homme au moins 77 génes qui codent pour ces canaux.
Certains de ces canaux sont régulés par une dépolarisation
cellulaire, d’autres par une déformation mécanique de la
membrane ou encore par une élévation de la concentration
de calcium intracellulaire, etc. Au niveau structural, les
canaux potassiques sont des complexes protéiques trans-
membranaires. Chaque sous-unité composante posséde un
ou deux domaines P, et c’est 'assemblage de quatre
domaines P qui permet de former un pore perméable aux
ions (Figure 2). Le domaine P correspond & une séquence
d’acides aminés entre deux hélices transmembranaires qui
traverse partiellement la membrane plasmique. Cette partie
transmembranaire contient le filtre de sélectivité aux ions
potassium. Chez les mammiféres, les sous-unités composant
ces canaux contiennent deux, quatre ou six/ sept segments
transmembranaires. Les membres des familles de canaux a
deux ou six/sept segments transmembranaires se caracté-
risent par la présence d’une seule boucle P alors que les
canaux a quatre segments transmembranaires contiennent
deux domaines P. Comme il faut quatre boucles P pour
former un canal fonctionnel, les canaux a un domaine P
(K1P, a deux ou six/sept segments transmembranaires) se
tétramérisent en homo- ou hétéro-tétrameére alors que les
canaux a deux domaines P (K2P, a quatre segments
transmembranaires) se dimérisent.

La famille des canaux K2P dans les neurones

Ces canaux sont a l'origine d’un courant dit de fond.
Le roéle principal de ce courant est la mise en place et le
maintien du potentiel de repos des cellules et ainsi le

controle de ’excitabilité cellulaire. En effet, quand ces
canaux sont ouverts, ils laissent passer des ions K" du
milieu intracellulaire vers le milieu extracellulaire, ce qui
entraine un déplacement de charges positives de
Iintérieur vers l'extérieur de la cellule, générant une
hyperpolarisation cellulaire (cellule peu excitable). A
I'inverse, la fermeture de ces canaux entraine une
dépolarisation de la cellule (cellule fortement excitable).
Il existe quinze génes codant pour ces canaux K2P. Les
quinze membres de la famille partagent la méme
structure: quatre segments transmembranaires, deux
boucles P et des extrémités carboxy- et amino-terminales
intracellulaires. On peut classer ces quinze canaux en six
grandes sous-familles en fonction des homologies de
séquences et des propriétés fonctionnelles (Figure 3). La
premiére sous-famille se compose des canaux TWIKI1
(Tandem of P domains in Weak Inwardly rectifying K~
channel), TWIK2 et KCNK7; la deuxiéme se compose
des canaux TREK1 (TWIK RElated K channel),
TREK?2 et TRAAK (TWIK Related Arachidonic Acid
stimulated K channel) ; la troisiéme comprend TASK3
(TWIK-related Acid Sensing K channel), TASK1 et
TASKS5; la quatrieme, THIK1 (TWIK related Halothane
Inhibited K™ channel) et THIK2; la cinquiéme, TALK1
(TWIK-related Alcaline-pH-Activated K™ channel),
TALK?2 et TASK2; et la sixiéme sous-famille ne posséde
quun seul membre, le canal TRESK (TWIK-Related
Spinal cord K channel). Ces différentes sous-familles de
canaux se caractérisent par des propriétés fonctionnelles
qui leur sont propres.

Canaux potassiques a deux domaines P et neurones
trigéminaux

Le systéme trigéminovasculaire est constitué de
neurones trijumeaux et des vaisseaux (généralement
cérébraux) qu’ils innervent. Les corps cellulaires bipolai-
res de ces neurones sont situés dans le ganglion du
trijumeau (TG). Les axones périphériques projettent sur
les structures craniennes et les vaisseaux sanguins
cérébraux alors que les axones projetant au niveau central
atteignent notamment le noyau spinalis caudalis trige-
minalis. L’activation des terminaisons sensorielles des
neurones innervant les vaisseaux méningés provoque la
libération de neuropeptides tels que la substance P et le
CGRP. 1l en résulte une vasodilatation et une inflamma-
tion qui sensibilisent les neurones trigéminaux impliqués
dans la douleur. Cette sensibilisation permet a ces
neurones de répondre anormalement & des stimulations
qui sont normalement non douloureuses. Le message
douloureux est alors transmis au niveau supérieur ce qui
induit la migraine. L hyperexcitabilité électrique de ces
neurones sensoriels de la face joue donc un réle clé dans la
physiopathologie migraineuse.

L’excitabilité des neurones trigéminaux est notam-
ment placée sous le contrdle de six canaux potassiques
K2P: TASK1, TASK3, TREK1, TREK2, TRAAK et
TRESK. L’importance de ces canaux dans le controle de
I’excitabilité des neurones trigéminaux, et, ainsi, dans
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Figure 3. Dendrogramme de la famille des canaux potassiques & deux domaines P. L’effet de différents stimuli sur les courants de
chaque sous-famille K2P est indiqué. PUFA, acides gras poly-insaturés ; PKC, protéine kinase C; AA, acide arachidonique.

I'induction de la migraine, a récemment été mise en
évidence par la découverte d’une version mutée du canal
TRESK qui est liée a la migraine (Lafreniére et al., 2010).

Le canal TRESK et la migraine— « la controverse »

La protéine mutée TRESK-MT, résultant d’une
délétion de deux paires de bases (F139WfsX24) dans le
géne KCNK18, est en corrélation parfaite avec un
phénotype migraineux sur plusieurs générations (Lafre-
niére et al., 2010). Cette mutation déplace le cadre de
lecture et induit ainsi la formation d’un canal tronqué au
niveau de sa partie carboxy-terminale. Ce canal mutant,
en plus d’étre non fonctionnel, agit comme dominant
négatif du canal TRESK sauvage, de telle sorte que
TRESK-MT abolit le courant généré par ce dernier. En
accord avec l'implication de cette mutation dans la
migraine, les neurones trigéminaux exprimant ce canal

mutant voient leur excitabilité augmentée, ce qui explique
I'induction de la migraine (Liu et al., 2013). Cependant,
des études subséquentes ont décrit une autre mutation
TRESK-C110R, qui, comme TRESK-MT, conduit a la
formation d’un canal non fonctionnel agissant comme
dominant négatif sur le canal sauvage (Andres-Enguix
et al., 2012). Bien que TRESK-C110R et TRESK-MT
semblent étre similaires fonctionnellement, seule la
mutation TRESK-MT est associée & une augmentation
de I'excitabilité neuronale et & un phénotype migraineux.
En effet, 'expression du mutant TRESK-C110R dans des
neurones de ganglions trigéminaux n’induit pas une
augmentation de ’excitabilité, ce qui pourrait expliquer
pourquoi ce mutant est retrouvé a la fois chez des
personnes migraineuses et chez les sujets controles (Guo
et al., 2014). Comment deux mutations génétiques
délétéres du méme géne TRESK peuvent-elles étre, ou
ne pas étre, associées a la migraine ?
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Figure 4. TRESK hétéromérise avec TREK1 et TREK2. Des
cellules HEK exprimant GFP-TRESK et TREK1/2 fusionné a
un marqueur HA sont lysées et immobilisées sur une lamelle
passivée avec du polyéthyléne glycol (PEG) conjugué avec un
anticorps biotinylé anti-HA. La figure illustre les différentes
étapes jusqu’a la visualisation des complexes TRESK-TREK (cf.
Royal et al., 2019 pour la description compléte des techniques
utilisées).

Le canal TRESK peut s’hétéromériser

Comme décrit précédemment, les canaux K2P sont
actifs a1’état de dimére. La famille K2P est composée de 15
membres et certains d’entre eux sont capables de former
des hétéro-dimeres (Levitz et al., 2016). Nous avons émis
I’hypothése selon laquelle la différence entre les deux
mutants TRESK-MT et TRESK-C110R pouvait provenir
de leur capacité a réguler de maniére différente les autres
canaux K2P au travers de I’hétéromérisation.

L’utilisation de la technique de précipitation en molécule
unique, le SiMPull (Jain et al., 2012), nous a permis de
montrer que TRESK était capable de s’hétéromériser avec
d’autres canaux K2P, notamment TREK1 et TREK2, aussi
exprimés dans les neurones trigéminaux (Figure 4).

Ayant démontré que TRESK pouvait s’hétéromériser
avec TREK1 et TREK2, nous avons testé la capacité des
mutants TRESK (TRESK-MT et TRESK-C110R) a
réguler TREK1 et TREK2. Les études fonctionnelles
utilisant 1’électrophysiologie révélent que TRESK-MT,
mais pas TRESK-C110R, est capable d’inhiber TREK1 et
TREK2. Ainsi, le mutant impliqué dans la migraine, en plus
de sa capacité a inactiver TRESK, peut inhiber TREK1 et
TREK2, alors que le mutant TRESK-C110R, qui n’est pas
impliqué dans la migraine, ne modifie pas les courants
TREK1/2. Ce résultat nous a amenés a tester 'importance
de TREK1 et TREK2 dans le contrdle de ’excitabilité des
neurones trigéminaux et leur implication dans ’augmenta-
tion d’excitabilité induite par I'expression de TRESK-MT.
Pour ce faire, nous avons généré des souris dont les génes
TREKI1 et TREKZ2 sont invalidés. L’enregistrement de
neurones trigéminaux des souris TREK1 ™/~ /TREK2™/~ a
permis de montrer que I’absence d’expression de ces canaux
génére un état basal hyperexcitable identique a celui
observé dans les neurones exprimant TREK-MT. De plus,
la surexpression de TRESK-MT dans ces neurones n’est
plus capable d’augmenter leur excitabilité, démontrant que
TRESK-MT augmente l'excitabilité wvia l'inhibition de
TREKI1 et TREK2. Ainsi, la différence entre le mutant
impliqué dans la migraine et celui qui ne l'est pasréside dans
la capacité du premier & inhiber TREK1 et TREK2. Les
canaux TREK1 et TREK2 ayant un réle de frein de
Pexcitabilité, il en résulte une augmentation de 1’excitabi-
lité des neurones trigéminaux induisant ainsi la migraine.

Enfin, nous avons testé le comportement des souris dont
TREK1 et TREK2 ont été invalidés génétiquement et
avons trouvé qu’elles présentent un phénotype migraineux
qui disparait sous ’action de médicaments utilisés pour
traiter les migraines chroniques. C’est donc I'inhibition de
TREK]1 et TREK2, mais pas de TRESK, qui conduit a la
migraine, ouvrant ainsi de nouvelles pistes pour le
traitement de cette pathologie.

L'initiation alternative de la traduction induite par un
déplacement du cadre de lecture

La mutation TRESK-MT est censée générer un canal
tronqué non fonctionnel, appelé TRESK-MT1. Alors que
le canal TRESK sauvage est capable d’interagir avec
TREK1 et TREK2 dans un essai de précipitation en
molécules uniques, TRESK-MT, dépourvu de la partie
carboxy-terminale de TRESK, ne I’est pas. Si I'inhibition
de TREK1/2 observée dans les cellules co-exprimant
TRESK-MT ne vient pas de TRESK-MTI, il faut
envisager I'implication d’un autre mécanisme. Normale-
ment, un ARNm va permettre de produire une protéine.
Mais dans certains cas, cette loi n’est pas suivie (Kozak,
1999). En effet, un site d’initiation de la traduction
alternatif peut parfois étre reconnu par les ribosomes et
induire la synthése d’une deuxiéme protéine & partir du
méme ARNm. Nous avons trouvé la présence d’un tel site
d’initiation alternatif spécifiquement dans la séquence de
TRESK-MT. Ce site alternatif a été mis en évidence par la
délétion de deux paires de bases. Cette nouvelle protéine,
appelée TRESK-MT?2, correspond a un canal TRESK
tronqué au niveau de sa partie N-terminale et donc non
fonctionnel. L’existence de ce second transcrit a été mise
en évidence par une série d’expériences de biologie
cellulaire et de biochimie (Royal et al., 2019). Nous avons
appelé fSATT (pour frameshift mutation-induced Alterna-
tive Translation Initiation) ce nouveau mécanisme de mise
en place d’un site alternatif de la traduction par un
déplacement du cadre de lecture (Figure 5). Nous avons
testé, par une technique de précipitation en molécules
uniques, la capacité de TRESK-MT2 & interagir avec
TREK1 et TREK2 et avons trouvé que ce mutant s’associe
fortement & ces deux canaux K2P. Nous avons alors
recherché D'effet fonctionnel de cette interaction et avons
trouvé que TRESK-MT2 était capable d’inhiber les
canaux TREK1 et TREK2. En outre, les résultats obtenus
sur les neurones trigéminaux sauvages montrent que
Iinhibition de TREK1 et TREK2 par TRESK-MT2
induit une forte augmentation de 'excitabilité de ces
neurones, similaire & celle observée dans les neurones dont
TREK1 et TREK2 ont été invalidés.

L'inhibition de TREK1 et TREK2 par TRESK-MT?2 induit
I'hyperexcitabilité

Ayant trouvé que l'inhibition de TREK1 et TREK2
était induite par TRESK-MT2, nous avons voulu savoir si
I’expression de TRESK-MT?2 était suffisante pour induire
un phénotype migraineux, comme celui observé chez les
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Figure 5. TRESK-MT provoque une migraine vial'inhibition de TREK1 et TREK2 par la protéine tronquée TRESK-MT2. En haut,
excitabilité physiologique, normale, des neurones trigéminaux exprimant la forme sauvage de TRESK. En bas, les personnes portant la
forme mutée du canal TRESK (TRESK-MT, symbolisée par une étoile noire) présentent une allodynie liée a la migraine. Le géne muté,
par un mécanisme appelé fSATI, est traduit en deux protéines, TRESK-MT1 et TRESK-MT2. TRESK-MT1 va inhiber TRESK alors
que TRESK-MT2 va cibler TREK1 et TREK2, menant & une hyperexcitabilité neuronale et & un phénotype migraineux.

patients portant la mutation TRESK-MT. Pour ce faire,
nous avons surexprimé TRESK-MT2 dans les neurones
trigéminaux grace a des vecteurs viraux et avons testé le
phénotype migraineux. La migraine peut étre générée via
I’'utilisation de molécules donneuses d’oxyde nitrique
comme l’isosorbide dinitrate. La migraine ainsi induite
s’accompagne d’une hypersensibilité faciale, directement
reliée & la sensibilité des nerfs trijumeaux innervant la face,
qui peut étre mesurée avec des filaments de von Frey.
Ainsi, la sensibilité faciale de ces rats est utilisée comme un
index reflétant le phénotype migraineux. Aprés une
semaine d’infection, pour laisser le temps au virus
d’exprimer TRESK-MT2, nous avons observé que les rats
infectés présentaient une hypersensibilité faciale. Cette
derniére est similaire a celle observée chez les rats soumis a
une induction de migraine par les donneurs d’oxyde
nitrique. Cette expérience confirme que la protéine
TRESK-MT2 est suffisante pour induire le phénotype
migraineux observé chez les patients.

TRESK-MT est-il le seul mutant de type fsATI?

TRESK-MT est la premiére illustration d’une muta-
tion qui induit la formation de deux protéines & partir d’un
méme ARN, au lieu d’une seule comme attendu, & la suite
d’un déplacement du cadre de lecture. Afin de savoir si ce
nouveau mécanisme de transmission de maladie hérédi-
taire était, ou non, un cas isolé, nous avons cherché dans les
bases de données publiques si d’autres mutations de type
délétion de paires de bases pouvaient, comme la mutation
TRESK-MT, créer un site alternatif de traduction. Nous
avons trouvé une autre mutation du canal TRESK capable
de créer un site alternatif d’initiation de la traduction. Nos
données de biologie cellulaire et de biochimie confirment
que cette mutation Y121LfsX44 conduit a la production de
deux protéines (MT1 et MT2) et induit I'inhibition des
canaux TREK1 et TREK2. Afin de savoir si cette
mutation était liée a la maladie, nous avons alors confronté
cette séquence aux bases de données cliniques et avons

trouvé que cette mutation est la seule mutation de TRESK
qui a également été liée & un phénotype migraineux dans
des cohortes de populations asiatiques. La co-expression
avec TREK1 dans un systéme d’expression hétérologue
conduit & des résultats similaires: la production de deux
protéines et I'inhibition des canaux TREK1 démontrant
que la mutation TRESK-MT n’est pas un cas isolé.

