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Two-pore domain (K2P) potassium channels belong to a large family of ion channels implicated in determining and maintaining the resting cell membrane potential. K2P channels are proteins extensively conserved throughout evolution, being present in almost all animal cells. In the nematode Caenorhabditis elegans, 47 genes code K2P channels sub-units, but only three of them have been characterized and reported in the literature.

By tagging a certain number of them with fluorescent proteins (CRISPR/Cas9), we have found that nine channels are co-expressed in body wall muscle, showing a highly specific sub-cellular distribution. The most fascinating distribution was the one of TWK-28, which exhibits a polarized comet-like pattern that occupy only the anterior tip of each body wall muscle cell.

In order to elucidate the cellular mechanisms underlying this particular distribution, we performed a genetic screen on the novel TWK-28 gain-of-function strain. We revealed that genes belonging to Dystrophin-Associated Protein Complex (DAPC) are involved in determining the amount of this channel at the muscle cell surface. DAPC is composed of at least 10 intra and extracellular proteins and plays a key role in physically connecting the extracellular matrix to the actin cytoskeleton. Interestingly, when tagging multiple components of DAPC with fluorescent proteins by CRISPR/Cas9 gene editing, we found that most of the dystrophin-associated proteins, such as syntrophin/STN-1, dystrobrevin/DYB-1 or even sarcoglycans (SGCA-1 and SGCB-1), show a particularly asymmetric distribution in muscle. We also revealed the, to date excluded, presence of dystroglycan/DGN-1 in body wall muscle of C. elegans.

Finally, the asymmetric distribution of TWK-28 along the antero-posterior axis on a cellular and tissue scale, suggests that the Planar Cell Polarity pathways might be implicated. By gene candidate approach of the WNT pathway, we showed that proteins such as Disheveled, ROR/CAM-1 or WNT ligand/EGL-20 can modify the localization of TWK-28 by driving it into a new posterior sub-complex in the muscle cells. The cytoplasmic membrane is a barrier that separates two aqueous mediums with different composition. The movement of ions across cell membranes is the basis for many fundamental physiological processes such as cell excitability or the maintenance of ionic homeostasis, being the ion channels the key elements in both processes. Potassium channels, which are transmembrane proteins that form selective pores for K + , play a central role in establishing and maintaining resting potential. There are three main classes of potassium channels, which are classified according to their structural organization and biophysical properties: (1) voltage-gated channels (Kv), ( 2) inward rectifier channels (Kir) and ( 3) two-pore domain channels (K2P). Among the three classes mentioned, the K2P channels remain open regardless of the membrane potential. In our laboratory, one of the major topics we are interested in, is the regulation of K2P channels in C. elegans.

Concretely, we aim to identify and understand the molecular and cellular mechanisms that control the number of channels present on the surface of a cell as well as their subcellular distribution.

Structure and characteristics of K2P potassium channels Among all the potassium channels, the family of potassium channels with two-pore domain (K2P) is the latest to have been discovered [START_REF] Lesage | TWIK-1, a ubiquitous human weakly inward rectifying K+ channel with a novel structure[END_REF]. K2P potassium channels are proteins extensively conserved throughout evolution, being found in the genome of mammals (15 members) and other organisms, such as the fruit fly Drosophila melanogaster (11 sub-units), in the nematode Caenorhabditis elegans (47 sub-units), as well as in yeasts and plants.

In K2P channels, each subunit is composed of four transmembrane domains and the main characteristic, as its name suggests, is the presence of two-pore-forming domains, P1 and P2 (Figure 1 A). Likewise, to make an operational channel, unlike other potassium channels, K2P channels require the dimerization of two subunits, which involve the extracellular loop (Figure 1 A) located between the first transmembrane segment M1 and the first pore-forming domain P1 of each subunit [START_REF] Lesage | Molecular and functional properties of two-pore-domain potassium channels[END_REF]. They also contain a short N-terminus (NH2) and a long C-terminus (COOH) domains, both of which being cytoplasmic. Despite the fact that the central region of these channels is very conserved (segments TM1 to TM4), there is considerable diversity in the intracellular Cand N-terminus ends.

Interestingly, in K2P channels the sequence G(Y/F)G is conserved in the first pore (Figure 1 B), although in the second pore it is replaced by the sequence G(F/L)G. This sequence is crucial for the channel selectivity. Thus, in the pore we find the following regions: 1)

Inner helices: consist of two α-helices that form the inner wall of the pore. They correspond to the transmembrane segments M2 and M4 of each subunit. 2) P-loop:

including a particularly long region on the K2P channels. This region also contains the channel selectivity filter. 3) And finally, outer helices, corresponding to segments M1 and M3.

Figure 1 K2P potassium channels structure.

A: Schematic representation of one K2P channel subunit, composed of 4 transmembrane domains (1)(2)[START_REF] Hobert | The neuronal genome of Caenorhabditis elegans[END_REF][START_REF] Bagriantsev | Multiple modalities converge on a common gate to control K2P channel function[END_REF].

Extracellular part on top. P1 and P2 are the pore-domains. The extracellular loop is represented in blue 

Regulation and function of K2P potassium channels

There are 15 K2P channels in humans, representing a heterogeneous group in terms of sensitivity. We find channels that are sensitive to calcium, mechanical stimulation, or even pH-sensitive channels (Figure 2 A). One of the most studied K2P channels is TREK-1 (KCNK2). TREK-1 is strongly expressed in brain, being highly abundant in GABAergic interneurons, which involves this channel in the control of presynaptic transmission [START_REF] Hervieu | Distribution and expression of TREK-1, a two-pore-domain potassium channel, in the adult rat CNS[END_REF]. Moreover, TREK-1 has been related to different neurological diseases such as depression [START_REF] Heurteaux | Deletion of the background potassium channel TREK-1 results in a depression-resistant phenotype[END_REF] and epilepsy [START_REF] Dey | A potassium leak channel silences hyperactive neurons and ameliorates status epilepticus[END_REF][START_REF] Heurteaux | TREK-1, a K+ channel involved in neuroprotection and general anesthesia[END_REF]. Its association with other processes such as pain perception [START_REF] Maingret | TREK-1 is a heat-activated background K(+) channel[END_REF] or general anesthesia [START_REF] Patel | Inhalational anesthetics activate two-pore-domain background K+ channels[END_REF] has also been widely studied.

K2P channels are also involved in cell excitability, where their semi-permanent opening at rest ensures a constant negative membrane potential. This aspect of the functions of K2P channels is the main emphasis of my thesis, reason why I am going to focus more on items related to the involvement of these channels in cell excitability. The cell excitability associated with K2P channels has been most studied in the nervous system, although they are also present in muscle tissue. For example, in brain the currents carried by TASK1/TASK3 are directly involved in maintaining the resting electrical tone of granular neurons, thus determining their excitability. In studies where these channels have been inhibited (muscarine), a significant reduction in potassium current has been observed, inducing a strong depolarization of the cell and, thus, making it more excitable.

When current-clamp is performed, (Figure 2 B), however, no difference in the frequency of action potential discharges was observed between TASK-1 KO and wild-type mice. [START_REF] Millar | A functional role for the two-pore domain potassium channel TASK-1 in cerebellar granule neurons[END_REF][START_REF] Aller | Modifying the Subunit Composition of TASK Channels Alters the Modulation of a Leak Conductance in Cerebellar Granule Neurons[END_REF].