Conclusion

Ces travaux démontrent que la différence entre les
mutants du canal TRESK non fonctionnels qui sont —ou
non — impliqués dans la migraine réside dans leur capacité
a inhiber TREK1 et TREK?2 en plus de TRESK. TREK1
et TREK2 constituent ainsi de nouvelles cibles pour le
traitement de cette pathologie. D’autre part, ces travaux
nous ont permis de découvrir un nouveau mécanisme de
transmission de maladie génétique appelé «fsATI», qui
doit maintenant étre pris en compte dans ’étude des
mutations impliquées dans les pathologies humaines.
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The study by Ng et al. (2019) revealed a
mechanism by which the signal elicited by
pheromone is amplified in the ORNs that
promote courtship behavior (see Figure
1). The mechanism involves PPK25, a
member of DEG/ENaC channels that
plays a key role in signal amplification
and transduction. The CBM in PPK25
channel directly interacts with calmodulin
during the rise of the intracellular calcium
level, which is spurred by the activation of
a ligand-gated OR, eventually generating
signal amplification. Interestingly, the
CBM is also found in other species,
including mouse and human, and the
DEG/ENaC channels are expressed in
different types of sensory neurons that
mediate mechanosensation, baro-recep-
tion, proprioception, nociception, and
taste reception. This work will provide a
foundation for understanding signal
amplification in other neuron types.
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In this issue of Neuron, Kanda et al. (2019) find that the two-pore domain potassium channels TRAAK and
TREK?1 drive axonal action potential repolarization for high-speed and high-frequency nervous impulses in

mammalian myelinated nerves.

An action potential (AP) corresponds to a
fast modification of the membrane poten-
tial, which rapidly rises and then falls,
driven in the soma by the sequential acti-
vation of the voltage-dependent Na* and
the voltage-dependent K* channels. In
neurons, the main function of the AP is
cell-to-cell communication by its propa-
gation along the axon toward synaptic
boutons. In non-myelinated axon, the AP
travels by regenerating itself (Hodgkin,
1937). The AP induces a sufficient depo-
larization of the neighbor region inducing
the activation of the voltage-dependent

Gheck for
Updates

Na* channels allowing AP regeneration.
This AP propagation has a maximum
speed of ~1 m/s. Fast AP propagation re-
quires myelin sheaths. Myelin is a multila-
mellar membrane that enwraps the axon
in segments separated by intervals known
as nodes of Ranvier (NRs). Myelin pre-
sents a high electrical resistance that
prevents the AP conduction along the
myelinated segments. However, the
current carried at near distance, through
the axon cable properties, generates a
sufficient depolarization at subsequent
NRs allowing AP regeneration. This prop-

agation, known as saltatory conduction,
allows a propagation of the AP over
100 m/s.

Since Hodgkin and Huxley estab-
lished the first ionic conductances of
the AP in giant squid axon, AP genera-
tion and transmission in the nervous
system has been a subject of contin-
uous study. Nevertheless, 80 years after
their experiments, the molecular identity
of the channels underlying AP propaga-
tion and regeneration at the NRs in
mammals is still a matter of conjecture.
Whereas some research suggests that

Neuron 7104, December 4, 2019 © 2019 Elsevier Inc. 831
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Figure 1. TREK1-TRAAK Channels Mediate Rapid Action Potential Repolarization Enabling
Fast Saltatory Action Potential Conduction in Mammal Myelinated Axons

Recordings of action potentials (APs) in different regions of a pseudo-unipolar trigeminal neuron of
mammal. At the soma, during high-frequency stimulation, APs are long due to the slow repolarization
phase mediated by voltage-gated K* channels. At the nodes of Ranvier, this process is faster because it is
mainly driven by background K2P channels that rapidly set the resting potential to very negative values.
Rapid regeneration of APs and very hyperpolarized membrane potential allow high-frequency and high-
speed saltatory conduction of nervous impulses through myelinated axons.

AP depolarization and repolarization in
both soma and NRs are carried by Na*
and K" voltage-dependent channels,
respectively (Bean, 2007), others sug-
gest that there is no K* channel implica-
tion in AP in intact NRs (Chiu and
Ritchie, 1980). One important issue con-
cerning this debate has been the lack of
reliable tools to address the molecular
identity of ion currents of APs at NRs.
Standard patch-clamp pipettes often
fail to access this region due to the
presence of myelinating cells and tiny
perineural tissue surrounding the nodes.
In this issue of Neuron, Kanda and co-
workers have developed an “in situ”
pressure-patch-clamp technique that
overcomes this problem allowing to
directly patch-clamp intact NRs (Kanda
et al.,, 2019). This novel system finely
controls the internal pressure of the
patch-clamp pipette, enabling the
cleaning of the surface areas around
NRs of intact rat trigeminal axons and
the making of proper seals.

Once sealed, the application of dif-
ferent ion channel blockers on trigeminal
AB-afferent nerves showed two inter-
esting findings. First, as expected, when
the voltage-gated Na* channel inhibitor

832 Neuron 7104, December 4, 2019

TTX was applied, the inward-depolarizing
currents were completely abolished,
matching with previous works showing
that voltage-dependent Na* channels
are required for saltatory conduction
(Caldwell et al., 2000). Second, addition
of TEA and intracellular Cs*, two typical
blockers of voltage-gated K* channels,
elongated AP repolarization in soma but
not in NRs. This last result confirmed
that molecular actors involved in AP prop-
agation at mammal myelinated axons
differ from those that are used at
the soma.

When Kanda et al. (2019) looked in
more detail into the ionic current kinetics
at Ap-afferent nerves, they noticed the
presence of a fast non-inactivating out-
ward current following depolarizing that
was not inhibited by classical voltage-
gated K* or CI~ channel blockers. How-
ever, the changes in extracellular K* con-
centration altered the reversal potential.
These properties made two-pore domain
K* (K2P) channels good candidates for
carrying this outward current. In fact,
K2P channels create non-inactivating K*
currents that are nearly instantaneous
and are strongly expressed within the ner-
vous system. In neurons, K2P channels

Neuron

serve as a hub for the generation and
regulation of the negative resting mem-
brane potential (No€l et al., 2011). Their
importance is reflected by the large num-
ber of neurological diseases related to
dysfunction of these channels, such as
depression (Heurteaux et al., 2006) and
migraine (Royal et al., 2019).

In order to narrow down what members
of the K2P channel family are responsible
ofthe K* leak currents at NRs, Kanda et al.
(2019) performed whole-cell and single-
channel experiments to show that this
current is mechano- and thermosensitive.
This regulation is consistent with the poly-
modal gating of the TWIK-related K*
(TREK) channel subfamily, which includes
TREK1, TREK2, and TRAAK (Noél et al.,
2011). Moreover, immunocytochemistry
data revealed the presence of TREK1
and TRAAK, but not of TREK2, in
NRs. Because TREK1 and TRAAK sub-
units tend to combine and generate
heterodimers with intermediate functional
properties when they are co-expressed in
heterologous systems (Levitz et al., 2016),
Kanda et al. (2019) wondered whether this
mechanism could be also present in
myelinated nerves. As the single-channel
K* conductance in trigeminal AB-afferent
axons was similar to the one observed in
TREK1-TRAAK heterodimers in heterolo-
gous system, Kanda and co-workers
concluded that the K* leak current in
NRs is mostly carried by TREK1-TRAAK
heterodimers, with a minor participation
of TRAAK and TREK1 homodimers.

Henceforth, the role of TREK1 and
TRAAK K2P channels in AP propagation
at NRs is nicely demonstrated genetically
by injecting specific shRNA and pharma-
cologically using TREK channel blockers
and activators. The inhibition of TREK1-
TRAAK led to an increase of the AP dura-
tion, a depolarization of the resting
membrane potential and a decrease of
the nodal membrane input resistance,
demonstrating that TREK1 and TRAAK
channels are also important regulators of
intrinsic membrane properties.

Furthermore, as myelinated Ap-afferent
nerves constitute one of the fastest car-
riers of sensory information in the nervous
system (Djouhri and Lawson, 2004),
Kanda et al. (2019) also searched to eluci-
date whether TREK1-TRAAK nodal rapid
repolarization was consistent with high-
frequency and high-speed impulses of
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these fibers. Patch-clamp recordings
showed AP broadening in a frequency-
dependent manner in soma but not in
axon of trigeminal AB-afferent nerves.
Also, in contrast with soma, high-fre-
quency stimulation did not alter the rate
of success to generate AP. This superior-
ity of the axon for high-fidelity reproduc-
tion in the shape of the AP underlying
the high AP success rate was strongly
reduced in axons of neurons in which
TREK1-TRAAK were genetically and
pharmacologically inhibited. Finally, to
challenge in vivo the functional role of
TREK1-TRAAK channel in velocity and
fidelity of firing, Kanda and co-workers
performed whisker tactile behavioral tests
in rats in which TREK1-TRAAK were
genetically depleted using shRNA in D2
whisker hair follicles. As tactile stimuli
are conducted by myelinated Ap-afferent
nerves (Djouhri and Lawson, 2004), they
expected that invalidation of TREK1
and/or TRAAK would impair sensory re-
sponses. Indeed, rats injected with spe-
cific shRNAs showed a strong decrease
of tactile response in comparison with
the scrambled shRNA control group.
This in vivo test reinforced the strong
in vitro evidence, proving that mechano-
sensitive and thermosensitive K2P chan-
nels are crucial for nervous conduction.
To conclude, Kanda et al. (2019) have
demonstrated by genetic and pharmaco-
logical invalidation approaches that fast
AP repolarization in mammal NRs is medi-
ated by TREK1-TRAAK heterodimeric
channels. Furthermore, by setting the

resting membrane potential at very nega-
tive values, they increased the number of
responsive voltage-gated Na* channels
by enabling fast recovery from their inac-
tivated state. This mechanism explains
the high-frequency fidelity and high-
speed conduction through the NRs of
myelinated afferent nerves (Figure 1).
In vivo, behavioral experiments confirmed
this observation, as tactile stimuli are
mainly conducted by trigeminal Ap-affer-
ent myelinated nerves at high frequency
and high speed (Djouhri and Lawson,
2004). This work ends the old debate
about whether AP in the nervous system
is carried by the same ion channels in
soma and NRs, where the AP is regener-
ated and conducted, pointing out the
importance of K2P channels in neuronal
transmission. Nevertheless, whether this
repolarization mechanism in myelinated
axons is shared by other classes in the an-
imal kingdom is still uncertain because in
amphibians, it involves voltage-gated K*
channels. This question and the elucida-
tion of additional contributors to the
AP propagation at NRs may be solved
with the novel pressure-patch-clamp
technique.
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Abstract

Migraine is a common, disabling neurological disorder with a genetic, environmental, and hormonal component with
an annual prevalence estimated at ~15%. It is characterized by attacks of severe, usually unilateral and throbbing
headache, and can be accompanied by nausea, vomiting, and photophobia. Migraine is clinically divided into two main
subtypes: migraine with aura, when it is preceded by transient neurological disturbances due to cortical spreading
depression (CSD), and migraine without aura. Activation and sensitization of trigeminal sensory neurons, leading to
the release of pro-inflammatory peptides, is likely a key component in headache pain initiation and transmission in
migraine. In the present review, we will focus on the function of two-pore-domain potassium (K,;) channels, which
control trigeminal sensory neuron excitability and their potential interest for developing new drugs to treat migraine.

Keywords
migraine, trigeminal sensory neurons, K,, channels, KCNK, heterodimerization, frameshift mutation-induced
alternative translation initiation (fsATI), allodynia, Kozac sequence, excitability

Introduction headache, fatigue, and impaired cognitive functions (Bose
and others 2018). In addition to the presence or not of aura,
the frequency of headaches is used to further differentiate
episodic migraine (headache with or without aura that
occurs 1-14 days per month, for at least 3 months) or
chronic migraine patients (at least 15 days of headache per
month for at least 3 months) (Adams and others 2015). A
broad array of symptoms contributes to the disability asso-
ciated with migraine attacks and indicates involvement of
brain regions in homeostatic, autonomic, emotional, and
sensory processing, thus highlighting a wide involvement
of the nervous system in migraine (Goadsby and others
2017; Vila-Pueyo 2018). Imaging studies have confirmed
that these non-pain symptoms and changes in the brain are
not simply responses to pain but can exist in the absence of

Migraine is one of the most common diseases worldwide,
affecting nearly 15% of the global population, with a
women to men ratio of 3:1. Its societal and economic bur-
den is considerable (Burch and others 2015). Migraine
manifests as a unilateral throbbing headache and is accom-
panied by multiple symptoms such as nausea, vomiting,
photophobia, phonophobia, or cutaneous allodynia. The
migraine attack is often split into four different phases fol-
lowing a temporal pattern that can last for several days:
premonitory, aura, headache, and postdrome phase
(Goadsby and others 2017) (Fig. 1). The premonitory
phase can begin as early as 3 days before the headache and
is characterized by fatigue, mood changes, food craving,
and yawning (Goadsby and others 2017). Around less than
one-third of patients will develop an aura before the head-
ache, Wthh consists of Vlsua.l and sensory disturbances 2Laboratories of Excellence, lon Channel Science and Therapeutics
that will last from several minutes to a few hours. The  Njce, France

underlying event is thought to be a cortical spreading  3Université Cote d'Azur, CNRS, INSERM, Institut de Pharmacologie
depression (CSD), a wave of brief depolarization followed Moléculaire et Cellulaire, Valbonne, France

by a long-lasting depression of neuronal activity that prop- *These authors contributed equally to this work.

agates slowly in the br.ain (Charles. and Baca 2013). Then, Corresponding Author:

the he?dac.he phase will start, l.astlng from 4 to 72 hours. Guillaume Sandoz, CNRS, .INSERM, iBV, Université Cote d’Azur, 28
The migraine attack resolves with a postdrome phase, last- ., de valrose, Nice, 06100, France.

ing from hours to days, and consisting of residual Email: sandoz@unice.fr
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Figure 1. Schematic display of the migraine crisis and its associated symptoms. A combination of external factors and
predispositions are underlying the generation of a migraine attack. The different phases (red circles) have variable length and

are characterized by multiple, sometimes overlapping symptoms. The interictal period (green circle) corresponds to the end of
migraine-associated symptoms. The duration of this phase is variable and will depend on many factors such as medication overuse
or inappropriate behavior leading to a longer exposure to potential triggering factors. As such, chronic migraine patients have a

considerably reduced interictal period.

headache and produce functional imaging changes on their
own (Denuelle and others 2007; Schulte and May 2016).
Therefore, migraine can be considered as a broad sensory
disorder. Migraine patients display abnormal responses
toward pain (Nahman-Averbuch and others 2019) or light
(Bernstein and others 2019). Other differences lie on
responses that should be adaptive but become impaired or
maladaptive, such as altered brainstem processing (Vila-
Pueyo and others 2019), changes in gray matter volume
(Coppola and others 2017), impaired adaptive cerebral
hemodynamic mechanisms (Frederiksen and others 2019),
habituation deficiency (Coppola and others 2005) or meta-
bolic impairment (Gross and others 2019). Due to the
nature of the triggers reported by patients (stress, sleep dis-
order, etc.) (Karsan and Goadsby 2018; Turner and Houle
2018) and a clear involvement of the hypothalamus) in the
early phases of the attack, migraine is considered as a

deregulated response toward various stressful stimuli,
highlighting the difficulty of the brain to keep a physiologi-
cal and stable state. Thus, migraine has been described as a
pathophysiology of allostasis (i.e., the responses that help
to maintain physiological stability) (Borsook and others
2012). Despite the broad impact of migraine, the under-
standing of several aspects of its pathophysiology and
underlying mechanisms remain unclear.

Initiation of Migraine Attacks:
Triggering Factors and Genetic
Aspects

Triggering Factors

Among various external factors able to trigger migraine
attacks, stress is the most reported (Turner and Houle 2018).
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In clinical and preclinical context, methods for inducing a
migraine attack include the injection of triggering mole-
cules, like the calcitonin gene-related peptide (CGRP), for
which elevated levels have been measured in patients dur-
ing migraine attacks (Edvinsson and others 2018), nitric
oxide (NO) donors or pituitary adenylate-cyclase activating
peptide (PACAP) (Al-Karagholi and others 2019; Ashina
and others 2017a; Ashina and others 2017b; De Felice and
others 2010; De Felice and Porreca, 2009; Guo and others
2016; Liu and others 2013). However, NO donors, for
example, are triggers in migraine patients but poorly affect
healthy volunteers (Schytz and others 2010). Nevertheless,
in certain experimental conditions (doses and combined use
of provocative drugs, duration of treatment), a higher pro-
portion of healthy individuals may develop a genuine
migraine attack, suggesting the existence of a putative
“migraine threshold” (Olesen and Ashina 2015).

Genetic Aspects

Early studies on the genetics of migraine have led to the
identification of several genes responsible for rare cases
of familial hemiplegic migraine (FHM). This includes
FHMI1, a gain-of-function mutation affecting the alpha
subunit of the voltage-gated calcium channel Ca 2.1
(CACNA1A) leading to an increase in synaptic trans-
mission (van den Maagdenberg and others 2004),
FHM2, a loss-of-function mutation targeting the alpha 2
subunit of the astrocytic Na*/K* ATP-dependent pump
(ATP1A2) and resulting in an impaired clearance of
synaptic glutamate (De Fusco and others 2003) and
FHM3, impairing the alpha subunit of the voltage-gated
sodium channel Na 1.1 (SCN1A) (Dichgans and others
2005; Zerimech and others 2020). However, those muta-
tions are also linked to other diseases such as dyskine-
sia, ataxia, or mental retardation. Furthermore, they
only account to a minor proportion of migraine patients
(around 1 of 10,000) (Ducros 2013). Another gene
whose loss of function has been recently associated with
migraine is KCNK18, which encodes the two-pore-
domain (K,;) potassium channel TRESK (Twik-related
spinal cord K™ channel) (Lafreniére and others 2010).
The mutation in this gene was the only one that has been
linked to a “common” migraine phenotype. Nevertheless,
the latter was a matter of controversy until recently
(Pettingill and others 2019; Royal and others 2019, see
below).

Due to their contribution to neuronal excitability, a
genomic study has explored the potential involvement of
hundreds of ion transport genes in migraine pathology
(Nyholt and others 2008). However, a significant gene vari-
ant has not been identified. In the last years, larger scale
genome-wide association studies (GWAS) have made impor-
tant contributions to identify genetic components involved in

migraine, resulting in new hypotheses regarding migraine
pathophysiology (Nyholt and others 2017). Further studies
provided evidence that common types of migraine are geneti-
cally complex: multiple genetic variants with small effect
sizes act together with environmental factors to confer
migraine susceptibility (Gormley and others 2018).
Interestingly, those studies have identified other variants in
genes encoding K,, channels, namely KCNK5 (TASK2,
Twik-related acid sensing K* channel) (Gormley and others
2016) and KCNK4 (TRAAK, Twik-related arachidonic acid
stimulated K* channel). It is also of note that migraine has a
genetic overlap with psychiatric disorders, especially depres-
sion, in which K, channels have been also shown to play a
role (Djillani and others 2019; Heurteaux and others, 2006).

Anatomy: Focus on the Migraine
Pain Pathway

Multiple sensory symptoms arise during a migraine
attack, being the headache the most prominent one. It is
now well established that migraine headache is the result
of the activation and sensitization (decreasing response
threshold and increasing response strengths) of trigemi-
nal neurons and, to a lesser extent, cervical nociceptive C
(non-myelinated) and Ad (myelinated) fibers that inner-
vate cranial meninges and their blood vessels (Khan and
others 2019; Strassman and others 1996). This ensemble
is commonly referred to the trigeminovascular system
(Fig. 2). The pathway starts in trigeminal sensory neurons
whose cell bodies are located in the trigeminal ganglia
(TG) and send peripheral axons to the meningeal dura
mater and the surrounding blood vessels through the oph-
thalmic branch of the trigeminal nerve (V1). Central
axons from TG neurons project to the trigeminal nucleus
caudalis (TNC) (Uddman and others 1985). This nucleus
integrates signals from projections coming from perior-
bital skin and pericranial muscles. The ascending axon
projections of TNC transmit nociceptive information to
diverse hypothalamic, brainstem and basal ganglia nuclei
that could explain different migraine related symptoms
such as vomiting, nausea and yawning (Burstein and oth-
ers 2015). Additionally, trigeminovascular nociceptive
information is subject to extensive modulation by multi-
ple descending neurons from different brain regions
(Goadsby and others 2017), including various brainstem
nuclei, notably the Locus coeruleus and Periaqueductal
Grey (Edelmayer and others 2009; Vila-Pueyo and others
2019), the hypothalamus (Goadsby and others 2017) or
the cerebral cortex (Noseda and others 2010).

Activation of trigeminal and innervating fibers in
meninges is thought to initiate a neurogenic and sterile
inflammation, owing to the dense population of various
vasoactive neuropeptides (i.c., CGRP, PACAP, and sub-
stance P) within sensory neurons and to the proximity of
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Figure 2. Migraine pathophysiology: Anatomy of the trigeminovascular pathway. The migraine attack begins in trigeminal
ganglion (TG), whose axons (red lines) project to meningeal dura mater blood vessels through the ophthalmic branch stimulating
the production of vasoactive neuropeptides. Nociceptive information is then carried from meninges to the rest of the brain
though sensory and autonomic neurons. A second group of axons from TG targets the trigeminal nucleus caudalis (TNC), which
also receives information from anterior and posterior parts of head and upper neck (red lines). TNC conveys then the inputs

to diverse nuclei at limbic system, basal ganglia, hypothalamus, cortex, and thalamus (blue lines). The thalamus also integrates
stimuli detected from the outside and from internal organs (green lines). Additional nuclei are believed to contribute to migraine
headache. Activation of the sphenopalatine ganglion (SPG) (orange lines) may stimulate antidromic sensory fibers converging to
the superior salivatory nucleus (SUS), which contains cell bodies involved in the parasympathetic autonomic vasodilator pathway.

blood vessels, immune cells (Edvinsson and others 2018;
Levy and others 2019; Rua and McGavern 2018) and
autonomic neuron fibers (Harriott and Gold 2009).
Meningeal sensory neurons are equipped with a rich set
of receptors and ion channels, allowing them to be exqui-
sitely sensitive and to respond to a broad range of chemi-
cal and mechanical stimuli (Bonnet and others 2019;
Burgos-Vega and others 2016; Levy and others 2019).
There is now growing evidence that an inflammatory
component might sustain nociceptor activation and sensi-
tization, through the action of protons, cytokines, or neu-
rotrophic factors and their downstream targets (van
Dongen and others 2017).

However, the initiating event leading to the activation
of meningeal sensory neurons in the context of a migraine
attack remains unclear. Regarding migraine with aura,

CSD was shown to activate meningeal nociceptors,
being also linked to a meningeal inflammation (Bolay
and others 2002; Hadjikhani and others 2020; Karatas
and others 2013). A more likely explanation combines
extensive modulation of trigeminovascular information,
predetermined hyperexcitable migraine brain and
increase of nociceptive information by external trigger-
ing factors (Bree and Levy 2018; Kunkler and others
2018). Nowadays, it is well-established that trigeminal
neuron hyperexcitability is a key factor for migraine
headache generation and some associated symptoms
(throbbing headache, cutaneous allodynia, some auto-
nomic symptoms) through its role in the development of
peripheral and central sensitization at various levels of
the migraine pain network (Olesen and others 2009;
Strassman and others 1996).
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K,p Channels and Pain

K,, channels constitute one of the major families of K*
channels. Its members share a dimeric structure with
four transmembrane domains and two pore loops per
subunit. Because of the two pore loops per subunit,
these channels are not active as tetramer but as dimer
(Fig. 3). K,, channels exhibit a “background” K™ con-
ductance that is time- and voltage-independent and
brings the resting membrane potential of cells toward
the K™ potential equilibrium. Therefore, they serve as a
hub for the regulation of neuronal excitability by setting
the resting membrane potential below the firing thresh-
old in excitable cells. Furthermore, they were recently
shown to contribute to neuronal high firing frequency

and high-speed conduction along myelinated axons by
driving action potential repolarization (Avalos Prado
and Sandoz 2019; Brohawn and others 2019; Kanda and
others 2019). Fifteen genes have been found to encode
for this channel family that can be subdivided into six
subfamilies depending of their sequence homology and
biophysical properties (Box 1). K, channels play a cen-
tral and active role in the response of cells to extracel-
lular and intracellular signals as diverse as G-protein
coupled receptor (GPCR) signaling, pH, and membrane
stretch. They have been shown to participate in multiple
physiological and pathological aspects of peripheral
pain perception. Notably, they have been implicated in
thermal and mechanical nociception (Fig. 4, Noél and
others 2009) and also in inflammatory, neuropathic,
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cancer, and recently, migraine pain (Alloui and others
2006; Descoeur and others 2011; Lafreniére and others
2010). This group mainly includes TWIK1, the mem-
bers of the TREK subfamily (TREK1, TREK2, and
TRAAK), the TASK subfamily members (TASK1 and
TASK3) and TRESK (Li and Toyoda 2015). They are all
expressed throughout the nervous system along the pain

Box I. lon Channel Heteromerization and Means to Study It.

pathway in various populations of dorsal root ganglia
(DRG) or TG sensory neurons. It is worth to note that
they are enriched in small and unmyelinated neurons
that are mainly involved in noxious stimuli detection
(e.g., peptidergic, non-peptidergic, itch, or cold-sensi-
tive) (Acosta and others 2014; Alloui and others 2006;
Pereira and others 2014).

Heteromultimerization is a classical mechanism commonly used to increase the diversity of protein complexes. Despite the fact
that K, channels share rather low sequence identity, it has been demonstrated that heteromerization is possible between different
K, members. The first hints that pointed to the general possibility of a heteroassembly of K,, members were reported in 2002
(Czirjak and Enyedi 2002) when co-expression of TASK | and TASK3 in Xenopus oocytes led to functional channels with intermedi-
ate channel properties. After, the existence of native TASKI/TASK3 dimers was proven in mammalian motoneurons (Berg and
others 2004). Later; it was shown that these channels also dimerize with a member of a different subfamily, namely TWIKI (Plant
and others 2012), and several studies reported potential dimers of TWIKI/TREKI (Mi Hwang and others 2014), THIKI/THIK2
(Blin and others 2014), TREKI/TREK2/TRAAK (Blin and others 2016; Levitz and others 2016), TASKI/TALK?2 (Suzuki and others
2017), and finally, TREKI/TREK2/TRESK (Royal and others 2019). Nevertheless, not all K,, subunits of the K, family are able to
dimerize to form functional channels, but the compilation of a full K, interactome is impeded by the great variety of channel prop-
erties as well as the absence of specific pharmacology. The toolbox to study K, channel dimerization ranges from electrophysiol-
ogy recordings of co-expressed or tandem-linked channels to fluorescence resonance energy transfer (FRET) assays or fluorescence
imaging of co-localization experiments. The use of such various technical approaches has led to controversies in the field, for
example for the TREKI-TWIKI dimers, which has been described as the main potassium conductance in astrocytes (Hwang and
others 2014), whereas this dimer was shown not to exist in a previous study (Plant 2012). To address the question of protein
assembly, a new technology allowing direct visualization at single molecule level has been developed, the so-called single molecule
pulldown (SiMPull) assay (Jain and others 201 1), based on antibody-mediated immunoprecipitation of protein subunits carrying an
affinity tag (e.g., HA [Human influenza hemagglutinin]) on passivated coverslips (Fig. BI-1). These proteins serve as bait molecules
which can capture their respective fluorescence tagged protein partners. The visualization of this interaction is then carried out by
total internal reflection fluorescence (TIRF) microscopy. The combination of biochemical immunoprecipitation with single mole-
cule fluorescence microscopy allows to systematically test all K, interactions among the 120 that can be expected from the
combination of the |5 members of the K,, channel family (Fig. BI-2).
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Figure Bl-1. Principle of the single molecule pulldown assay. (A) To study the interaction of two proteins of interest, a

protein with a fluorescence tag like the green fluorescent protein (GFP) is co-expressed with a second protein exhibiting

an affinity tag like HA. (B) After lysis of the cells, the lysate is applied in flow chambers on passivated coverslips containing
surface tethered antibodies. (C) The presence of GFP-tagged proteins allows the visualization of single protein complexes
by TIRF (total internal reflection fluorescence) microscopy and subunit counting by observation of bleaching events.

Box I. (continued)
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Box |. (continued)
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Figure B1-2. Interactome study of K,, channels in trigeminal ganglia (TG) neurons. Green lines indicate a confirmed
interaction between the respective subunits, while red lines connect subunits which are not interacting. The dotted line
indicates the controversial interaction between TREK| and TWIKI.
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K, Channels and Migraine

With the identification of the FHM genes in the late
1990s and in the mid-2000s, a subsequent large-scale
study was conducted by Nyholt and colleagues investi-
gating the potential contribution to migraine pathology
of common variations affecting several ion transport-
related genes. Though none of the studied variants
reached a statistical threshold, two K, channels (TREK1
and THIK2) were preliminarily selected as promising
candidates in a Finnish cohort (Nyholt and others 2008).
A pioneer study clearly linking K,, channels and
migraine led to the identification of a frameshift muta-
tion in the gene encoding for TRESK channel, the
F139W{sX24 mutation (TRESK-MT). This mutation,
segregating perfectly with migraine with aura phenotype
(and sometime without aura), was shown to produce a
non-functional protein that served as a dominant-nega-
tive form of the wild-type (WT) TRESK channel
(Lafreniére and others 2010) explaining its genetic dom-
inant role. TRESK-MT has been shown to induce hyper-
excitability of TG neurons (Guo and others 2014; Liu
and others 2013), which likely underscores its role in
migraine. Furthermore, the causative role of this muta-
tion was emphasized by an elegant study with human
nociceptive neurons derived from induced pluripotent

stem cells from migraine patients. In fact, these neurons
are hyperexcitable and CRISPR-Cas9 engineering, for
correcting the F139W{sX24 mutation, reversed the neu-
ronal hyperexcitability (Pettingill and others 2019).
However, in a subsequent genetic screening study,
another missense TRESK variant, C110R, was identified
(Andres-Enguix and others 2012). The TRESK-C110R
mutation, similarly to TRESK-MT, was shown to pro-
duce a non-functional channel which exerts a dominant
negative effect on the WT-TRESK channel in heterolo-
gous cells, but unexpectedly this mutant was found to
have no effect on TG excitability when overexpressed
(Guo and others 2014) and in human derived C110R
mutant neurons (Pettingill and others 2019). This absence
of effect elucidates why this mutant was found in both
migraine and control subjects. We have recently shown
in rodent that, even though both mutations lead to the
same apparent deleterious effect on TRESK function,
only TRESK-MT is able to functionally inhibit two other
members of the K,, channel family (Fig. 5). Inhibition of
TREKI and TREK2 channels activity then induces TG
hyperexcitability and subsequent migraine pathophysiol-
ogy (Fig. 6) (Royal and others 2019; see below). It is
worth to note that a new TRESK mutation was just pub-
lished to generate migraine and intellectual disability
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Figure 5. TREKI|//TREK2" double knockout animals present a migraine-like phenotype. (A) Schematic of experimental
behavioral paradigms. Green arrows represent the injection of ISDN (isosorbide dinitrate), an established migraine trigger.

Blue arrows represent measurements of mechanical sensitivity (Dallel and others 2018). (B) Bar graph representing the paw
withdrawal mechanical thresholds assessed 1.5 hours after ISDN injection. The wild-type (WT) mice present a significant
decreased paw withdrawal, whereas no modification was observed for double knockout animals (T17/T27). (C) Mechanical
responses, assessed prior to and after chronic ISDN injection (4 days), were significantly decreased in WT animals, whereas no
significant change of allodynia was observed in T17/T27 animals. (D) Variation AThreshold (g) of the paw withdrawal mechanical
threshold induced by ISDN chronic treatment or topiramate injection. Mechanical responses were assessed before and after
chronic ISDN treatment (4 days, left bars), and before and two hours after topiramate injection (right bars) in ISDN-non-treated

WT and T17/T2" mice (from Royal and others 2019).