Finally, another K2P channel that plays an essential role in cell excitability, this time of cardiac cells, is TWIK-1 (which is also present in other tissues, such as renal or pancreatic). TWIK-1 has widely been associated with cardiac arrhythmias. However, this channel has a peculiarity that cannot go unnoticed: despite being a mainly potassiumpermeant channel, in extreme conditions its selectivity changes becoming highly permeable to sodium ions. Thus, thanks to this peculiar characteristic, in conditions where the pH is below 6 or potassium concentrations are low, the activity of TWIK-1 leads to a depolarization of the cardiomyocytes [START_REF] Chatelain | TWIK1, a unique background channel with variable ion selectivity[END_REF].

Although these channels are involved in several functions and their deregulation leads to different diseases, it remains unclear what basic mechanisms regulate both their activity and level of expression.

In summary, how K2P channels are regulated from a cellular and molecular point of view remains an issue to be investigated. Perhaps, one of the limitations has been the almost non-existence of drugs targeting specifically K2P channels. Therefore, one of the major topics in our laboratory is the genetic study of the mechanisms and regulatory factors of K2P channels in the invertebrate model Caenorhabditis elegans. In the following, we will consider some examples of studies that have been carried out with the aim of elucidating different K2P channels regulation mechanisms in different models.

A. ß-spectrin localizes TREK-1 at intercalated discs in the heart TREK-1 is a K2P potassium channel that has been widely studied in brain, being associated with depression, pain perception and other processes. However, this channel is also present in the heart muscle, where it has been less extensively explored. The interaction between spectrin and the TREK-1 channel has been highlighted in a study conducted by [START_REF] Hund | βIV-Spectrin regulates TREK-1 membrane targeting in the heart[END_REF] βIV-spectrin is a structural protein that binds to ankyrin-G, both proteins being strongly involved in the organization of different ion channels in the membrane.

When using a mutant mouse where βIV-spectrin contains a stop codon before the binding site to ankyrin-G (qv 4J ), the two proteins are no longer able to interact with each other in cardiac muscle (Figure 3 A and B). Interestingly, a longer duration of heart muscle action potentials (AP) is observed in these mutants, although the amplitude of the AP is not affected. This could be caused by an alteration in the ion channels present in the membrane of these cells, so a detailed study of different ion channels is carried out. First, the authors looked at both the expression and protein amount as well as the current of different ion channels (Kir2. 1,Kv4.2,Kv4.3,Kv2.1,Kv1.5 or Kvβ1.2) and they did not observe any alteration. Interestingly, however, this was not the case for the TREK-1 channel. TREK-1 is expressed in the heart specifically in the intercalated discs (ID), together with other K2P potassium channels such as TREK-2 or TASK-1. Although all three channels are expressed in the same region of cardiomyocytes, only TREK-1 is affected in the βIV-spectrin qv 4J mutant, whose location is altered by accumulating partially in the cell's cytoplasm (Figure 3 C). The next question was whether the activity of TREK-1 would also be affected. Then, taking advantage of the fact TREK-1 is sensitive to arachidonic acid (AA), electrophysiological studies were performed to analyze the AA-dependent current of TREK-1 in the ventricle of qv 4J and wild-type (WT) mice. A 66% reduction in current is observed when using mutants for βIV-spectrin compared to WT (Figure 3 D and E). It is clear that βIV-spectrin and TREK-1 interact somehow, but is it a physical interaction? To answer this question Hund et al. performed coimmunoprecipitation assays and observed an association between both proteins in the heart lysate of wild-type mice, which interestingly was not seen in qv 4J mutants (Figure 3 F). To go further and know exactly what portion of the βIV-spectrin is necessary for its union to TREK-1, two constructions were performed: a first one with the entire βIVspectrin, with fragments that are missing in the mutant qv 4J (repeats [START_REF] Chatelain | Silencing of the tandem pore domain halothaneinhibited K+ channel 2 (THIK2) relies on combined intracellular retention and low intrinsic activity at the plasma membrane[END_REF][START_REF] Ketchum | A new family of outwardly rectifying potassium channel proteins with two pore domains in tandem[END_REF][START_REF] Lotshaw | Biophysical and pharmacological characteristics of native twopore domain TASK channels in rat adrenal glomerulosa cells[END_REF][START_REF] Reyes | Cloning and expression of a novel pH-sensitive two pore domain K+ channel from human kidney[END_REF][START_REF] Kang | Functional expression of TASK-1/TASK-3 heteromers in cerebellar granule cells[END_REF][START_REF] Niemeyer | Neutralization of a single arginine residue gates open a two-pore domain, alkali-activated K+ channel[END_REF][START_REF] Miller | Crystal structure of the human two-pore domain potassium channel K2P1[END_REF][START_REF] Brohawn | Crystal structure of the human K2P TRAAK, a lipid-and mechano-sensitive K+ ion channel[END_REF], and a second construction where the ankyrin-G binding-site is removed (repeats [START_REF] Chatelain | Silencing of the tandem pore domain halothaneinhibited K+ channel 2 (THIK2) relies on combined intracellular retention and low intrinsic activity at the plasma membrane[END_REF][START_REF] Ketchum | A new family of outwardly rectifying potassium channel proteins with two pore domains in tandem[END_REF][START_REF] Lotshaw | Biophysical and pharmacological characteristics of native twopore domain TASK channels in rat adrenal glomerulosa cells[END_REF][START_REF] Reyes | Cloning and expression of a novel pH-sensitive two pore domain K+ channel from human kidney[END_REF][START_REF] Kang | Functional expression of TASK-1/TASK-3 heteromers in cerebellar granule cells[END_REF]. GST pulldown experiments with these fragments reveal that TREK-1 is able to bind to both constructions of βIV-spectrin (Figure 3 G).

To conclude, it has been shown that βIV-spectrin is required for the correct localization of the TREK-1 channel in the intercalated discs of cardiomyocytes as well as for its arachidonic acid-dependent activity in mice. Also, TREK-1 and βIV-spectrin are physically associated with each other regardless of the binding of βIV-spectrin to ankyrin-G [START_REF] Hund | βIV-Spectrin regulates TREK-1 membrane targeting in the heart[END_REF].

Figure 3 βIV-spectrin is involved in the regulation of TREK-1 localization and function in mice heart.

A: Schematic representation of βIV-spectrin structure. qv 4J mutation is an early stop that removes the ankyrin-binding domain on βIV-spectrin. B: qv 4J is no more able to bind ankyrin in pull-down experiments.