(W101R; Imbrici and others 2020). This mutation gener-
ates a non-functional channel, which acts as dominant-
negative on WT-TRESK. Further works are needed to
investigate their role on TREK channels.

K,p Channels, Heteromerization, and TG
Excitability

Even though K, channels share a low level of sequence
identity, it has been recently shown that heteromerization
is not rare between K,, members, increasing functional
diversity (Blin and others 2016; Levitz and others 2016).

Heteroassembly can occur not only within the same sub-
family but also between different subfamily members, as
was shown for the dimerization of TRESK with TREK1
and TREK?2 in TG neurons (Royal and others 2019). The
question, why only TRESK-MT, and not TRESK-C110R
leads to an inhibition of TREK1 and TREK?2, was solved
by the discovery of a new mechanism allowing transmis-
sion of inherited diseases through an alternative transla-
tion initiation induced by a frameshift mutation in
TRESK-MT called frameshift mutation induced alterna-
tive translation initiation (fsATI, Box 2; Royal and others
2019).
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Box 2. Frameshift-Mutation-Induced Alternative Translation Initiation.

The TRESK-MT mutation, induced by the frameshift FI139WfsX24, is expected to encode for a non-functional channel, as it
is truncated by its C-terminal part. The WT-TRESK channel was shown to interact with TREK| and TREK2 in SiMPull assays,
whereas the TRESK-MT channel was not (Royal and others 2019). If the inhibition of the TREK /2 current by co-expression
of TRESK-MT did not have its origin in a co-assembly with this truncated channel form, there must be another explanation.

It has been assumed for a long time that one eukaryotic mMRNA leads to the production of one single protein and that the
variety of protein isoforms derived from one gene is evoked by alternative splicing or transcription from alternative promot-
ers. The dogma of the existence of a unique translation start site was rebutted by Marilyn Kozak, who described that in
certain cases, the rule of one mMRNA-one protein is not followed as strictly (Kozak 1999). In fact, ribosomes can recognize
an alternative initiation site and induce the generation of a second protein coming from the same RNA.

The canonical translation usually starts by binding of the 40S ribosomal subunit, initiator tRNA and several initiating factors
(e.g., elF4E) at the 5' cap structure, a 7-methylguanosine (m’G) which precedes all eukaryotic mRNAs. The formation of this
so-called pre-initiation complex is followed by linear scanning of the mRNA for an AUG initiation codon that is located in the
right context which is in most eukaryotic mRNAs given by the Kozak sequence (A/G-XX-ATGG (Kozak 1987). Subsequent
binding of the 60S ribosomal subunit to the translation initiation site (TIS) then initiates the protein translation. However, if
the context of the first AUG on the mRNA is not optimal (i.e., not fully matching the Kozak sequence), the codon might be
skipped, and the translation will start at a downstream AUG which has a more optimal context. This mechanism is also
referred to as leaky scanning (Kochetov, 2008).

Such mechanism increases the diversity of proteins derived from one gene and has been already nicely described for
K, channels in 2008 (Thomas and others 2008). In this study, an alternative translation initiation site in the TREKI chan-
nel expressed in rat brain has been found to lead to a second truncated channel isoform missing the first 56 amino acids.
This Al-56 TREKI channel is able to form functional homodimers as pseudo-heterodimers with the full-length protein
which leads to various channel isoforms with alternate open probability, conductance, and permeability properties. Here,
the second AUG was embedded in a stronger Kozak sequence which is recognized more efficiently as the first AUG. The
study impressively demonstrated, how leaky scanning of ion channel genes like KCNK?2 can effectively contribute to the
regulation of CNS excitability.

A Canonical linear scanning

TIS1
A/G-XX-AUGG
@
408 TIS2
60S translation initiation
.—%
TIS2
B Leaky scanning
TIS1
Y-XX-AUGZ
e
TIS2
A/G-XX-AUGG
TIS1
skipped e

Figure B2-1. Two common examples of eukaryotic translation initiation. (A) In the linear scanning model, the 40S ribosomal
subunit binds to the 5’ m’G cap followed by subsequent scanning of the mRNA for an AUG codon, ideally embedded in

a Kozak sequence (A/G-XX-AUGG), which serves as TIS. After assembly with the 60S ribosomal subunit, translation is
initiated. (B) If the first scanned AUG is embedded in a suboptimal Kozak sequence (Y-XX-AUGZ, Y and Z representing
Kozak-deviant bases), it is not efficiently recognized, and the scanning will proceed until the next suitable TIS is detected.

Box 2. (continued)
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Box 2. (continued)

In the case of the KCNK8 gene encoding for TRESK, a second AUG in a strong Kozak context can be found at position
+356, yet ahead of a very short open-reading frame (ORF2). The frameshift in TRESK-MT, which is induced by deletion of two
base pairs (c.410_411delCT), puts the AUG of ORF2 in frame with the C-terminal part of the full length TRESK. As the AUG
of ORF2 is also embedded in an environment matching the Kozak sequence, the frameshift leads to the efficient translation of
a second protein that corresponds to a TRESK-channel truncated by its N-terminus and therefore, non-functional (TRESK-MT?2).
The existence of this second transcript was elicited by several cell biological and biochemical assays (Royal and others 2019).
We named the newly described mechanism, which is inducing an alternative translation site by displacing the open reading frame,
fsATI (frameshift-mutation-induced alternative translation initiation).

A TRESK
1 ORF1

¥ A/G-XX-AUGG
PS — R
A ORF2 [ I |1l

+356 A/G-XX-AUGG

. N

ORF2

B F139wWfsX24 (TRESK-MT)

1 ORF1
Y A/G-XX-AUGG

e — R
A ORF2 ‘ :
+356 A/G-XX-AUGG | H ‘ H Il

ORF1

® * Mt MT2 §c

partly skipped )

c.410_411delCT

-

Figure B2-2. Principle of the frameshift-induced alternative translation initiation. (A) Organization of ORFI and ORF2
on mRNA of WT-TRESK. (B) The deletion of two base pairs by the c.410_411delCT mutation results to a premature
translation stop in ORFI(TRESK-MT). Coincidentally, the start codon of ORF2 at +356 is put in frame with the ORF of

TRESK, inducing the translation of MT2.

The TRESK-MT mutation leads, through fSATI, to the
production of two protein fragments instead of one, as
expected (Box 1): TRESK-MT1, which corresponds to the
expected C-terminal truncated TRESK channel and inhib-
its TRESK, and TRESK-MT?2, which corresponds to an
N-terminal truncated TRESK channel. TRESK-MT2, by
co-assembling and inhibiting TREK 1 and TREK?2, induces
TG sensory neuron hyperexcitability (Fig. 5).
Overexpression of TRESK-MT2 in rat TG neurons, using
virus, is sufficient to induce a chronic facial mechanical
allodynia related to chronic migraine, an effect which has
not been seen with MTI1 (Royal and others 2019).
Interestingly, fSATI was also found for another TRESK
mutant (Y121LfsX44), which is the only other TRESK
mutation related to migraine in humans (Domitrz and oth-
ers 2016; Rainero and others 2014; Royal and others 2019).
This mutation also leads to the production of a similar
TRESK-MT2 (Royal and others 2019). The fundamental
role of TREK1 and TREK2 in migraine induction has been
further supported by TREK1/TREK2 double knock-out
(KO) mice (Fig. 5). They exhibit a chronic migraine-like

cutaneous mechanical allodynia phenotype which can be
reversed by Topiramate, a drug used in clinic to treat
migraine (Royal and others 2019). This suggests, that, in
human, migraine is due to the dysfunction of TREK1 and
TREK2 and their respective heteromers with mutated
TRESK, but not due to TRESK invalidation alone (Fig. 6).

In parallel, other preclinical studies in rodents have
further confirmed a key involvement of K, channels in
trigeminal nociception and migraine-related headache.
Recently, TRESK invalidation was shown to increase
peptidergic trigeminal neurons excitability (Guo and
others 2019) and to enhance headache behavior induced
by application of inflammatory mediators in the menin-
ges (Pettingill and others 2019). These results would
favor that TRESK is sufficient to generate migraine.
Nevertheless, the findings by Guo and others and
Pettingill and others also fits with TREK1 and TREK2
implication. In fact, by only targeting TRESK,
TRESK-MTI, and C110R, the sensory neuron excitabil-
ity is not altered (Guo and others 2014; Pettingill and
others 2019; Royal and others 2019), whereas genetic
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Figure 6. TRESK-MT causes migraine via inhibition of TREK| and TREK2 by TRESK- MT2. Top: TRESKCI I0R targets only
TRESK, which is not sufficient to induce an increase of trigeminal sensory neuron excitability and therefore does lead to
migraine. Middle: the excitability of trigeminal neurons in the presence of the wild version of TRESK is normal. Bottom: the
TRESK-MT mutation generates an ATl (see Box |) resulting in the formation of two proteins, TRESK-MTI| and TRESK-MT2.
TRESK-MT 1 inhibits TRESK, while TRESK-MT?2 targets TREK| and TREK2. Inhibition of TREK| and TREK2 leads to neuronal

hyperexcitability causing a migraine phenotype.

invalidation affects TRESK homodimers as well as het-
erodimers (TRESK-TREKI, TRESK-TREK2) and
therefore also TREK1 and TREK?2 expression and com-
position at the cell surface (the equilibrium is modified).
These differences between gene invalidation and domi-
nant negative (affecting only TRESK) may explain why
TRESK invalidation modifies TG excitability and
induces a migraine phenotype. All in all, migraine-like
behavior in rodents seems to involve both TRESK,
TREK1 and TREK2 monomeric channels and TRESK-
TREK heterodimeric channels.

Finally, in addition to these channels, TASK3 is also
predominant in TG neurons, where it co-localizes with
TRESK, TREKI, and TREK2 (Yamamoto and others
2009). Nevertheless, there is no evidence of TASK3 par-
ticipation in migraine attacks. It is worth mentioning that
TASK3 was not found to heteromerize with TRESK,
TREK1, and TREK2 (Levitz and others 2016; Royal and
others 2019).

Toward New Treatments for
Migraine Involving K,, Channels
Targeting

Migraine therapy aims not only to terminate or to relief
acute attacks but also to prevent the evolution from epi-
sodic toward chronic migraine. Several drugs are used but
present several side effects (Tables 1 and 2), for example,
Topiramate may be used to treat chronic migraine but it has
severe well-known side effects, including ataxia, confu-
sion, diplopia, dizziness, drowsiness, dysphasia, fatigue,
memory impairment, and others. Given the importance of
CGRP as a migraine trigger, the use of monoclonal anti-
bodies against this peptide represents one of the most
effective treatments against the disease. Up to now, three
different humanized monoclonal antibodies against CGRP
pathway have been tested and exhibited excellent results:
fremanezumab and galcanezumab, which target CGPR,
and erenumab, which targets CGRP receptors (Fig. 7). All
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Table I. Current Prevent Treatments of Migraine, Their Targets, and Proposed Mechanisms of Action.

Preventive Treatment

Targets

Possible Mechanism of Action

Beta blockers (propranolol)

Antiepileptics (valproate, topiramate,
levetiracetam, flunarizine,
gabapentine)

Antidepressors (tricyclic: amitriptyline,
SNRIs: venlafaxine)

SHTR antagonists (pizotifen,
methysergide)
Botulinum toxin

ACE inhibitors (lisinopril, candesartan)

Anti-CGRP (erenumab, fremanezumab)

B1-2 receptor antagonist

Valproate: Na, antagonist

Topiramate: acts on Na,, Ca,, and carbonic
anhydrase, modulates GABA-A and kainate
receptors

Levetiracetam: acts on SV2A (vesicular
protein), Ca,

Flunarizine: calmodulin blocker, HIR, 5HTR,
and D2R antagonist

Gabapentine: Ca, (025) antagonist

Amitriptyline: prevents monoamine reuptake,
multiple potential secondary targets (SHTR,
HI-2R, a IR, Ca, Na, K, etc.)

Venlafaxine: prevents monoamine reuptake

5HT?2R antagonists

Exocytosis of neurotransmitter vesicle

Lisinopril: ACE blocker (reduces production
of angiotensin II)

Candesartan: AT IR antagonist

Erenumab: antibody directed against CGRP
receptor

Fremanezumab: antibody against CGRP
peptide

Stress reduction, neuronal modulation
(descending controls), vascular
effects

Decrease in neuronal excitation

Decrease in neuronal excitation

Decrease in neuronal excitation,
modulation of neuronal activity

Reduces neuronal excitation,
modulation of neuronal activity

Reduces neuronal excitation

Multiple actions: Decrease in neuronal
excitation, modulation of neuronal
activity

Modulation of neuronal activity

Modulation of neuronal activity

Multiple actions: muscle contraction,
neuronal modulation (TRP
trafficking, synaptic transmission)

Multiple actions: Modulation of
neuronal activity (autonomic and
sensory), vascular effect

Modulation of neuronal
function (neurotransmission,
neuromodulation)

Table 2. Current Treatments of Acute Migraine, Their Targets, and Proposed Mechanisms of Action.

Acute Treatment

Targets

Possible Mechanism of Action

First-line analgesics
(paracetamol, NSAID)

Triptans (sumatriptan)

Dihydroergotamine

Paracetamol: multiple targets (modulation
of K,7, TRPVI, Ca 3.2, COXs)

NSAID: inhibition COXs

SHTIB/5HTID agonists

SHTIB/SHTID agonists

Multiple actions: Decrease in neuronal
excitation, modulation of neuronal activity
Reduction of the production of inflammatory

molecules (prostaglandins, etc.)

Modulation of neuronal function, other cells

(vascular for 5SHTIB)

Like triptans, with a potential central and

CGRP antagonists
(rimegepant, ubrogepant)
Ditans (Lasmiditan)

CGRP receptor antagonist

SHTIF/5HTID agonist

vascular effect
Modulation of neuronal function
(neurotransmission, neuromodulation)
Modulation of neuronal function
(neurotransmission, neuromodulation)

three products have demonstrated efficacy for the preven-
tive treatment of chronic and episodic migraine and can be
periodically self-administered (Spindler and Ryan 2020).
In addition, they support the fact that an intervention at the
level of the peripheral nervous system is sufficient to target
migraine headache. Nevertheless, general side effects
caused by monoclonal antibody drugs cannot be excluded

such as flu-like symptoms and allergic reactions in addi-
tion to the “specific” side effects such as dizziness, joint
pain or pruritus and erythema.

Given their abundant expression in DRG, TG sensory
and primary afferent neurons, drugs targeting K,, channels
constitute a promising therapy not only for the treatment of
migraine and its associated pain but also of inflammatory,
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Figure 7. Main targets of currently used and potential future drugs for treating migraine headache. The analgesic action is mainly
exerted by influencing several classes of receptors (ion channels, GPCRs, etc.) at multiple levels of the migraine pain pathway
(peripheral trigeminal sensory neurons, TNC second order and higher neurons in the brain). They are principally acting on the
neuronal hyperexcitability and the sensitization associated to migraine headache. Multiple drugs will aim at limiting the excessive
depolarization through the blockade of inward cation flux (e.g., antiepileptics) or, on the opposite, through the activation of
hyperpolarizing potassium channels (e.g., potential K, agonists). Other classes act on the neuronal modulation (e.g., CGRP

antibodies) or neurotransmitters release (e.g., triptans).

neuropathic or cancer pains (Alloui and others 2006;
Descoeur and others 2011; Noél and others 2009; Pereira
and others 2014). This idea is strengthened by the fact that
K, channels have been shown to be involved in other dis-
eases such as depression (Heurteaux and others 2006),
which severely affect 10% of the population suffering from
migraine disorders, and that some drugs targeting K,
channels have been proved to be effective against migraine,
such as cloxyquin through TRESK activation (Pettingill
and others 2019).