C: TREK-1, TREK-2 and TASK-1 are expressed in cardiomyocytes at the intercalated discs. Only TREK-1 localization is disturbed in qv 4J βIV-spectrin mutants. D: The TREK-1 arachidonic acid-induced current is significantly lower in qv 4J mutants. F and G: immunoprecipitation (F) and immunoblot (G) experiments

showing an interaction between TREK-1 and βIV-spectrin. Adapted from [START_REF] Hund | βIV-Spectrin regulates TREK-1 membrane targeting in the heart[END_REF] B. P11 is required for TASK-1 cellular trafficking TASK-1 is a K2P potassium channel expressed in many cell types, with abundant levels in brain and heart muscle. A major characteristic of TASK-1 is its sensitivity to variations of external pH, losing its activity at pHs below 6.9 [START_REF] Duprat | TASK, a human background K+ channel to sense external pH variations near physiological pH[END_REF]. Its inactivity in acid conditions causes changes in the resting potential of the cell membrane, thus modifying its excitability [START_REF] Millar | A functional role for the two-pore domain potassium channel TASK-1 in cerebellar granule neurons[END_REF]. Accordingly, a pivotal function of this channel directly related to its sensitivity to pH is the control of respiration, since it is present in carotid bodies. Since little is known about the auxiliary subunits of K2P channels, Girard et al. carried out a study with the purpose of identifying TASK-1 regulatory proteins. They began by a screen in the yeast two-hybrid system (Y2H), using the C-terminus region of TASK-1 (amino acids 242-394) and looking for associated proteins. One of the interesting proteins they found was p11 protein, also known as calpactin I or annexin II light chain (Figure 4 A). p11 belongs to the S100 proteins family, and it is known to interact with diverse proteins including ion channels. The authors made an interesting experiment with a construction of the C-terminus of TASK-1 where the last 3 amino acids, SSV, are missing. The results show that in the absence of the SSV sequence, TASK-1 does not bind to p11. Moreover, this binding is specific to TASK-1, since it does not reproduce with TRAAK or TASK-3 (Figure 4 A), which are other K2P channels that do not possess the SSV sequence in their C-terminus region; although TASK-3 presents high homology to TASK-1. On the other hand, in a complementary approach, this interaction of TASK-1 and p11 was confirmed with GST pull-down and coimmunoprecipitation (COS cells) experiments (Figure 4 B).

The electrophysiological experiments in this study had to be carried out in a peculiar way.

Considering that p11 is constitutively expressed in different cell types, including the COS cells utilized, the authors decided to decrease the amount of p11 free in the cells by overexpressing two different constructs (PEP21 and PEP35), containing only the Cterminus of TASK-1 that interacts with p11. When both constructions are coexpressed with the whole channel, a lower current is recorded compared to when expressing TASK1 alone (Figure 4 C). This reduction indicates that free p11 might be necessary for TASK-1 channel activity.

The model of interaction proposed by the authors is the following (Figure 4 E): first, they demonstrated that TASK-1ΔSSV, which has poor electrophysiological activity (Figure 4 C), is not transported correctly to the membrane compared to wild-type, but is instead retained inside the cell (observed by fusion of a GFP protein to both TASK-1 WT and TASK-1ΔSSV) (FIGURE 4 D). Second, there is an MKRR sequence in TASK that seems to be crucial since it makes the difference between an active channel and a non-active channel (TASK-1ΔSSV). This MKRR sequence resembles a retention sequence (RKR) to the endoplasmic reticulum (ER), that was previously described in a Kir potassium channel [START_REF] Zerangue | A New ER Trafficking Signal Regulates the Subunit Stoichiometry of Plasma Membrane KATP Channels[END_REF]. The authors hypothesize that this sequence would be masked by the p11 protein when it binds to TASK-1, thus allowing the correct transport of the channel to the cell membrane rather than being retained in the ER.

To conclude, p11 is an auxiliary subunit that interacts with the TASK-1 channel and is necessary for its electrophysiological activity. Also, the last three amino acids in TASK-1 (SSV) are crucial for this interaction. Finally, p11 would play an essential role in the trafficking of TASK-1 to the cell membrane since by binding to SSV it masks a retention site to the ER, thus allowing the transport and subsequent correct localization of the channel in the membrane [START_REF] Girard | p11, an annexin II subunit, an auxiliary protein associated with the background K+ channel, TASK-1[END_REF].

Figure 4 TASK-1 requires p11 to reach the cell membrane.

A: p11 protein interacts specifically with TASK-1 wild-type channel in two-hybrid yeast assays. The TASK-1 C-terminus SSV sequence is required for its interaction with p11. p11 does not interact with TRAAK-1 nor TASK-3, another K2P channels. B: GST pull-down experiments confirm the SSVdependent and specific interaction of TASK-1 and p11. C: PEP21 and PEP35 are constructions where p11 free amount has been strongly reduced by proportioning high levels of the C-terminus fragments of TASK-1, known to bind to p11. The current density recordings on COS cells show no difference in TASK-1 activity when PEP35 missing the SSV C-terminus sequence is used, thus, p11 is free to bind to TASK-1.

The current is, however, strongly decreased when p11 is no more able to bind to TASK-1 in PE21 and PEP35. D: TASK-1 requires p11 presence to reach the cell membrane. E: Model proposed of the interaction of TASK-1 and p11. p11 requires the SSV sequence in TASK-1 C-terminus to bind to it and, thus, allow its trafficking to the cell membrane. Adapted from [START_REF] Girard | p11, an annexin II subunit, an auxiliary protein associated with the background K+ channel, TASK-1[END_REF] C. UNC-44/Ankyrin is involved in the trafficking of the K2P channel UNC-58 in C. elegans

A last example of a K2P channel regulatory protein, this time in C. elegans, is UNC-44.

Our laboratory has demonstrated that UNC-44, which is the homologous of ankyrin in worms, mediates the regulation of the K2P channel UNC-58. Philippe Tardy, through a genetic screen, revealed that ankyrin in the nematode is imperative for the correct localization of UNC-58 at the cell membrane, which is expressed mainly in body wall muscle (BWM) and mechanosensory neurons (Figure 5 A) (unpublished data). Ankyrin is known for its interactions with the protein β-spectrin, whereby both proteins play different roles in locating several ion channels. In this study, Philippe Tardy has shown that this interaction between ankyrin and β-spectrin is dispensable for the localization of UNC-58. Interestingly, ankyrin acts to localize UNC-58 thanks to a structure called lipidbinding pocket which is found in the ZZU super-module of UNC-44 (Figure 5 B). (Unpublished data, from Philppe Tady).

The role of UNC-44 would then be to counteract endocytosis, thus, allowing the channel to be maintained longer in the membrane. For this reason, in the mutants that invalidate the lipid-binding pocket of UNC-44/Ankyrin, UNC-58 is totally delocalized at the membrane, being part of it retained inside the cell, generating phenotypes similar to those obtained in animals that lack unc-58 (unpublished data).