As previously shown, at least three K, channels sub-
units and their respective heteromers have been proved to
be involved in the normal physiology and pathophysiol-
ogy of migraine. TRESK, TREK1, and TREK?2 contain-
ing channels seem to serve as a hub to set the negative
resting potential of TG neurons (Dobler and others 2007;

Lafreniére and others 2010; Royal and others 2019). Thus,
specific pharmacology targeting these channels should be
potentially relevant for the development of anti-migraine
treatment. Furthermore, targeting heterodimers would
allow to reach higher specificity. Currently, only a small
number of agonists of the aforementioned channels have
been studied to be effective for migraine treatment.
Among them, the anti-leukotriene agent Montelukast for
asthma management has been demonstrated to act as a
well-tolerated and prophylactic agent against acute
migraine episodes at dosages of 10 to 20 mg per day
(Sheftell and others 2000). Its efficacy may lie in its abil-
ity to specifically activate TRESK and TRESK heteromer
channels (Wright and others 2019).

During migraine, experimental studies have demon-
strated an increase of prostaglandin 2 (PGE2) in
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the trigeminovascular system, where their receptors are
distributed along TG and TNC neurons and induce vasodi-
lation of cranial vessels (Antonova and others 2013). PGE2
is also known to be a potent inhibitor of TREK1 channels
(Honoré 2007). Non-steroidal anti-inflammatory drugs
(NSAIDs), which represent another widespread treatment
to manage headache in acute migraine, may eventually
avoid TREK1 inhibition.

Finally, although they have not yet been clinically
tested, a number of selective activators of K,, channels
should also be considered for chronic migraine prevention.
Among them, it is worth mentioning ML67-33, a well-
known specific activator of TREK 1, TREK2, and TRAAK
channels, that exhibit an EC,, in micromolar range
(Bagriantsev and others 2013). Further development of
selective agents targeting specific heterodimers involving
TRESK may be considered to increase specificity and to
reduce secondary drug effects.

Concluding Remarks

Migraine is a common and disabling disease associated
with disorders in neuronal excitability and cerebral
blood flow. The complexity of the underlying pro-
cesses which are not yet fully understood still render
migraine treatment difficult. Currently, it is assumed
that migraine headache is triggered by TG neuron acti-
vation. Hyperexcitability of TG fibers evokes release
of vasoactive neuropeptides that enhance vasodilation
causing neurogenic inflammation. This leads to a pain
response to be conveyed to higher brain centers,
including cortex, hypothalamic, brainstem and basal
ganglia nuclei. The mechanisms leading to trigeminal
hyperexcitability have not been fully elucidated until
very recently.

K,, channels, namely homo- and heterodimers of
TRESK, TREK1, and TREK2, seem to play a key role in
TG neuronal excitability and are therefore promising targets
for migraine treatment. The discovery of a new type of trans-
lation initiation, generating several protein forms that can
regulate other channels by heteromerization, clarified the
understanding of K,, channel implication in this disease.
Henceforth, the novel role of K, channels in migraine, as
well as their ability to generate functional and non-func-
tional heterodimers, provides motivation for developing a
deeper understanding of their function and organization
within the plasma membrane and demonstrates that they
have to be now taken into consideration for the development
of highly specific pharmacological agents to treat migraine.
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THERAPEUTIC USE OF CALCIUM-ACTIVATED CHLORIDE CHANNEL
PEPTIDE ACTIVATOR

FILED OF THE INVENTION

The present disclosure relates to a calcium-activated chloride channel peptide activator and

its therapeutic use.
BACKGROUND

Calcium-activated chloride channels (CaCCs) belonging to the Anoctamin protein
superfamily play a major role in cell physiology, including signal transduction, regulation of
cardiac and neuronal excitability, epithelial secretion and muscle contraction, among others
(Hartzell et al., 2005; Pedemonte and Galietta, 2014). Given this broad range of functions,
chloride channel dysfunction leads to a large spectrum of diseases. These diverse pathologies
include cystic fibrosis, salivary gland dysfunction, such as in Sjogren's syndrome and caused
by radiation injury, dry eye syndrome, dry mouth, gastrointestinal hypomotility disease and

cardiac arrythmia.

TMEMI16A was first member of this superfamily to be identified (Caputo et al., 2008;
Schroeder et al., 2008; Yang et al., 2008). The structure of TMEM16A was recently
elucidated, defining the channel as homodimer consisting of ten transmembrane domains per
subunit with an extensive intracellular domain that adopts a ferredoxin-like folding (Dang et

al., 2017). Nevertheless, no B-subunit has been identified for this channel up to now.

Several TMEM16A agonists have been identified. For instance, a functional cell-based
screen of small-molecule collections allows to identify small molecules reported to activate
TMEMI16A (Namkung, W. et al. FASEB J. 2011, 25, 4048-4062; W02013/002793).
However, these compounds may be unable to activate endogenous TMEMI16A in cells

(Centeio R. et al. Int. J. Mol. Sci. 2020, 21, 2557).

Thus, it remains a need to discover new compounds that specifically activate Ca**-activated
chloride channel independently of the presence of calcium and produce sustained activation

of CI" conductance.
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KCNE1 is a 129-residue peptide, with a single short hydrophobic plasma membrane
spanning domain and carboxy- and amino-terminal domains facing towards the intracellular
and extracellular side, respectively (Takumi, T., et al. 2018, Science, 242, 1042-1045). When
injected in Xenopus oocytes, KCNEI produces a slowly activating K* current (Takumi, T.,
et al. 2018, Science, 242, 1042-1045). For this reason, KCNE1 was initially believed to be
the minimal sequence that could encode for a K channel (Goldstein, S.A., and Miller, C.
1991, Neuron 7, 403-408; Wang, K.W., and Goldstein, S.A. 1995. Neuron 14, 1303- 9).
Experiments in other heterologous cell models questioned this finding since expression of
KCNEI alone is not able to induce currents in mammalian cell lines (Lesage, F., et al. 1993,
Receptors Channels, 1, 143-152). This enigma was resolved by the discovery that Xenopus
oocytes express endogenous KCNQ1 channels, which are modulated by KCNE1 (Barhanin,
J. et al. 1996. Nature 384, 78-80; Sanguinetti, M.C. et al. 1996, Nature 384, 80-83). These
experiments showed that KCNE]1 is not encoding for an a-subunit but for an ancillary ()
subunit of the voltage-dependent potassium KCNQI channel that underlies the slow
repolarizing component in cardiac action potential (IKs) (Barhanin, J. et al. 1996. Nature
384, 78-80; Sanguinetti, M.C. et al. 1996, Nature 384, 80-83). In addition to the K* current
described above, a voltage-dependent CI” current was observed upon injection of cRNA of
KCNEI1 in Xenopus oocytes (Attali, B. et al. 1993. Nature 365, 850-852), and up to now,

the molecular identity of this current remained elusive.
SUMMARY OF THE INVENTION

The inventors hypothesized that KCNEI serves as a [B-subunit of the pore forming
TMEMI16A subunits to induce the KCNE1-induced CI° current, described 30 years ago
(Attali, B. et al. 1993. Nature 365, 850-852), not anymore gated by Ca®" but exclusively by
voltage. Using electrophysiology in heterologous and native systems and single molecule
pulldown assays, the inventors demonstrate that KCNE1 interacts physically with
TMEMI16A, inducing a sustained voltage-dependent chloride current in the absence of
increased cytoplasmic Ca®". Importantly, the inventors found that clinically relevant
inherited polymorphisms within the KCNE1-regulating domain, including the common
S38G polymorphism, abolish the KCNE1-dependent regulation of TMEM16A, indicating

that this current may contribute to inherited pathologies.

The present invention relates to a TMEM16A peptide activator for use as a medicament

comprising or consisting of the sequence L-A-R-X1-S-X2-X3-X4-X5 (SEQ ID NO: 3)
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wherein said X1 is arginine, lysine or histidine; X2 is proline or glutamine; X3 is arginine

or leucine; X4 is serine or arginine and X5 is glycine or aspartic acid.

In particular, the peptide comprises or consists of the sequence L-A-R-X1-S-X2-X3-X4-X5-
D-X6-K-L (SEQ ID NO: 4) wherein said X1 is arginine, lysine or histidine, X2 is proline or
glutamine, X3 is arginine or leucine, X4 is serine or arginine, X5 is glycine or aspartic acid

and X6 is glycine or serine.

In the preferred embodiment, said peptide for use according to the present invention
comprises the amino acid sequence L-A-R-R-S-P-R-S-S (SEQ ID NO: 1) or a functional
variant thereof, more preferably amino acid sequence L-A-R-R-S-P-R-S-S-D-G-K-L (SEQ
ID NO: 2) or a functional variant thereof. In another preferred embodiment, said peptide is
of 8 to 100 amino acids residues, preferably 8 to 20 amino acids residues, more preferably
13 to 20 amino acids residues. The peptide for use according to the present invention
comprises or consists of an amino sequence which is at least 90 % identical to an amino
acids sequence of: SEQ ID NO: 1 or 2, more particularly comprises or consists of an amino
acid sequence comprising or consisting of an amino acid sequence having no more than 3

conservative substituted amino acids residues as compared to SEQ ID NO: 1 or 2.

In another aspect, the present invention relates to a nucleic acid or an expression vector

comprising said nucleic acid encoding the peptide as described above for use as medicament.

In a preferred embodiment, the peptide, nucleic acid or expression vector is for use in the
treatment of diseases caused by chloride channel dysfunction, preferably selected from the
group consisting of: cystic fibrosis, dry mouth, dry eye syndrome, cardiac arrhythmia and

gastrointestinal hypomobility disease, preferably dry eye syndrome.

In another aspect, the present invention also relates to a pharmaceutical composition
comprising the peptide, nucleic acid or expression vector as described above and a
pharmaceutically acceptable carrier. The present invention also relates to the peptide of 8 to
100 amino acids residues, preferably 8 to 20 amino acids residues, more preferably 13 to 20
amino acids residues comprising an amino sequence of SEQ ID NO: 1 or 2 or an amino

sequence which is at least 90 % identical to an amino acids sequence of: SEQ ID NO: 1 or

2.
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Finally, the present invention also relates to the use of the peptide, the nucleic acid or the

expression vector as described above as a chloride channel activator.

FIGURE LEGENDS

Figure 1. KCNE1 converts the CaCC TMEM16A into a voltage-dependent chloride
channel. (A) Representative current traces showing the effect of expression of either
KCNE1 or TMEM16A or both TMEM16A and KCNE1 in HEK293T cells. Traces were
generated using pulses between -100 and +100 mV at 20 mV intervals from a holding
potential of -80 mV. (B) Summary of current densities obtained at +100 mV. (C-D)
Representative traces showing the effect of application of either niflumic acid (NFA, 100
uM, C), T16A(inh)A01 (10 uM, C) or Ani9 (300 nM, D). (E-F) Representative traces of
TMEMI6A alone (E) or co-expressed with KCNEI (F) in the presence of 1 mM of BAPTA.
Currents were elicited by voltage-ramps (from -100 to +100 mV, Is duration), insets show
a summary of current densities obtained at +100 mV. Mann-Whitney test (** p <0.01, ***

p <0.001). Mean + SEM.

Figure 2. KCNEI1 expression does not lead to an increase of intracellular Ca*". (A)
Representative current traces obtained from HEK293T cells transfected with SK4 and either
an empty vector or KCNE1 at different Ca®" concentrations. SK4 current is not activated by
KCNE1 coexpression showing the absence of intracellular calcium increase. Traces were
generated using pulses between -100 and +100 mV from a holding potential at -80 mV. (B)
Summary of current densities obtained at +100 mV. Mann-Whitney test (** p < 0.05, *** p
<0.001). Mean + SEM.

Figure 3. KCNE1 and TMEM16A interact in a 2a:2p complex. (A) Schematic of single
molecule pulldown (SiMPull) assay of TMEMI6A. Lysates of HEK293T cells co-
expressing TMEMI16A-GFP and HA-tagged KCNEI were immobilized on a PEG-
passivated coverslip conjugated to a biotinylated anti-HA antibody. (B) Representative TIRF
image of single molecules showing the pulldown of TMEM16A-GFP by HA-KCNEI. (C)
Representative trace showing two photobleaching steps (red arrows) of TMEM16A-GFP
(AU, for Arbitrary Units). (D) Summary of photobleaching step distribution for TMEM16A-
GFP. (E-H), same as (A-D) for the SiMPull of KCNE1-GFP by HA-TMEMI16A. (I-L)
Specificity of the anti-HA antibody. (I-J) SiMPull assay with TMEM16A-GFP in the
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absence of HA-KCNEL1. (K-L) SiMPull assay with KCNE1-GFP in the absence of HA-
TMEMI16A.

Figure 4. KCNE1-TMEM16A complex creates a voltage-dependent chloride current in
proximal convoluted tubule (PCT) cells. (A) Representative traces obtained from wild
type and kcnel” PCT cells. (B-D) Representative traces from wild type cells after incubation
with NFA (100 uM, B), A01 (10 uM, C), Ani9 (5 uM, D). (E) Trace obtained after
transfection with siRNA against TMEM16A. (F) Trace obtained from a kcnel”” PCT cell
after transfection with KCNE1 cDNA. Currents were generated by voltage-ramps (from -
100 to +100 mV, 1s duration). Insets show current densities. Mann-Whitney test (*** p <

0.001). Mean + SEM.

Figure S. The pre-transmembrane domain (Nter13) of KCNE] is sufficient for KCNE1-
induced TMEM16A conversion. (A) Cartoon depicting KCNE1 truncated forms used to
determine the domains implicated in TMEMI16A interaction. (B-C) Representative traces
obtained from HEK293T cells co-expressing TMEM16A and KCNE1ACt, KCNE1ANt (B),
KCNE1ANt16 or KCNE1ANt30 (C). (D) Representative traces showing the effect of the
Nter13 and a scrambled peptide on a HEK293T cell expressing TMEM16A alone. Currents
were elicited by voltage-ramps (from -100 to +100 mV, 1s duration). Insets show the
summary of current densities obtained for the different conditions at +100 mV. Mann-

Whitney test (*** p < 0.001). Mean + SEM.
y p

Figure 6. Nter13 peptide is sufficient to switch the functioning mode of TMEM16A. (A)
Representative current traces from a Xenopus oocyte, expressing endogenously TMEMI16A,
obtained after application of the Nter13 peptide (100 uM) and wash-out. (B) Representative
traces showing the effect of Nter13 peptide application (100 uM) and its reversion by Ani9
(5 uM) on a HEK293T cell expressing TMEM16A alone. (C) Effect of Nter13 peptide on
TMEMI16A current over time followed by inhibition through co-application of Ani9 in
HEK293T cells. (D) Concentration-response curve representing the current density observed

for different peptide concentrations in HEK293T cells expressing TMEM16A. Mean + SEM.

Figure 7. The KCNE1 S38G and R32H do not impair the KCNQ1 regulation, but
abolish TMEM16A regulation. (A) Current traces of whole-cell patch-clamp recordings
from cells transfected with wild type KCNQI alone and co-transfected with KCNEI or
KCNE1R32H or KCNE1S38G. (B) Summary of current densities obtained for the different
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conditions at +40 mV. (C-D) Same as A-B, with cells co-expressing KCNEI1 and
TMEM16A. Current densities were calculated at +100 mV. Mann-Whitney test (** p <0.05,
*#% p <0.001). Mean + SEM.

DETAILED DESCRIPTION OF THE INVENTION

The inventors showed that a KCNEI1 subunit interacts with TMEM16-A calcium-activated
chloride channel to activate Cl° conductance, switching TMEM16-A from a calcium
dependent to a voltage-dependent channel. In particular, the inventors showed that a N-
terminal fragment of the KCNE1 closer to the transmembrane domain of KCNEI1

recapitulates the action of KCNE1 on TMEM16-A channel CI” conductance.
Calcium-dependent chloride channel peptide activator

Thus, the present disclosure relates to a calcium-dependent chloride channel peptide
activator also named herein TMEM16A peptide activator comprising or consisting of a
functional N-terminal fragment of KCNEI protein that binds TMEM16A and induces

chloride conductance activation.

By “calcium-dependent chloride channel activator” it is intended a compound that binds on
calcium-dependent chloride channel and increases Cl” conductance. According to the present
disclosure, said calcium-dependent chloride channel activator binds TMEMI16A and

increase Cl” conductance.

Herein, the terms "peptide", "oligopeptide", "polypeptide" and "protein" are employed
interchangeably and refer to a chain of amino acids linked by peptide bonds, regardless of

the number of amino acids forming said chain.

The potassium voltage-gated channel subfamily E regulatory subunit 1 (KCNE1), also
known as ISK, JLNS, LQTS5, MinK, JLNS2 or LQT2/5 human gene (Gene ID: 3753, updated
on 1 Jun-2020) encodes a protein of 129 amino acids (NCBI reference: NP_000210.2).

The TMEM16-A activator peptide according to the disclosure comprises or consists of
contiguous amino acid residues between positions 30 to 38 (SEQ ID NO: 1), preferably
between positions 30 to 42 (SEQ ID NO: 2) (Nter 13Peptide) of the human KCNE1 protein
sequence (NCBI reference: NP_000210.2).
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Since KCNE1 N-terminal fragment are well conserved, fragment originating from other
animal species can be used. e. g mouse or rat KCNEI protein. The positions of KCNE1
amino acids corresponding to those of the human KCNE] protein can be easily identified by

sequence alignments.

As for example, the TMEM16-A activator peptide comprising or consisting of contiguous
amino acid residues between positions 31 to 39, preferably between 31 to 43 of the rat
KCNEI1 protein sequence (NCBI reference sequence: NP _0371105.1) can also be used.
Advantageously, the TMEM16A peptide activator comprises or consists of human N-
terminal KCNE1 fragment and bind to human TMEM16A.

In a particular embodiment, the peptide according to the present disclosure may be a

functional variant of the TMEM16A peptide activator as described above.

As used herein, the term "TMEMI16A peptide activator functional variant" refers to a
polypeptide sequence that is derived from TMEM16A peptide activator as described above
and comprises an alteration, i.e., a substitution, insertion, and/or deletion, at one or more
(e.g., several) positions, but retains the capacity to activate TMEM16A channel. The variant
may be obtained by various techniques well known in the art. Examples of techniques for
altering the DNA sequence encoding the native protein, include, but are not limited to, site-

directed mutagenesis, random mutagenesis and synthetic oligonucleotide construction.

Preferably, as used herein, the term "variant" or “functional variant” refers to a polypeptide
having an amino acid sequence having at least 70, 75, 80, 85, 90, 95 or 99% sequence identity
to amino acid sequence of SEQ ID NO: 1 or 2. As used herein, the term "sequence identity"
or "identity" refers to the number (%) of matches (identical amino acid residues) in positions
from an alignment of two polypeptide sequences. The sequence identity is determined by
comparing the sequences when aligned so as to maximize overlap and identity while
minimizing sequence gaps. In particular, sequence identity may be determined using any of
a number of mathematical global or local alignment algorithms, depending on the length of
the two sequences. Sequences of similar lengths are preferably aligned using a global
alignment algorithms (e.g. Needleman and Wunsch algorithm; Needleman and Wunsch,
1970) which aligns the sequences optimally over the entire length, while sequences of
substantially different lengths are preferably aligned using a local alignment algorithm (e.g.

Smith and Waterman algorithm (Smith and Waterman, 1981) or Altschul algorithm
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(Altschul et al, 1997; Altschul et al., 2005). Alignment for purposes of determining percent
amino acid sequence identity can be achieved in various ways that are within the skill in the
art, for instance, using publicly available computer software available on internet web sites
such as http://blast.ncbi.nlm.nih.gov/ or http://www.ebi.ac.uk/Tools/emboss/. Those skilled
in the art can determine appropriate parameters for measuring alignment, including any
algorithms needed to achieve maximal alignment over the full length of the sequences being
compared. For purposes herein, % amino acid sequence identity values refers to values
generated using the pair wise sequence alignment program EMBOSS Needle that creates an
optimal global alignment of two sequences using the Needleman- Wunsch algorithm,
wherein all search parameters are set to default values, i.e. Scoring matrix = BLOSUMG62,
Gap open = 10, Gap extend = 0.5, End gap penalty = false, End gap open = 10 and End gap
extend = 0.5.

Preferably, the term "variant" or “functional variant” refers to a polypeptide having an amino
acid sequence that differs from a sequence of SEQ ID NO: 1 by less than 5, 4, 3 or 2

substitutions, insertions and/or deletions.

More preferably, the term "variant" or “functional variant” refers to a polypeptide having an
amino acid sequence that differs from a sequence of SEQ ID NO: 2 by less than 6, 5, 4, 3 or

2 substitutions, insertions and/or deletions.

In particular, the functional variant is substantially homologous to amino acid sequence SEQ
ID NO: 1 or 2. Two amino acid sequences are “homologous”, “substantially homologous”
or “substantially similar” when one or more amino acid residues are replaced by a

biologically similar residue, i.e. conservative substitution.

In a preferred embodiment, the functional variant differs from the amino acid sequence of
SEQ ID NO: 1 by one or more conservative substitutions, preferably by less than 5, 4, 3, or

2 conservative substitutions

In a more preferred embodiment, the functional variant differs from the amino acid sequence
of SEQ ID NO: 2 by one or more conservative substitutions, preferably by less than 6, 5, 4,

3, or 2 conservative substitutions.
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By "substituted" or "modified" the present invention includes those amino acids that have

been altered or modified from naturally occurring amino acids.

The term "conservative substitution" as used herein denotes the replacement of an amino
acid residue by another, without altering the overall conformation and function of the
peptide, including, but not limited to, replacement of an amino acid with one having similar
properties (such as, for example, polarity, hydrogen bonding potential, acidic, basic, shape,

hydrophobic, aromatic, and the like).

Examples of conservative substitutions are within the groups of basic amino acids (arginine,
lysine and histidine), acidic amino acids (glutamic acid and aspartic acid), polar amino acids
(glutamine and asparagine), hydrophobic amino acids (methionine, leucine, isoleucine and
valine), aromatic amino acids (phenylalanine, tryptophan and tyrosine), and small amino

acids (glycine, alanine, serine and threonine).

TMEM16 peptide activator capacity of a variant to activate TMEM16A channel may be
assessed by any method known by the skilled person as described above. For instance,
TMEMI16A activity may be assessed by patch-clamp or Two-Electrode-Voltage-Clamp
(TEVC) experiments as described in examples in electrophysiology assay. In particular, the
capability of a peptide functional variant to induce of voltage-dependent current as described
above can be measured by patch-clamp experiments in cells, such HEK293T cells which co-
express TMEMI6A and said peptide or TEVC experiment on Xenopus oocytes which
endogenously expressed TMEMI16A.

Preferably, amino acid residues important for TMEM16A activation are conserved in the
functional variant, said residue corresponds to arginine at the position 32 and/or serine at the
position 38 of the human KCNEI protein sequence (NCBI reference: NP_000210.2 accessed
on July 04, 2020).

In a particular embodiment, said TMEMI16A peptide activator comprises or consists of a

sequence L-A-R-X1-S-X2-X3-X4-X5 (SEQ ID NO: 3) wherein said

- Xl is any one of 20 amino acids, preferably arginine, lysine or histidine,
- X2 is any one of 20 amino acids, preferably proline or glutamine,

- X3 is any one of 20 amino acids, preferably arginine or leucine, and
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- X4 is any one of 20 amino acids, preferably serine or arginine and,

- X5 is any one of 20 amino acids, preferably serine or aspartic acid.

In a more preferred embodiment, said TMEM16A peptide activator comprises or consists of

the sequence L-A-R-X1-S-X2-X3-X4-X5-D-X6-K-L (SEQ ID NO: 4) wherein said

- Xl is any one of 20 amino acids, preferably arginine, lysine or histidine,
- X2 is any one of 20 amino acids, preferably proline or glutamine,

- X3 is any one of 20 amino acids, preferably arginine or leucine,

- X4 is any one of 20 amino acids, preferably serine or arginine,

- X5 is any one of 20 amino acids, preferably serine or aspartic acid and,

- X6 is any one of 20 amino acids, preferably glycine or serine.

In a more preferred embodiment, said TMEM16A peptide activator comprises or consists of

amino acid sequence of SEQ ID NO: 1 or 2.

Preferably, the TMEM16A activator peptide as described above is of 8 to 100 amino acids
residues, preferably 8 to 20 amino acids residues, more preferably 13 to 20 amino acids

residues.

More preferably, the TMEM16A activator peptide is of 8 to 100 amino acids residues,
preferably 8 to 20 amino acids residues, more preferably 13 to 20 amino acids residues and
comprises amino acid sequence of SEQ ID NO: 1 or 2 or an amino acid sequence having at
least 70, 75, 80, 85, 90, 95 or 99% sequence identity to amino acid sequence of SEQ ID NO:
1 or 2 or an amino acid sequence that differs from the amino acid sequence of SEQ ID NO:
1 or 2 by one or more conservative substitutions, preferably by less than 6, 5, 4, 3, or 2

conservative substitutions.
Peptide preparation

Peptides described herein can be synthesized using standard synthetic methods known to

those skilled in the art, for example chemical synthesis or genetic recombination.

In a preferred embodiment, peptides are obtained by stepwise condensation of amino acid
residues, either by condensation of a preformed fragment already containing an amino acid
sequence in appropriate order, or by condensation of several fragments previously prepared,

while protecting the amino acid functional groups except those involved in peptide bond
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during condensation. In particular, the peptides can be synthesized according to the method

originally described by Merrifield.

Examples of chemical synthesis technologies are solid phase synthesis and liquid phase
synthesis. As a solid phase synthesis, for example, the amino acid corresponding to the C-
terminus of the peptide to be synthesized is bound to a support which is insoluble in organic
solvents, and by alternate repetition of reactions, one wherein amino acids with their amino
groups and side chain functional groups protected with appropriate protective groups are
condensed one by one in order from the C-terminus to the N- terminus, and one where the
amino acids bound to the resin or the protective group of the amino groups of the peptides
are released, the peptide chain is thus extended in this manner. Solid phase synthesis methods
are largely classified by the tBoc method and the Fmoc method, depending on the type of
protective group used. Typically used protective groups include tBoc (t-butoxycarbonyl),
Cl-Z (2-chlorobenzyloxycarbonyl), Br-Z (2- bromobenzyloyycarbonyl), Bzl (benzyl), Fmoc
(9-fluorenylmcthoxycarbonyl), Mbh (4, 4'- dimethoxydibenzhydryl), Mtr (4-methoxy-2, 3,
6-trimethylbenzenesulphonyl), Trt (trityl), Tos (tosyl), Z (benzyloxycarbonyl) and Clz-Bzl
(2, 6-dichlorobenzyl) for the amino groups; NO2 (nitro) and Pmc (2,2, 5,7, 8-
pentamethylchromane-6-sulphonyl) for the guanidino groups); and tBu (t-butyl) for the
hydroxyl groups). After synthesis of the desired peptide, it is subjected to the de-protection
reaction and cut out from the solid support. Such peptide cutting reaction may be carried
with hydrogen fluoride or tri-fluoromethane sulfonic acid for the Boc method, and with TFA

for the Fmoc method.

Alternatively, the peptide may be synthesized using recombinant techniques. In this case, a
nucleic acid construct comprising or consisting of a nucleic acid sequence encoding a peptide
according to the disclosure, polynucleotides with nucleic acid sequences complementary to
one of the above sequences and sequences hybridizing to said polynucleotides under

stringent conditions.

The N- and C-termini of the peptides described herein may be optionally protected against
proteolysis. For instance, the N-terminus may be in the form of an acetyl group, and/or the
C-terminus may be in the form of an amide group. Internal modifications of the peptides to
be resistant to proteolysis are also envisioned, e.g. wherein at least a -CONH- peptide bond
is modified and replaced by a (CH2NH) reduced bond, a (NHCO) retro- inverso bond, a
(CH2-0) methylene-oxy bond, a (CH2-S) thiomethylene bond, a (CH2CH2) carba bond, a
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(CO-CH2) cetomethylene bond, a (CHOH-CH2) hydroxyethylene bond), a (N-N) bound, a
E-alcene bond or also a -CH=CH-bond.

For instance the peptide may be modified by acetylation, acylation, amidation, cross-
linking, cyclization, disulfide bond formation, formation of covalent cross-links, formation
of cysteine, formation of pyroglutamate, formylation, gamma-carboxylation, glycosylation,
GPI anchor formation, hydroxylation, iodination, methylation, myristylation, oxidation,

phosphorylation, and the like.

The peptides of the invention may be composed of amino acid(s) in D configuration, which
render the peptides resistant to proteolysis. They may also be stabilized by intramolecular
crosslinking, e.g. by modifying at least two amino acid residues with olefinic side chains,
preferably C3-C8 alkenyl chains, preferably penten-2-yl chains) followed by chemical
crosslinking of the chains, according to the so-called "staple" technology described in
Walensky et al, 2004. For instance, amino acids at position i and i+4 to i+7 can be substituted
by non-natural amino acids that show reactive olefinic residues. All these proteolysis-

resistant chemically modified peptides are encompassed in the present dsiclosure.

In another aspect of the invention, peptides are covalently bound to a polyethylene glycol
(PEG) molecule by their C-terminal terminus or a lysine residue, notably a PEG of 1500 or
4000 MW, for a decrease in urinary clearance and in therapeutic doses used and for an
increase of the half-life in blood plasma. In yet another embodiment, peptide half- life is
increased by including the peptide in a biodegradable and biocompatible polymer material
for drug delivery system forming microspheres. Polymers and copolymers are, for instance,
poly(D,L-lactide-co-glycolide) (PLGA) (as illustrated in US2007/0184015, SoonKap Hahn
et al).

Nucleic acid construct and expression vector

The disclosure further relates to a nucleic acid encoding TMEMI6A peptide activator

according to the present disclosure.

In a preferred embodiment, said nucleic acid encoding TMEM16A peptide is comprised in
a nucleic acid construct which further comprises regulatory sequences (such as a suitable
promoter(s), enhancer(s), terminator(s), etc.) allowing the expression (e.g. transcription and

translation) of a peptide according to the disclosure in a host cell.
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The term “nucleic acid construct” as used herein refers to a man-made nucleic acid molecule
resulting from the use of recombinant DNA technology. A nucleic acid construct is a nucleic
acid molecule, either single- or double-stranded, which has been modified to contain
segments of nucleic acids sequences, which are combined and juxtaposed in a manner, which
would not otherwise exist in nature. A nucleic acid construct usually is a “vector”, i.e. a

nucleic acid molecule which is used to deliver exogenously created DNA into a host cell.

The nucleic acid construct as described above may be contained in an expression vector. The
vector may be an autonomously replicating vector, i.e., a vector that exists as an extra-
chromosomal entity, the replication of which is independent of chromosomal replication,
e.g., a plasmid, an extra-chromosomal element, a mini-chromosome, or an artificial
chromosome. The vector may contain any means for assuring self-replication. Alternatively,
the vector may be one that, when introduced into the host cell, is integrated into the genome

and replicated together with the chromosome(s) into which it has been integrated.

Examples of appropriate vectors include, but are not limited to, recombinant integrating or
non- integrating viral vectors and vectors derived from recombinant bacteriophage DNA,
plasmid DNA or cosmid DNA. Preferably, the vector is a recombinant integrating or non-
integrating viral vector. Examples of recombinant viral vectors include, but not limited to,
vectors derived from herpes virus, retroviruses, lentivirus, vaccinia viruses, adenoviruses,

adeno-associated viruses or bovine papilloma virus.

In a preferred but non-limiting aspect, a genetic construct of the invention comprises 1) at
least one nucleic acid of the invention; operably connected to ii) one or more regulatory
elements, such as a promoter and optionally a suitable terminator; and optionally also iii)
one or more further elements of genetic constructs such as 3'- or 5'-UTR sequences, leader
sequences, selection markers, expression markers/reporter genes, and/or elements that may

facilitate or increase (the efficiency of) transformation or integration.

The control sequence may include a promoter that is recognized by epithelial cells. The
promoter contains transcriptional control sequences that mediate the expression of
TMEMI16A peptide activator upon introduction into a host cell. The promoter may be any
polynucleotide that shows transcriptional activity in cells including mutant, truncated, and
hybrid promoters. The promoter may be a constitutive or inducible promoter, preferably a

constitutive promoter, and more preferably a strong constitutive promoter.
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In another aspect, the invention relates to a host or host cell that expresses (or that under
suitable circumstances is capable of expressing) a peptide of the disclosure; and/or that
contains a nucleic acid construct of the invention. The method of producing the peptide may
optionally comprise the steps of purifying said peptide, chemically modifying said peptide,

and/or formulating said peptide into a pharmaceutical composition.