A. Distribution of K2P channels in body wall muscle

In C. elegans striated muscle (see more here) there are different types of ion channels coexpressed in the same cell (Figure 6 A). Most of them are potassium channels, and many belong to the K2P potassium channels class. In our laboratory, we have studied the expression and subcellular localization of most K2P channels present in the worm's striated body wall muscle, by inserting via CRISPR/Cas9, different fluorescent proteins, both using transcriptional and/or translational reporters. As we expected, we saw that in the same cell of the body wall muscle, numerous K2P channels coexist, and although they are all on the same surface, these channels follow different distribution patterns (Figure 6 B). Figure 6 shows the location of some muscle channels. If we take the example of channel TWK-18, we see that it fills the entire surface of the muscle cell except the anchor points of the integrins, which are shown with yellow arrows in figure 6. (for more detail on the location of the integrins see results part I). Other channels, such as TWK-42 and TWK-24, show a rather cluster distribution, leaving areas on the membrane that are not occupied by the channel, unlike TWK-18. The third type is the one where the channels are positioned at the lateral membranes, as is the case with TWK-12 and UNC-58 channels, delimiting the shape of the muscle cell. Finally, the most striking case is the one of TWK-28, which has a very peculiar "polarized" localization, since it is restricted to the anterior tip of the cell. TWK-28 makes a "comet" that does not occupy more than one third of the muscle cell surface. These differences in distribution that we observe in the channels clearly indicate the existence of different specific regulatory mechanisms. -Multiple regulatory proteins have been identified thanks to genetic screens. In C. elegans, several such studies have been undertaken, most of them involving mutants exhibiting easily identifiable phenotypes, such as problems in locomotion or egg-laying defects. In the following paragraphs, we will see two examples of K2P channels characterization published in the literature, which are SUP-9 and TWK-18. We will also see a new K2P

gain-of-function (gof) mutant, studied during my thesis, which is TWK-28, as well as how the dystrophin complex was identified as a potential regulator.

A. SUP-9 likely forms a complex with the regulator subunits SUP-10 and UNC-93 SUP-9 encodes for a K2P family potassium channel which is closely analogous to the human TASK-1 and TASK-3 K2P channels. In this study, De la Cruz et al. showed that SUP-10 and UNC-93, two transmembrane proteins, interact with SUP-9 in a single complex in muscle tissue. They initially observed that gain-of-function mutants of the three genes give indistinguishable phenotypes in worms: a flaccid paralysis called Rubberband Unc phenotype, as the animals contract when mechanically stimulated in the head and relax back in an "elastic " way, without moving. In addition, they also found that regardless of which gene is mutated (gof), a loss-of-function (lof) mutation in any of the three genes can suppress the Rubberband Unc phenotype associated with the gain-offunction mutation. This suggests that all three proteins probably act in a single complex.

In parallel, they studied the expression pattern and subcellular location of the three proteins and revealed that all of them are predominantly expressed in the body wall muscle and are also co-localized at the same subcellular level (Figure 7). Mutant alleles of twk-18 are available (eI1913 or cn110), which are temperature sensitive gain-of-function mutants. However, no study has gone further into the characterization of this channel, so that the regulation mechanisms of TWK-18 are not known so far.

Most of genetic screens in C. elegans involve mutants exhibiting easily identifiable phenotypes, such as problems in locomotion or egg-laying defects. In the laboratory, this strategy has been repeatedly used with different K2P channels to identify factors that are genetically involved in their regulation. With the K2P potassium channels, this kind of screens can only be implemented starting with gain-of-function mutants. Loss-of-function mutants lacking a K2P channel usually do not present visible phenotypes, probably due to a functional redundancy of these channels, since several channel types can coexist in a single cell. Therefore, regarding the K2P channels, only four genes are known to have gof mutations, which are: sup-9(n1550), twk-18(cn110), egl-23(n601) and unc-58(e665).

sup-9 and twk-18 have been characterized by De la Cruz et al., and Kunkel et al., respectively (Kunkel et al., 2000;de la Cruz et al., 2003). The last two have been studied

in our laboratory (unpublished data).

Being able to modulate the activity of these K2P channels in vivo and, thus, create new 1) First, we have shown that the TM2.6 residue located in the second transmembrane domain of K2P channels, is highly conserved throughout evolution (Figure 9), despite the divergence that this class of potassium channels have developed. 2) We have also shown that introducing an amino acid substitution to an asparagine or aspartate in the TM2.6 residue, increases the activity of all vertebrates and numerous C. elegans K2P channels, both in Xenopus oocytes (two-electrode voltageclamp) and in cultured cells (single channel).

gof
3) Using the CRISPR/Cas9 strategy, we have been able to reproduce these mutations in vivo in C. elegans. Before our publication, only 4 K2P gof mutants (egl -23, unc-58, sup-9 and twk-18) were known. When TM2.6 mutations are inserted endogenously into these four genes, the resulting mutants exhibit phenotypes indistinguishable from the canonical alleles. That is, we can generate new gain of function mutants by modifying the TM2.6 residue.

4) This increase in activity observed is not due to a larger expression of the channels on the surface, but is an amplification in the channel's activity. A. EMS forward genetic screen on TWK-28

Throughout my thesis, one of the genetic screens I performed was on the gain of function TWK-28 L210T mutant. The twk-28 gene is mainly expressed in body wall muscle (Figure 10 A) of C. elegans [START_REF] Cao | Comprehensive single-cell transcriptional profiling of a multicellular organism[END_REF]. Thanks to a transcriptional reporter (CRISPR/Cas9), we have been able to see the location of TWK-28 at the subcellular level. The idea of the genetic screen on TWK-28 is to start from paralyzed animals (L210T) and, after a random mutagenesis with EMS (ethyl methane-sulfonate), look for mobile animals in the offspring (Figure 10 C). These mobile animals will have one of the two following situations:

1) A mutation in the twk-28 gene itself, so that the gain-of-function phenotype initially present in the animals is invalidated as there is no more TWK-28 after mutagenesis.

2) A mutation external to twk-28, but affecting a gene required for the functioning of the channel, so that its absence would also suppress the gain-of-function phenotype of TWK-28 L210T. This last situation is what interested me during my thesis, since it would allow me to identify factors involved in the regulation of TWK-28.

In conclusion, in the forward genetic screen on TWK-28 L210T 182 mutants (Figure 10 E) were obtained, of which most are genes related to dystrophin: dys-1/dystrophin, snf-6/acetylcholine transporter, dyc-1/NOS1AP Capon, islo-1/BK-channel (SLO-1) modulatory subunit. During my thesis, I focused on the characterization of dystrophin and its associated protein complex (DAPC) as well as its involvement in the regulation of the TWK-28 channel. The results obtained from this study are described in the section of results part I.

Caenorhabditis elegans was introduced in laboratories in the 1960s by Sydney Brenner as an ideal genetic model to study topics such as developmental biology, genomics and neurobiology (Brenner, 1974). In recent years, the nematode has been widely used in the study of the development, organization and function of muscle tissue. C. elegans has two muscle cell types:

1) Non-striated or smooth muscle: these cells are found in structures like pharynx, which allows the worm to pump bacteria for food. Non-striated muscle is also found in gonad, vulva, uterus, stomatointestinal and anal depressor and sphincter muscles.

2) Striated muscle, most of this tissue is found in the body wall muscle, which is necessary for the movement of the animal.

In this chapter, we will cover general notions about the organization and morphology of the striated muscle (body wall muscle) of C. elegans, providing insights about the ionic channels present and implicated in the muscle cell excitability; as well as the attachment structures that finally allow the transduction of the force executed and the consequent movement of the worm.

A. Body wall muscle organization and development

The body wall muscle (BWM) is the analogue of the skeletal striated muscle in C. elegans and consists of a total of 95 rhomboidal cells. These cells are arranged in four quadrants, each one consisting of a monolayer muscle cells partially overlapping with each other creating a row, going from the worm's head to its tail (Figure 11 A and B). There are two ventral and two dorsal quadrants (right and left in each case). All quadrants, except the left ventral one, which houses 23 cells, contain 24 cells per band [START_REF] Sulston | Post-embryonic cell lineages of the nematode, Caenorhabditis elegans[END_REF].

In C. elegans, BWM comes from D, C, AB and MS lineages [START_REF] Sulston | The embryonic cell lineage of the nematode Caenorhabditis elegans[END_REF].

Briefly, the life cycle of the worm consists of an embryonic, a larval and an adult phase.

Thus, most BWM cells are formed during embryonic development, but 14 of them are generated later. Accordingly, after hatching we find a premature BWM formed by only 81 cells, the rest being added during larval development. New sarcomeres are also added to each cell. The unique factor that controls muscle genesis (myogenic regulatory factor) in the worm is encoded by hlh-1, homologous to MyoD. Mutants lacking HLH-1 do not develop and present numerous defects at the level of musculature, supporting the evident relevance of this factor [START_REF] Gieseler | Development, structure, and maintenance of C. elegans body wall muscle[END_REF].

The body wall muscle cells lie on a basal lamina, which separates them from the hypodermis and the nervous tissue. A very interesting fact is that the development of this muscle tissue occurs invariably from one animal to another, so that in each worm each cell is identified and occupies the same position. In addition to the fact that all animals have exactly 95 cells, a particular cell can be followed over time, making it possible to carry out studies, for example, of muscle degeneration.

The BWM cells are fusiform and their structure clearly differentiates an area that holds in the cytoplasm all the contractile apparatus (myofilaments). In a separate region of the cytoplasm, we find the typical organelles of these cells, including nucleus, endoplasmic reticulum, etc. Unlike in mammals, C. elegans' BWM cells do not form fibers as they do not fuse together, so they preserve only one nucleus per cell. In addition, these cells are completely post-mitotic and have no regenerative capacity; there are no satellite cells (muscle stem cells) in C. elegans. Another difference whit mammals, is the innervation at neuromuscular junctions. Peculiarly, it is the muscle that projects prolongations, called muscle arms, towards the axons of the nerve cells to build the synapse.

Comparable to vertebrates, the functional unit of the worm muscle is the sarcomere, which is responsible for giving the striated appearance to the BWM. The almost total transparency of C. elegans allows us to visualize such structures [START_REF] Gieseler | Development, structure, and maintenance of C. elegans body wall muscle[END_REF] (Figure 11 C). These striations, instead of being straight as in vertebrates, they are slightly inclined forming an angle of approximately 5.9 degrees with respect to the longitudinal axis of the cell (Figure 11 E). This is why the roundworms of the phylum Nematoda are said to have an obliquely striated muscle (Moerman and Williams, 2006). Interestingly, the proteins that form the sarcomere have been widely conserved in evolution. So, we find thin actin and thick myosin filaments, both responsible for generating the contraction as it is known in vertebrates. Actin thin filaments are encoded by four genes (act-1 to act-4), and in the sarcomere this actin is coupled to other proteins such as tropomyosin or troponins (PAT-10, MUP-2, TNI). Concerning the thick myosin filaments, in BWM there are two heavy chains encoded by two genes: myo-3 for the myosin heavy chain A (MHC A) and unc-54 for the MHC B chain; although there are two other genes that code for heavy chains of myosin in another muscle organ, the pharynx, which are myo-1 and myo-2. The myosin light chains are coded by mlc-1 and mlc-2 [START_REF] Gieseler | Development, structure, and maintenance of C. elegans body wall muscle[END_REF].

The arrangement of the C. elegans sarcomeric myofilaments follows the path of its vertebrate counterparts, with an A-band consisting of myosin filaments and an I-band containing actin. We also find that the myosin filaments are anchored to the M line (Figure 11 E). However, the first difference is that the anchoring zone of the actin filaments is called dense body, being the analog of the Z discs. Accordingly, a sarcomere corresponds to the region delimited by two dense bodies, as in the mammalian costamers [START_REF] Francis | Muscle organization in Caenorhabditis elegans: localization of proteins implicated in thin filament attachment and I-band organization[END_REF]. Thus, in C. elegans we find three anchor points of the sarcomere to the sarcolemma: the dense bodies, the M lines and the attachment plaques. These structures will be described in more detail in the next section. 

B. Muscle cells attachments allow the force transduction

The Z-disk analogue, called dense body in C. elegans, together with the M lines, form the anchor points of the sarcomere to the muscle cell membrane and the underlying basement membrane (Figure 11 E). Integrins are crucial as they represent the main proteins allowing the establishment and maintenance of the sarcomere point-attachments to the sarcolemma. Integrins in C. elegans show a great conservation in evolution. We find PAT-2, which is analogous to α-integrin, and PAT-3 for β-integrin; both interacting with components of the extracellular matrix (Figure 12 A) [START_REF] Gieseler | Development, structure, and maintenance of C. elegans body wall muscle[END_REF]. In the dense body, the role of the vinculin (DEB-1) is also to form a complex associated with PAT-2

and PAT-3, as well as the perlecan (UNC-52), establishing the base of the anchor of the dense body in the muscle cell membrane. Finally, in the extracellular matrix (ECM) associated to dense bodies and M line, we find collagen IV. There are also fibrous organelles, which serve to connect the muscle tissue and the surrounding hypodermis to the cuticle. The fibrous organelles are the homologues of vertebrate hemi-desmosomes.

The muscle contraction in C. elegans takes place in a similar way to the mammalian one, where the myosin filaments attract the actin filaments towards the M line (Figure 12 B).

This contractile force will be propagated to the outside with the help of the dense bodies, which are directly linked to the ECM. This bridge is crucial for the transmission of the force generated by the muscle cell to the underlying basal lamina, which then, thanks to the fibrous organelles, will pass through the hypodermis and reach the cuticle (the exoskeleton of the worm) (Cox and Hardin, 2004). Finally, it should be noted that at the moment of the contraction of the BWM cells, the signal is propagated to the neighboring cells along the quadrant thanks to the electrical coupling between these cells, since they are linked together by gap junctions [START_REF] White | The structure of the nervous system of the nematode Caenorhabditis elegans[END_REF].

Figure 12 The body wall muscle functional unit, the sarcomere, is conserved. 

C. Innervation through muscle arms projections

The striated muscle cells of the body wall muscle, depending on how they are innervated, define three areas: 1) the anterior area closest to the head, consisting of 4 cells in each quadrant (16 in total). These cells obtain their innervation from the nerve ring. 2) area of the pharynx, where 16 cells called neck cells (4 from each quadrant) are innervated from both the nerve ring and the nerve cord. 3) finally, the rest of the body's muscle cells (63 cells), whose innervation proceeds exclusively from the nerve cord (reviewed in [START_REF] White | Clues to basis of exploratory behaviour of the C. elegans snout from head somatotropy[END_REF].