Pharmaceutical composition

In a further aspect, the present disclosure also provides a pharmaceutical composition
comprising a TMEM16A peptide activator, a nucleic acid or expression vector encoding said

peptide as described above, and a pharmaceutically acceptable excipient.

The pharmaceutically acceptable excipient is selected according to the route of
administration and the nature of the active ingredient, e.g. a peptide, a nucleic acid or a vector
expression. As used herein, the term "pharmaceutically acceptable" means approved by a
regulatory agency or recognized pharmacopeia such as European Pharmacopeia, for use in
animals and/or humans. The term "excipient" refers to a diluent, adjuvant, carrier, or vehicle
with which the therapeutic agent is administered. As is well known in the art,
pharmaceutically acceptable excipients are relatively inert substances that facilitate
administration of a pharmacologically effective substance and can be supplied as liquid
solutions or suspensions, as emulsions, or as solid forms suitable for dissolution or
suspension in liquid prior to use. For example, an excipient can give form or consistency, or
act as a diluent. Suitable excipients include but are not limited to stabilizing agents, wetting
and emulsifying agents, salts for varying osmolality, encapsulating agents, pH buffering
substances, and buffers. Such excipients include any pharmaceutical agent suitable for direct

delivery to the eye which may be administered without undue toxicity.

The pharmaceutical composition is formulated for administration by a number of routes,

including but not limited to oral, parenteral and local.

The pharmaceutically acceptable carriers are those conventionally used. The pharmaceutical
composition comprises a  therapeutically effective amount of  the
peptide/polynucleotide/vector, e.g., sufficient to show benefit to the individual to whom it is
administered. The pharmaceutically effective dose depends upon the composition used, the

route of administration, the type of mammal (human or animal) being treated, the physical
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characteristics of the specific mammal under consideration, concurrent medication, and

other factors, that those skilled in the medical arts will recognize.

Possible pharmaceutical compositions include those suitable for oral, rectal, topical,
intraocular or parenteral administration. For these formulations, conventional excipient can

be used according to techniques well known by those skilled in the art.

Preferably, the pharmaceutical composition is suitable for parenteral or ocular
administration. More preferably, the pharmaceutical composition is suitable for ocular
administration including topical ocular instillation and intraocular administration or

transmucosal administration including nasal sprays.

Pharmaceutical compositions according to the invention may be formulated to release the
active drug substantially immediately upon administration or at any predetermined time or

time period after administration.

Therapeutic use

The present disclosure also relates to the TMEMI16A peptide activator, nucleic acid,
expression vector according to the present disclosure for use as medicament, preferably for

use for the treatment of diseases caused by chloride channel dysfunction.

Diseases caused by chloride channel dysfunction includes as non-limiting examples salivary
gland dysfunction such as Sjorgen’s syndrome or gland dysfunction caused by radiation
injury; cystic fibrosis; gastrointestinal hypomotility disorder; cardiac arrythmia such as early
repolarization syndrome; dry mouth and dry eye syndrome. Diseases caused by chloride
channel dysfunction may be treatable by activating chloride channel, in particular

TMEMI16A channel activators.

Dry mouth due to salivary gland dysfunction is caused by multiple diseases, including
Sjogren's syndrome as well as by radiation therapy for head and neck cancers and
medications. Dy mouth is often associated with dysphagia, reduced taste sensation and
opportunistic infections. TMEM16A channel plays an essential role for fluid secretion in

salivary glands (Catalan MA, et al. Proc Natl Acad Sci U S A. 2015;112(7):2263-8).
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Dry eye (keratoconjunctivis sicca) is a related disorder that is very common in the elderly,
which results from lacrimal or Meibomian gland dysfunction. TMEMI16A is the major ion

channel regulating saliva secretion by salivary gland acinar epithelial cells (Romanenko et

al., 2010. J. Biol. Chem. 285, 12990-13001).

Gastrointestinal hypomotility disorder refers to inherited or acquired changes that come with
decreased contractile forces or slower transit. Gastrointestinal hypomotility disorder
includes severe forms, such as pseudo-obstruction or ileus, moderate forms such as
functional dyspepsia, gastroparesis, chronic constipation, and irritable bowel syndrome

(IBS).

Cystic fibrosis is a genetic disease that affects the secretory epithelia of a variety of tissues.
The ability of epithelial cells in the airways, liver, pancreas, small intestine, reproductive
tract and other tissues to transport chloride ions, and accompanying sodium and water, is
severely reduced in cystic fibrosis patients, resulting in respiratory, pancreatic and intestinal
ailments. In cystic fibrosis, defective chloride transport is generally due to a mutation in a
chloride channel known as the cystic fibrosis transmembrane conductance regulator (CFTR;

see Riordan et al., Science 245:1066-73, 1989).

Cardiac arrhythmia is a group of conditions in which the heartbeat is irregular. According to
the present disclosure, cardiac arrythmia is preferably early repolarization syndrome.
Patients of early repolarization syndrome presents current imbalances between epi- and

endo-cardial layers resulting in a dispersion of de- and repolarization.

The disclosure provides also a method for treating a disease caused by chloride channel
dysfunction according to the present disclosure comprising administering to a patient a
therapeutically effective amount of the TMEMI16A peptide activator, nucleic acid,

expression vector or pharmaceutical composition as described above.

By “therapeutically effective amount” refers to an amount effective, at dosages and for
periods of time necessary to achieve the desired therapeutic result. The therapeutically
effective amount of the product of the disclosure, or pharmaceutical composition that
comprises it may vary according to factors such as the disease state, age, sex, and weight of
the individual, and the ability of the product or pharmaceutical composition to elicit a desired

response in the individual. Dosage regimens may be adjusted to provide the optimum
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therapeutic response. A therapeutically effective amount is also typically one in which any
toxic or detrimental effect of the product or pharmaceutical composition is outweighed by

the therapeutically beneficial effects.

As used herein, the term “patient” or “individual” denotes a mammal. Preferably, a patient

or individual according to the disclosure is a human.

In the context of the disclosure, the term "treating" or "treatment", as used herein, means
reversing, alleviating or inhibiting the progress of the disease caused by the chloride channel
dysfunction or condition to which such term applies, or reversing, alleviating or inhibiting
the progress of one or more symptoms of the disorder or condition to which such term

applies.

The product of the present disclosure is generally administered according to known
procedures, at dosages and for periods of time effective to induce a therapeutic effect in the

patient.

The administration can be systemic or local. Systemic administration is preferably parenteral
such as subcutaneous (SC), intramuscular (IM), intravascular such as intravenous (IV) or
intraarterial; intraperitoneal (IP); intradermal (ID), interstitial or else. The administration
may be for example by injection or perfusion. In some preferred embodiments, the
administration is parenteral, preferably intravascular such as intravenous (IV) or
intraarterial. The practice of the present disclosure will employ, unless otherwise indicated,
conventional techniques, which are within the skill of the art. Such techniques are explained

fully in the literature.

In preferred embodiment, said administration is parenteral or ocular administration. More
preferably, the ocular administration including topical ocular instillation and intraocular
administration is used for the treatment of dry eye syndrome and transmucosal

administration including nasal sprays can be used for the treatment of cystic fibrosis.

In a further aspect, the present invention also concerns TMEM16A peptide activator, a
nucleic acid, vector as described above for use to activate chloride channel, in particular
TMEMI16A channel, for example for in vitro diagnostic reagent, drug screening reagent or

research tool to activate TMEM16A channel.
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The following examples are given for purposes of illustration and not by way of limitation.
EXAMPLES

1. Experimental model and subject details
Molecular biology, gene expression and cell culture

mTMEMI6A (kindly provided by Dr Lily Yeh Jan) and hKCNE1 cDNA were subcloned in
pIRES2eGFP, pXOOM, pcDNA3.1, pCDNA3.1-GFP and pCMV-HA vectors. Truncations
and mutations on KCNEI1 were generated by PCR. For SiMPull experiments, HA-tags were
fused to the N-terminus of sequences, whereas GFP-tags were fused to C-terminal part.
HEK293T and PCT cells were transiently co-transfected using Lipofectamine 2000 or the
calcium phosphate method with a total amount of 1 and 3.5 ng of DNA, respectively, and
seeded on 18 mm diameter coverslips. HEK cells were maintained in DMEM with 5% FBS
on poly-L-lysine-coated glass coverslips in 12 well plates. PCT cells from wild type and
knock-out mice were microdissected as described previously and maintained in F12 (Gibco)

on collagen-coated glass coverslips.
Electrophysiology

HEK293T and PCT cell electrophysiology was performed 24 — 48 h after transfection. For
whole-cell patch-clamp experiments cells were recorded in a bath solution containing (in
mM) 150 NaCl, 5 KCl, 2 CaCl, and 10 HEPES, pH 7.4. The glass pipettes (2-5 MQ of
resistance) were filled with (in mM) 5 NaCl, 135 CsCl, 2 MgCL, 5 EGTA, 10 HEPES, pH
7.3.  Total calcium  concentration  was  calculated  with = Maxchelator
(maxchelator.standford.edu) for a temperature of 20°C. HEK293T and PCT cells were
recorded at room temperature in voltage-clamp mode using an Axopatch 200A (Molecular
Devices) amplifier. Signals were filtered at 10 kHz and digitalized at 20 kHz. Whole-cell
currents were elicited by voltage-ramps (from -100 to +100 mV, 1 s) and I-V stimulation
pulses (from -100 to +100 mV in 20 mV increments, 1 s each pulse), holding the cells at -80
mV. Current densities were measured at +100 mV. Cell recordings, data acquisition and
analysis of electrophysiology experiments were performed using pClamp software

(Molecular Devices).
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Single Molecule Pulldown assay

For SiMPull assays, the inventors followed the protocol previously described by Jain et al.,
2011. Nature 473, 484-488. Briefly, HEK293T cells co-transfected with an HA-tagged bait
protein and a GFP-fused prey protein (applying the widely used eGFP A206K mutant which
greatly reduces homodimerization events) were lysed in a buffer containing (in mM): 150
NaCl, 10 Tris pH 7.5, 1 EDTA, protease inhibitor cocktail (Thermo Scientific) and 1.5%
IGEPAL (Sigma). Lysates were collected and pulled-down on coverslips passivated with
PEG (99%) and biotin-PEG (1%) and treated with neutravidin (1.4 mg/mL, Pierce) and
biotinylated anti-HA antibody (15 nM, abcam, #ab26228). Several washes with T50 buffer
(in mM: 50 NaCl, 10 Tris, 20 EDTA; 0.1 mg/mL BSA, pH 7.5) were performed to avoid
unspecific protein binding. Finally, single molecule complexes were imaged using a 488 nm
Argon laser in total internal reflection fluorescence microscopy with a 100x objective
(Olympus). 13 x 13 pm2 movies of 250 frames were acquired at frame rates of 10-30 Hz
and analyzed using Fiji software (NIH). Multiple independent experiments were performed
for each condition and only the spots which were fully bleached at the end of the illumination
were considered. Representative data sets are presented to quantitatively compare the

different conditions (minimum 15 movies per condition, at least analyzed traces per movie).

2. Results

KCNET1 shifts TMEM16A from a calcium dependent to a voltage-dependent CI”

channel

To test the ability of KCNE] to regulate TMEM16A, the inventors used the HEK293T cell
model which does not express neither TMEM16A nor KCNE1 endogenously. Whereas
transfection of HEK293T cells with either TMEM16A or KCNEI1 alone produced no
significant current, co-expression of both proteins induced a voltage-dependent current,
whose density was of 18.1 + 2.8 pA/pF at +100 mV (Figures 1A and 1B). The reversal
potential was -4.8 + 1.3 mV, which is similar to the expected reversal Cl" potential in the
experimental conditions used. This chloride current was inhibited by NFA, T16Ainh-A01
(Davis, A.J. et al. 2013. Br J Pharmacol. 168, 773-784) and also by Ani9, the most specific
TMEMI16A inhibitor (Seo, Y. et al. 2016, PLoS One 11, e0155771) (Figures 1C-E). This
suggests that KCNE1 switches TMEM16A from a calcium-dependent to a voltage-

dependent chloride channel.
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To preclude the possibility that KCNE1 activates endogenous calcium channels, the
inventors conducted similar experiments in the presence of the fast calcium chelator
BAPTA. As shown in Figure 1F, BAPTA did not abolish the formation of the voltage-
dependent current evoked by co-expression of both proteins (3.70 + 0.41 pA/pF vs 21.98 +
5.32 pA/pF in the absence or presence of BAPTA, P < 0.001). To totally rule out a
potential modulation of endogenous calcium channels by KCNEI leading to the
TMEMI6A activation, the inventors co-expressed KCNE1 with the Ca**-activated SK4
channel, which has similar calcium sensitivity (Cao, Y.J., and Houamed, K.M. 1999. FEBS
Lett 446, 137-141) as TMEMI16A. As shown in Figure 2, KCNEI overexpression did
not induce any increase of the SK4 current in absence of calcium. Altogether, these results

exclude an implication of intracellular Ca** in a KCNE1-induced activation of TMEMI16A.

TMEMI16A activation by KCNEI1 involves physical interaction

To be considered as auxiliary subunit, a protein has to interact directly and stably with the
a-subunits. To test the physical association between TMEM16A and KCNEI, the inventor
used the recently developed single molecule pull-down (SiMPull) assay (Jain, A. et al. 2011.
Nature. 473, 484-488; Levitz, J. et al. 2016. Proc Natl Acad Sci U S A. 113, 4194-4199;
Royal, P. et al. 2019. Neuron. 101, 232-245.e236). This technique enables direct
visualization of antibody-immobilized protein complexes (Figures 3A and 3E) allowing to
determine the composition and stoichiometry within single protein complexes by counting
fluorophore bleaching (Jain, A. et al. 2011. Nature. 473, 484-488; Levitz, J. et al. 2016. Proc
Natl Acad Sci U S A. 113, 4194-4199; Royal, P. et al. 2019. Neuron. 101, 232-245.e236).
After co-transfection with the two putative partners KCNE1 and TMEM16A, one of them
fused with an HA affinity tag and the other with a GFP label, and subsequent pull-down, the
inventors observed many fluorescent spots for both conditions, TMEM16A-GFP + HA-
KCNEI1 (Figure 3B) and KCNEI-GFP + HA-TMEMI16A (Figure 3F). This demonstrates
a physical interaction between KCNE1 and TMEM16A. Importantly, when HA-KCNEI1 or
HA-TMEMI16A were not co-expressed, no proteins fused to GFP were isolated (Figure 3J
and 3L), confirming the specificity of the HA-antibody used in SiMPull assays. By
analyzing bleaching steps for immobilized HA-KCNE1-TMEMI16A- GFP complexes, the
inventors were able to determine the number of TMEMI16A-GFP subunits within the
complex. They found that the majority of fluorescence intensity trajectories showed two-

step bleaching (~70%), with the remaining spots bleaching in one step (~20%) or
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occasionally three steps (~10%) (Figures 3C and 2D). This distribution agrees well with the
binomial distribution predicted for a strict dimer based on an estimated GFP maturation
probability of ~75% (Ulbrich, M.H., and Isacoff, E.Y. Nat Methods, 4, 319-2  321;
Zacharias, D.A. et al. 2002. Science, 296, 913-916). Analysis of the SiMPull experiment
with HA-TMEMI16A-KCNEI1-GFP showed that most complexes presented two bleaching
steps (~65%) and some remaining spots bleached in one (~25%) and three steps (~10 %)
(Figures 3G and 3H). This distribution corresponds to the presence of two KCNEI1-GFP
subunits within the protein complex. Therefore, two KCNEI subunits assemble with a single
TMEMI16A channel (Dang, S. et al. 2017. Nature. 552, 426-429; Takumi, T. et al. 1988.
Science, 242, 1042-1045), following a 2a:2f3 stoichiometry.

The complex KCNE1-TMEMI16A generates voltage-dependent CI° currents in

proximal convoluted tubule cells

To be considered as a bona fide auxiliary subunit, the protein must interact with alpha
subunits in a native environment. To confirm that KCNE1 is an auxiliary subunit of
TMEMI6A in native tissue and to eliminate possible artifacts due to heterologous
overexpression, the inventors took advantage of kidney proximal convoluted tubule (PCT)
cells obtained from wild type and kcnel KO mice (Barriére, H. et al. 2003. J] Membr Biol.
193, 153-170). PCT cells are considered as a relevant model as they naturally co-express
both TMEM16A and KCNEI1 (Faria, D. et al. 2014. Kidney Int. 85, 1369-1381; Vallon, V
et al. 2001. J Am Soc Nephrol, 12, 2003-2011) and do not necessitate any genetic
manipulation to record TMEMI16A channel carried currents. Moreover, while no
modification of the K* current was found in PCT cells from kcnel KO mice compared to wild
type, a DIDS (4,4’-Diisothiocyanostilbene-2,2’-disulfonic acid)-sensitive Cl” conductance
was impaired (Barriére al., 2003). The inventors confirmed the loss of current, whose reversal
potential was similar to the expected CI™ reversal potential in kcnel null PCT cells (18.07
+ 1.21 pA/pF vs 5.37 £ 0.56 pA/pF for PCT wild type and KO mice, respectively, P <0.001)
(Figure 4A). This current was inhibited by NFA (4.51 + 0.28 pA/pF), T16A(inh)-A01 (5.52
+ 0.72 pA/pF) and Ani9 (2.88 + 0.38 pA/pF) (Figure 4B-D). Moreover, knock-down of
TMEMI16A by a previously validated siRNA transfection (Sala-Rabanal, M. et al. 2017. J
Biol Chem, 292, 9164-9174) in wild type PCT cells significantly reduced the CI" current
amplitude (4.23 + 0.48 pA/pF) (Figure 4E). This demonstrates the involvement of
TMEM16A subunits in the channel complex responsible for the herein studied CI” current. A
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rescue experiment by KCNEI transfection in kcnel” cells fully restored the voltage-
dependent Cl current (21.59 +1.38 pA/pF) (Figure 4F), showing that the absence of chloride
current in these cells was only due to the KO of kcnel and not due to any modification that

might occur during the culture process.

The N-terminal pre-transmembrane domain of KCNE1 is a key for TMEMI16A

regulation

KCNEI1 is a single transmembrane protein with an extracellular N-terminal part and a C-
terminal domain within the cytosol (Takumi, T. et al. 1988. Science, 242, 1042-1045). To
determine the interacting site with TMEM16A, the inventors produced a series of truncated
KCNE1 forms (Figure 5A) and tested them for their ability to regulate TMEMIOA.
Truncation of the full KCNE1 C-terminal domain did not abolish the KCNE1-mediated
TMEMI16A regulation (25.04 + 4.9 pA/pF, P > 0.15) (Figure 5B). By contrast, deletion of
the full N-terminal domain suppressed the ability of KCNEI to regulate TMEMI16A (6.56
+ 0.89 pA/pF, P < 0.001) (Figure 5B). No effect was observed for the partial N-terminal
truncation ANt16 (25.43 £+ 4.46 pA/pF) nor ANt30 (25.23 £ 6.62 pA/pF) (Figure 5C),
demonstrating that the sequence of 13 residues (from L30 to L42) preceding the
transmembrane domain is essential for TMEMI6A activation. This result is in line with
the previous observation, that a partial deletion of KCNEI, including eight of the 13 amino
acids (KCNE1A11-38) abolished the KCNE1-induced chloride current in Xenopus oocytes
(Attali, B et al. 1993. Nature, 365, 850-852). To check if this small domain is sufficient to
recapitulate the properties of theentire KCNE1 on the TMEMI16A current, the inventors
used a corresponding synthetic peptide (Nterl3), bearing the L30-L42 sequence. In
HEK293T cells expressing TMEM16A, application of 100 uM Nterl3 elicited an Ani9
sensitive current (15.48 + 3.25 pA/pF) (Figure 5D; Figures 6A and 6B). Again, the
reversal potential was similar to the current observed when KCNEI1 is co-expressed,

whereas no effect was observed for an application of scrambled peptide (Figure 5D).

KCNE1 polymorphisms inside the TMEM16A-regulating sequence suppress the CI”

current

Within the 13-residues extracellular domain of KCNEI, previous works have shown that the
common S38G and R32H polymorphisms, which are not or just poorly affecting the
KCNE1-mediated regulation of KCNQI1 (Figure 7A and 7B) (Westenskow et al., 2004;
Yao et al., 2018), may be related to cardiac arrhythmia (Crump, S.M., and Abbott, G.W.
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2014. Front Genet 5, 3). The inventors therefore tested the potential of these two KCNEI
variants to regulate TMEMI16A. The related disease mutation T7I, which is not in the
regulating domain, was used as a control. Whereas mutation T71I did not alter the KCNE1-
dependent regulation of TMEMI16A (24.69 + 1.57 pA/pF, P > 0.4) (Figures 7C and 7D),
both mutations R32H and S38G abolished the ability of KCNE1 to modulate the
TMEMI16A current properties (5.69 + 1.18 pA/pF and 6.96 + 0.78 pA/pF for R32H and
S38G, respectively) (Figures 7C and 7D) suggesting a potential implication of the KCNEI-
KCNQI1 in human diseases.

DISCUSSION

Most of ion channels are assembled as complexes of a pore forming a-subunit, associated
with auxiliary () subunits. In this study, the inventors demonstrate that KCNEI1, which is
classically considered a B-subunit of the cardiac KCNQ1 pore-forming subunit belonging
to the voltage- dependent Kv channel superfamily, serves also as an auxiliary subunit of the
anoctamin superfamily channel TMEM16A, a Ca®'-activated Cl" channel (CaCC). By
interacting stably with TMEM16A following a 2a:2f stoichiometry, KCNEI induces a
voltage-dependent current in the absence of intracellular elevation of calcium. KCNE1
polymorphisms within the TMEMI16A-interacting domain abolish its ability to regulate
TMEMI16A, suggesting a possible implication of this voltage-dependent chloride current in
human diseases. B-subunits of ion channels provide an important source of diversity of
electrical signaling molecular players in cells. Although they cannot induce native currents
per se, they associate with pore-forming subunits of ion channels and modulate their
pharmacological and biophysical characteristics. Their physiological importance is reflected
by the large number of diseases linked to their mutations, such as muscular pathologies,
epilepsy and cardiac arrhythmias (Adelman, 1995, Curr Opin Neurobiol. 5, 286-295;
Cannon, 2007, Neurotherapeutics. 4, 174-183 ; Crump and Abbott, 2014, Front Genet. 5, 3;
Vergult et al., 2015, Eur J Hum Genet. 23, 628-632). KCNEI is a famous example of a K,
B-subunit, which associates with KCNQ1 and hERG to control both I and Iy, components
of the cardiac action potential and for which more than sixty gene variants have been
reported to be associated with human diseases, particularly with cardiac arrhythmias
(Barhanin et al., 1996, Nature. 384, 78-80; Crump and Abbott, 2014, Front Genet. 5, 3;
Sanguinetti et al., 1996, Nature. 384, 80-83; Sanguinetti et al., 1995, Cell. 81, 299-307).

Cross-modulation by B-subunits of pore-forming-a-subunits from the same superfamily of
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ion channels was shown for Nay and Kv channels (Marionneau et al., 2012. J Neurosci. 32,
5716-5727; Nguyen et al., 2012. Proc Natl Acad Sci U S A. 109, 18577-18582). Na,; was
found to coordinate control of K, and Na, channels which derivate from the same ancestor
(Moran et al., 2015, J Exp Biol. 218, 515-525) and belong to the superfamily of voltage-
gated ion channels. The results demonstrate cross-modulation of two different superfamilies
which are not phylogenetically related: the voltage-gated channels and the anoctamins.
The inventors found that, by interacting with TMEM16A, KCNE1 modifies the gating of
this member of the anoctamin superfamily, switching it from a calcium-dependent to a
voltage-dependent channel. The experiments with different Ca** chelators and with a Ca®*-
activated SK channel as a very sensitive reporter demonstrated that activation of this
CaCC is independent of any rise of cytosolic Ca**, the natural activator of the channel
in the absence of KCNE1 (Caputo et al., 2008. Science 322, 590-594; Schroeder et al.,
2008. Cell 134, 1019-1029; Yang et al., 2008. Nature 455, 1210-1215). Clearly, the voltage-
dependent chloride channel superfamily is not restricted to the CIC family, but extends to
the anoctamin family when combined with KCNEI. This also shows that the difference
between Ca’" and voltage-dependent channels is not so strict and that one should rather

consider a continuum of biophysical properties.

Whereas the KCNQI1-KCNE1 stoichiometry remains a matter of debate (Morin and
Kobertz, 2008. Proc Natl Acad Sci U S A. 105, 1478-1482; Murray et al., 2016. Elife. 5;
Nakajo et al., 2010. Proc Natl Acad Sci U S A. 107, 18862-18867; Plant et al., 2014. Proc
Natl Acad Sci U S A. 111, E1438-1446), the inventors found by using the SiMPull assay
(Jain et al., 2011. Nature. 473, 484-488; Levitz et al., 2016. Proc Natl Acad Sci U S A.
113, 4194-4199; Royal et al., 2019. Neuron. 101, 232-245.e236), that the TMEMI16A-
KCNEI1 complex is composed of 2a:2B subunits. The inventors have shown that
this complex takes place in HEK cells upon heterologous expression, but also show that
it is present in native kidney cells, where it mediates a Cl" conductance, which is sensitive to
TMEMI16A inhibitors. This CI conductance cannot be recorded in KCNE1 knock-out cells
or in cell in which KCNEI has been knock-down, and it is rescued inthese cells by KCNE1
re-expression upon transfection. Therefore, the TMEM16A-KCNE1 association is not to only
found upon recombinant over-expression, but can be observed in native cells where it

participates in the maintenance of the resting membrane potential.

The electrophysiological assays, using truncated forms of KCNE1 and synthetic peptides

based on the B-subunit, allowed to determine the crucial role of the N-terminus of KCNE1
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in TMEM16A regulation. More specifically, the inventors have observed that the segment
closer to the transmembrane domain of KCNEI is necessary and sufficient to recapitulate
the action of the entire KCNE1 on the TMEM16A current. The synthetic peptide generated
on the basis of this segment's sequence is the first designed TMEM16A agonist and may
be useful for clinical applications. Notably, activation of an apical chloride channel such
as TMEMI16A triggers the secretion of water, which makes TMEMI6A-targeted

activators potential drug candidates for treatment of cystic fibrosis or dry eyes syndromes.

This 13 amino acid segment bears at least two residues which are subject to polymorphisms
(R32H and S38G) related with cardiac arrhythmias (Crump and Abbott, 2014. Front Genet
5, 3).

Whereas several clinically relevant KCNEI variants were found to modify its ability to
regulate KCNQI, providing a link between these mutations and polymorphisms with
cardiac arrhythmias, the KCNE1 S38G poorly impairs KCNQI regulation by KCNEI1
(Yao et al.,, 2018. Exp Cell Res 18 363, 315-320). The inventors found that the
KCNE1 S38G as well as the R32H mutants, lost their ability to regulate TMEMI16A,

suggesting a potential role of this chloride current in cardiac arrhythmias.

Along this line, a recent study performed in canine heart suggests a protective role for
TMEMI16A against risk of arrhythmias by reducing spatial and temporal heterogeneity of
cardiac repolarization and early after depolarization (Hegyi et al., 2017. Ca. J Mol Cell
Cardiol 109, 27-37).

To sum up, the inventors have found that KCNEI1, a well-known auxiliary subunit of
voltage- dependent K" channels, meets the four needed conditions to be considered as
an auxiliary subunit of the anoctamin anion channel superfamily (Adelman, 1995. Curr Opin
Neurobiol. 5, 286-295; Arikkath and Campbell, 2003. Curr Opin Neurobiol. 13, 298-307. J
Biol Chem. 271, 27975-27978; Cannon, 2007. Neurotherapeutics. 4, 174-183; Gurnett and
Campbell, 1996. Neuron. 7, 403-408; Trimmer, 1998. Curr Opin Neurobiol. 8, 370-374):
first, KCNE1 does not show any ion channel activity by itself, second, KCNEI and
TMEMI16A interact directly and stably with a fixed stoichiometry (2a:2f3), third, KCNE1
modifies drastically the TMEM16A function enabling the channel to work in the absence of
elevated cytosolic calcium, and fourth, KCNE1 regulates TMEM16A in native tissue.
Therefore, KCNE1 fulfills all the criteria of a bona fide auxiliary subunit of two distinct

classes of ion channel superfamilies which are not phylogenetically related: voltage-gated
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cation channels and anoctamin superfamilies. Finally, the TMEM16A-KCNE]1 association
should be considered when analyzing outcomes of clinically relevant KCNE1 mutations,
as emphasized by the finding that two known cardiac arrhythmia related KCNEI variants,
including S38G, lost their ability to regulate TMEM16A.
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CLAIMS

. A TMEMI16A peptide activator for use as a medicament comprising or consisting of

the amino acid sequence L-A-R-R-S-P-R-S (SEQ ID NO: 1) or a functional variant
thereof.

The peptide for use of claim 1 comprising or consisting of the amino acid sequence

L-A-R-R-S-P-R-S-S-D-G-K-L (SEQ ID NO: 2) or a functional variant thereof.

The peptide for use of claim 1 comprising sequence L-A-R-X1-S-X2-X3-X4-X5
(SEQ ID NO: 3) wherein said

- Xl is arginine, lysine or histidine,

- X2 is proline or glutamine,

- X3 is arginine or leucine,

- X4 is serine or arginine and

- X5 is glycine or aspartic acid.

The peptide for use of claim 2 comprising or consisting of the sequence L-A-R-X1-
S-X2-X3-X4-X5-D-X6-K-L (SEQ ID NO: 4) wherein said

- Xl is arginine, lysine or histidine,

- X2 is proline or glutamine,

- X3 is arginine or leucine,

- X4 is serine or arginine,

- X5 is glycine or aspartic acid and

- X6 is glycine or serine.

The peptide for use according to any one of claims 1 to 4 wherein said peptide is of
8 to 100 amino acids residues, preferably 8 to 20 amino acids residues, more

preferably 13 to 20 amino acids residues.



10

15

20

25

30

10.

11.

12.

13.

14.

28

The peptide for use according to any one of claims 1 to 5 comprising or consisting
of an amino sequence which is at least 80 % identical to an amino acids sequence of:

SEQ ID NO: 1 or 2.

The peptide for use according to any one of claims 1 to 6 comprising or consisting
of an amino acid sequence having no more than 3 conservative substituted amino

acids residues as compared to SEQ ID NO: 1 or 2.

A nucleic acid encoding the peptide as defined in claims 1 to 7 for use as a

medicament.

An expression vector comprising a nucleic acid for use of claim 8.

The peptide according to any one of claims 1 to 7, nucleic acid of claim 8 or
expression vector of claim 9 for use in the treatment of diseases caused by chloride

channel dysfunction.

The peptide, the nucleic acid or the vector for use of claim 10 wherein said diseases
caused by chloride channel dysfunction is selected from the group consisting of:
cystic fibrosis, dry mouth, dry eye syndrome, cardiac arrhythmia and gastrointestinal

hypomobility disease, preferably dry eye syndrome.

A pharmaceutical composition comprising the peptide according to any one of claims
1 to 7, nucleic acid of claim 8 or expression vector of claim 9 and a pharmaceutically

acceptable carrier.

A peptide of 8 to 100 amino acids residues, preferably 8 to 20 amino acids residues,
more preferably 13 to 20 amino acids residues comprising an amino sequence of SEQ
ID NO: 1 or 2 or an amino sequence which is at least 90 % identical to an amino acid

sequence of: SEQ ID NO: 1 or 2.

Use of the peptide as defined in claims 1 to 7, nucleic acid as defined in claim 8 or

expression vector as defined in claim 9 as a chloride channel activator.



ABSTRACT

THERAPEUTIC USE OF CALCIUM-ACTIVATED CHLORIDE CHANNEL
PEPTIDE ACTIVATOR

The present disclosure relates to a calcium-activated chloride channel peptide activator and

5 its therapeutic use.
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