The neuromuscular junction synapses in C. elegans, unlike in mammals, can be both excitatory (acetylcholine, Ach) and inhibitory (γ -aminobutyric acid, GABA) (Figure 13 A). Thus, the release of acetylcholine will cause an excitation in the muscle, which results in consequent contraction; while the release of GABA will cause the opposite effect, hence, the relaxation of the muscle cells. The balance between both processes is crucial for the locomotion of these animals. During its movement, the worm will contract the muscle cells on one side while relaxing those on the opposite side, creating a sinusoidal movement characteristic of these animals (Figure 13 B). Interestingly, instead of nerve cells projecting extensions into the muscle in order to innervate it, in C. elegans it is the muscle cells that project into the nerves. These muscular projections are called muscle arms, and are extensions that are maintained throughout the life of the animal [START_REF] Sulston | The embryonic cell lineage of the nematode Caenorhabditis elegans[END_REF][START_REF] White | The structure of the nervous system of the nematode Caenorhabditis elegans[END_REF][START_REF] Dixon | Muscle arm development in Caenorhabditis elegans[END_REF]. Muscle arms develop during embryogenesis and, after hatching, their number increases threefold:

1-2 muscle arms per cell in L1 larval stages versus 3-5 in adults (Figure 13 C) [START_REF] Hedgecock | Analysis of the actin-binding domain of alphaactinin by mutagenesis and demonstration that dystrophin contains a functionally homologous domain[END_REF][START_REF] Hall | An Evolutionarily Conserved Switch in Response to GABA Affects Development and Behavior of the Locomotor Circuit of Caenorhabditis elegans[END_REF]. Finally, muscle arms differ in shape and length, which varies depending on how close or far away the nerve that innervates them is.

A. TWK-18, the first TWK channel characterized TWK-18, a K2P channels in C. elegans, was the first TWK channel to be fully characterized (Kunkel et al., 2000). To analyze its electrophysiological role, the authors utilized the Xenopus model, where oocytes are used to express RNA from the channel's subunits, both under wild-type and mutant conditions. In oocytes, two electrode voltageclamp and patch-clamp experiments were performed. The results show that: 1) outwardly rectifying currents are generated by these channels and 2) cn110 and e1913 gof mutants permit significantly higher current to pass than wild-type channels (Figure 14 A).

Furthermore, this study showed that both WT and mutants channels have a temperaturedependent function, that is, at higher temperatures the activity is stronger (Figure 14 B).

To conclude, TWK-18 is a channel present in muscle that allows the passage of potassium ions in a temperature-dependent manner. Gain-of-function mutations in this channel result in animals with uncoordinated locomotion phenotypes and paralysis, which is consistent with a higher potassium output that hyperpolarizes the muscle cell making it less excitable. Thus, the most sustained hypothesis defends that this channel could be involved in the control of C. elegans muscle excitability (Kunkel et al., 2000).

Figure 14 TWK-18 is a K2P potassium channel that controls body wall muscle excitability.

A: Electrophysiological recording from Xenopus oocytes show a greater current in the two gain-of-function mutants twk-18(cn110) and twk-18(e1913) channels compared to wild-type (wt). B: TWK-18 associated current is temperature-sensitive, being increased at higher temperatures. EGL-36 and TASK are temperature-insensitive channels used as control. Adapted from Kunkel et al., 2000. B. SUP-9 is also involved in muscle excitability (Unpublished data).

The mutants for sup-9, such as sup-9(n1550), show a visually recognizable phenotype of flaccid paralysis that is called Rubberband Unc. When animals receive a mechanical stimulus, they contract and then relax in an "elastic" way. The hypothesis here is similar to the one made in TWK-18 study: the gof mutation leads to increased transport of K + ions through SUP-9, resulting in cell hyperpolarization and thus loss of excitability, originating paralysis. However, electrophysiological experiments on SUP-9 were not performed, although an indirect approach using muscimol was used (de la Cruz et al., 2003). Muscimol is a GABA Cl -channel agonist and is known to induce hyperpolarization of BWM [START_REF] Richmond | One GABA and two acetylcholine receptors function at the C. elegans neuromuscular junction[END_REF]. Muscimol was used on wild-type worms and, as expected, triggered the same Rubberband Unc phenotype as sup-9(n1550) gof allele. Finally, when they added muscimol to the gof mutants of sup-9, they saw an additive effect. Thus, muscimol and sup-9 mutants, although they originate the same phenotype, function independent and additively. They conclude that the phenotype observed in sup-9(n1550) could be due to a hyperpolarization similar to the one carried by muscimol (de la Cruz et al., 2003).

C. SLO-1, a BK potassium channels in C. elegans SLO-1 belongs to the BK (big potassium) channels family, presenting high homology with the mammals Slo1 channel (Wei et al., 1996), and sensitivity to both intracellular calcium concentration and voltage. Already in 2001, this characteristic was confirmed by in vitro measurement of the current of this channel expressed in Xenopus oocytes. Wang et al. showed that there is a variation in the current transported by SLO-1 when a modification in the membrane potential is induced, keeping the calcium concentration fixed, and vice versa (Figure 16 A) [START_REF] Wagner | SLO-1 Potassium Channels Control Quantal Content of Neurotransmitter Release at the C. elegans Neuromuscular Junction[END_REF]. This channel in C. elegans is expressed in both neurons and muscle, including the body wall muscle [START_REF] Carre-Pierrat | The SLO-1 BK Channel of Caenorhabditis elegans is Critical for Muscle Function and is Involved in Dystrophin-dependent Muscle Dystrophy[END_REF]. To further investigate the function of this channel, the E350Q mutation was created [START_REF] Chen | A Novel Auxiliary Subunit Critical to BK Channel Function in Caenorhabditis elegans[END_REF], based on previous studies that demonstrated the importance of this residue for the channel activity [START_REF] Davies | A Central Role of the BK Potassium Channel in Behavioral Responses to Ethanol in C. elegans[END_REF]. SLO-1 is known to play an important role in the neuromuscular junction, where it is involved in the regulation of neurotransmitter release. Based on this, Chen et al. conducted electrophysiological studies where they measured ePSC (excitatory postsynaptic current) in the muscle near the NMJ. They saw that in the SLO-1 E350Q gain-of-function mutant, the ePSCs were significantly reduced (Figure 16 B), which was expected since increased SLO-1 activity would lead to increased potassium transport out of the cell, making it hyper-polarized and therefore less excitable. They repeated the same experience with SLO-1 loss-of-function mutant (Figure 16 B), and saw the opposite effect [START_REF] Chen | A Novel Auxiliary Subunit Critical to BK Channel Function in Caenorhabditis elegans[END_REF]. However, in another study [START_REF] Sancar | The Dystrophin-associated Protein Complex Maintains Muscle Excitability by Regulating Ca 2+ -dependent K + (BK) Channel Localization[END_REF], the authors induced an optogenetic stimulation of the ventral cord (specifically the cholinergic motor neurons), and measured the synaptic current evoked in the muscle. No difference between wild-type animals and slo-1(js379) loss-offunction mutants was observed (Figure 16 C). Current-clamp was also performed on the BWM, where responses in the form of action potentials near the NMJ, caused by induced stimulation, were analyzed. It was shown that loss of SLO-1 increases stimulated AP bursts (Figure 16 D). However, the absence of the channel does not generate a change in the resting potential (Figure 16 D). Thus, although these channels are involved in muscle excitability, they do not intervene in establishing or maintaining the resting electrical tone of the membrane. The hypothesis of the involvement of SLO-1 in excitability argues that these channels are necessary to correctly repolarize the cell membrane after an action potential. So, if lost, repolarization is deficient and the cell becomes excitable and can more easily generate a second action potential [START_REF] Sancar | The Dystrophin-associated Protein Complex Maintains Muscle Excitability by Regulating Ca 2+ -dependent K + (BK) Channel Localization[END_REF]. 

A. General overview

In 1987 Kunkel and his co-workers opened the door to the new era of research into muscular dystrophies, by cloning the cDNA of the dystrophin gene. This finding confirmed the results of previous studies in proposing the dystrophin gene as a candidate of Duchenne Muscular Dystrophy in 1986 [START_REF] Monaco | Isolation of candidate cDNAs for portions of the Duchenne muscular dystrophy gene[END_REF][START_REF] Koenig | Complete cloning of the Duchenne muscular dystrophy (DMD) cDNA and preliminary genomic organization of the DMD gene in normal and affected individuals[END_REF].

The dystrophin is the largest known gene present in our genome. Thanks to the work of Kunkel's group and other researchers, this gene has been mapped on the X-chromosome (Xp21), which explains the prevalence of Duchenne recessive disease in boys, since they only possess one X-chromosome [START_REF] Monaco | Isolation of candidate cDNAs for portions of the Duchenne muscular dystrophy gene[END_REF][START_REF] Hoffman | Dystrophin: The protein product of the duchenne muscular dystrophy locus[END_REF]. Also, it has been determined that this gene comprises about 2.4 Mb of genomic sequence, being composed of 79 exons as well as very long introns, representing themselves about 1-1.5%

of the X-chromosome content.

Few years after the discovery of dystrophin, numerous studies showed that this protein is in fact part of a complex called the dystrophin-associated protein complex or DAPC [START_REF] Ervasti | Deficiency of a glycoprotein component of the dystrophin complex in dystrophic muscle[END_REF]. DAPC was first isolated from skeletal muscle, [START_REF] Ervasti | Membrane organization of the dystrophin-glycoprotein complex[END_REF][START_REF] Anderson | Loss of the Sarcoglycan Complex and Sarcospan Leads to Muscular Dystrophy in -Sarcoglycan-Deficient Mice[END_REF] and it is constituted by a group of proteins that can be transmembrane, extracellular or intracellular [START_REF] Ibraghimov-Beskrovnaya | Primary structure of dystrophin-associated glycoproteins linking dystrophin to the extracellular matrix[END_REF]1993). Interestingly, when mutations occur in other proteins than dystrophin, they also can lead to muscular dystrophies, as is the case for example with limb-girdle muscular dystrophies or congenital muscular dystrophies [START_REF] Roberds | Missense mutations in the adhalin gene linked to autosomal recessive muscular dystrophy[END_REF][START_REF] Noguchi | Mutations in the Dystrophin-Associated Protein [IMAGE]-Sarcoglycan in Chromosome 13 Muscular Dystrophy[END_REF]Bonnemann et al., 1995).

In the following point, I will describe the composition of this complex and its evolutionary conservation in the model I used during my thesis, the nematode Caenorhabditis elegans.

B. Molecular composition of the DAPC in vertebrates' muscle: differences and commonalities with C. elegans

The dystrophin-associated protein complex (DAPC) is a group of different classes of proteins located at the sarcolemma level in the muscle cells. The DAPC provides a structural bond that links the cytoskeleton to the extracellular matrix, making the myocyte more stable and resistant to contraction and relaxation cycles (Ervasti, 2006). Depending on their biochemical characteristics, the proteins that form the DAPC can be classified into 3 sub-complexes (Figure 17):

A cytoplasmic component: consisting essentially of dystrophin, syntrophin and dystrobrevin. With a molecular weight of 427KDa, dystrophin is one of the largest proteins present in the costamere, and it acts as a bridge between the actin cytoskeleton and the dystroglycan sub-complex directly linked to the extracellular matrix (ECM). The other cytoplasmic proteins in DAPC are αdystrobrevin and syntrophins (α1, β1 and β2) [START_REF] Roberts | Dystrophins and dystrobrevins[END_REF].

Dystroglycan sub-complex: this group consists of two proteins, α and βdystroglycan, both encoded by a single gene [START_REF] Ibraghimov-Beskrovnaya | Primary structure of dystrophin-associated glycoproteins linking dystrophin to the extracellular matrix[END_REF]. The α-dystroglycan subunit is located outside the cell, interacting with ECM compounds, such as laminin. The β-dystroglycan subunit is responsible for keeping the subcomplex anchored to the membrane, as it contains a transmembrane fragment. In addition, β-dystroglycan connects to dystrophin through its cytoplasmic part, thus providing an additional anchorage point of the DAPC to the sarcolemma [START_REF] Ervasti | A role for the dystrophin-glycoprotein complex as a transmembrane linker between laminin and actin[END_REF][START_REF] Huang | No title found[END_REF].

Sarcoglycan sub-complex: there are several classes of sarcoglycans, we find principally α, β, γ and δ-sarcoglycan in the muscle, all being transmembrane proteins [START_REF] Holt | Assembly of the Sarcoglycan Complex: INSIGHTS FOR MUSCULAR DYSTROPHY[END_REF]. These proteins interact both with dystroglycans and with another DAPC component called sarcospan [START_REF] Crosbie | Membrane Targeting and Stabilization of Sarcospan Is Mediated by the Sarcoglycan Subcomplex[END_REF][START_REF] Noguchi | Formation of sarcoglycan complex with differentiation in cultured myocytes: Sarcoglycan complex formation process in cultured myocytes[END_REF]. During my thesis, I became interested in the study of this proteins complex in the invertebrate model Caenorhabditis elegans. Interestingly, the DAPC has shown great conservation along the evolution, so that we find most of its components identified in vertebrates already existing in the nematode.

In C. elegans, the homologous gene of dystrophin is dys-1, which was first identified and described in 1998 in the laboratory of Laurent Ségalat. Although the dys-1 gene contains 47 exons, unlike the 79 found in humans, the encoded protein is about the same length, 3674 amino acids in the worm, compared to 3685 aa in human dystrophin [START_REF] Bessou | Mutations in the Caenorhabditis elegans dystrophin-like gene dys-1 lead to hyperactivity and suggest a link with cholinergic transmission[END_REF]; suggesting that both proteins may have the same structural function. Moreover, in addition to the similarity in length, most of the functional domains identified in human dystrophin are again present in DYS-1. The structure, function and conservation of DYS-1 domains are detailed in section II of this chapter.

Likewise, in worms, the two cytoplasmic proteins associated to dystrophin, dystrobrevin and syntrophin are present in the genome showing a strong evolutionary conservation. C.

elegans also contains a subfamily of dystroglycans and sarcoglycans [START_REF] Johnson | C. elegans dystroglycan DGN-1 functions in epithelia and neurons, but not muscle, and independently of dystrophin[END_REF]. 

Expression of DMD gene

The expression of the full length of dystrophin is controlled by three initial promoters (Figure 18 A): (1) a "B" promoter that leads the expression to the brain [START_REF] Boyce | Dystrophin is transcribed in brain from a distant upstream promoter[END_REF], a second "M" promoter, whose expression is muscular [START_REF] Klamut | Molecular and functional analysis of the muscle-specific promoter region of the Duchenne muscular dystrophy gene[END_REF]) and a third "P" promoter, for the Purkinje cells [START_REF] Górecki | Expression of four alternative dystrophin transcripts in brain regions regulated by different promoters[END_REF]. In muscle tissue, the highest level of dystrophin is found in the striated muscle, both cardiac and skeletal.

Additionally, there are other internal promoters that control the expression of the dystrophin gene (R: retina, B3: brain, S: Schwann cells and G: general), in this case, giving rise to shorter proteins on the N-terminus side but still retaining their C-terminus end, even if they lose part of the WW domain (Figure 18 B). The precise role of these isoforms is not yet well known.

Protein structure, subcellular localization and functions of DMD

Dystrophin is a large protein in which five main domains can be distinguished (Figure 18 B):

N-terminus domain: containing a sequence with a strong homology to the structural proteins spectrin and actinin; it is assumed that dystrophin belongs to the family of the β-spectrin/α-actinin proteins. The most important aspect of this region is the presence of two calponin homology domains (CH), which are responsible for the interaction of dystrophin with actin [START_REF] Hedgecock | Analysis of the actin-binding domain of alphaactinin by mutagenesis and demonstration that dystrophin contains a functionally homologous domain[END_REF][START_REF] Rybakova | A new model for the interaction of dystrophin with F-actin[END_REF]. It is important to note that the γ-actin to which dystrophin binds is different from the α-actin involved in the formation of the sarcomere [START_REF] Rybakova | The Dystrophin Complex Forms a Mechanically Strong Link between the Sarcolemma and Costameric Actin[END_REF].

Central rod domain: composed of 24 spectrin repeats, this domain is assumed to be responsible for conferring the characteristic flexibility to dystrophin [START_REF] Koenig | Detailed analysis of the repeat domain of dystrophin reveals four potential hinge segments that may confer flexibility[END_REF]. Each unit of these spectrine repeats is analogous to the triple helical repeats found in the spectrine. In addition to the helical structures, four hinge regions (H1-4) are present in a "dispersed" way as shown in figure 18 B.

WW domain: this protein binding module was recently described as recognizing proline rich regions; hence it is the part of dystrophin responsible for its binding to dystroglycan complex. WW domain specifically recognizes the PPxY sequence at the cytoplasmic C-terminus end of βdystroglycan [START_REF] Zarrinpar | The Structure and Function of Proline Recognition Domains[END_REF].

Cystein-rich domain: contains 2 EF-hand motifs that have been shown to bind intracellular calcium [START_REF] Koenig | The complete sequence of dystrophin predicts a rodshaped cytoskeletal protein[END_REF]. Also, it contains a ZZ-domain which, thanks to cysteine repeats, is predicted to bind zinc anions (Zn 2+ ), creating a region that resembles the zinc fingers existing in other proteins. The ZZ-domain also interacts with calmodulin in a Ca 2+ dependent manner [START_REF] Rentschler | The WW Domain of Dystrophin Requires EF-Hands Region to Interact with β-Dystroglycan[END_REF].

C-terminus domain: it contains a sequence unique to dystrophin and its associated proteins. It is characterized by comprising two α-helical regions called coiled-coil (CC) domains, which are similar to the helical regions found in the spectrin repeats region. The CCs are typical protein-protein interaction domains, by which dystrophin is able to bind to dystrobrevin or syntrophin. A and B are adapted from [START_REF] Blake | Function and Genetics of Dystrophin and Dystrophin-Related Proteins in Muscle[END_REF] Dystrophin is localized in the sarcolemma of the muscle fibers in a non-homogenous way, it is enriched in various regions such as the costamere, the myotendinous junctions or contact area between two muscle cells, as well as in the neuromuscular junctions (reviewed in [START_REF] Davies | Molecular mechanisms of muscular dystrophies: old and new players[END_REF]. The function of dystrophin in the intracellular periphery of the sarcolemma is thought to be providing protection against the stress of the muscle contraction/relaxation cycles by giving "cushioning" to the membrane. This would be partly thanks to the flexibility of the protein given by its central region with the spectrin repeats [START_REF] Petrof | Dystrophin protects the sarcolemma from stresses developed during muscle contraction[END_REF][START_REF] Grum | Structures of Two Repeats of Spectrin Suggest Models of Flexibility[END_REF]. In summary, dystrophin is part of a protein complex where it plays an essential role in the maintenance and stability of multiple associated proteins, whose absence destabilizes the entire DAPC and alters the location of associated proteins [START_REF] Ervasti | Deficiency of a glycoprotein component of the dystrophin complex in dystrophic muscle[END_REF]) [START_REF] Yoshida | Biochemical evidence for association of dystrobrevin with the sarcoglycansarcospan complex as a basis for understanding sarcoglycanopathy[END_REF].

B. DMD diseases

Dystrophinopathies are muscular diseases caused by mutations in the dystrophin gene and can occur in two forms: a severe form called Duchenne Muscular Dystrophy (DMD), and a less severe form called Becker Muscular Dystrophy (BMD) [START_REF] Hoffman | Dystrophin: The protein product of the duchenne muscular dystrophy locus[END_REF].

Duchenne muscular dystrophy owes its name to the researcher and physician Guillaume Duchenne who, in 1861, completed the characterization of this myopathy. DMD is primarily seen in boys and is estimated to affect an average of 1 in 3500 birth males [START_REF] Emery | Population frequencies of inherited neuromuscular diseases-A world survey[END_REF]. This higher proportion in boys is due to the location of the dystrophin gene on the X chromosome and the transmission is carried out in a recessive manner.

Then, DMD, unlike BMD, is due to mutations that change the reading frame in the dystrophin gene, resulting in early stops that lead to a total or partial absence of the protein in muscle and other tissues, such as the brain.

Dystrophin's pattern of expression, found mainly in muscle and nerve tissue, explains the symptoms of Duchenne disease. The first indications are muscular, mostly affecting the lower limbs at first, resulting in problems in locomotion. Usually, a delay in learning to walk is observed, and often when the boys start to walk they have difficulties in getting up and cannot even run due to muscle weakness. Other manifestations, not less important, are cognitive complications. Above all, these are difficulties in abstraction and reasoning, and there may even be cases of pseudo-autism.

The complexity of DMD comes at the end, when the respiratory and cardiac muscles begin to weaken. Thus, by the age of 20-30, deaths occur from respiratory or cardiac failure [START_REF] Khirani | Respiratory muscle decline in duchenne muscular dystrophy: Respiratory Function in DMD[END_REF].

In the other hand, the most attenuated form of dystrophinopathy, so-called Becker Muscular Dystrophy, arises when mutations that preserve the reading frame in the dystrophin gene occur. The appearance of clinical manifestations in this case is later and less acute, so that usually motor symptoms start to be observed around the age of 12-14 years and become more aggravated after 40 years. As for the nature of the symptoms, they are similar to those seen previously in DMD, but in this case, they are less severe since there is a truncated and partially functional protein [START_REF] Hoffman | Characterization of Dystrophin in Muscle-Biopsy Specimens from Patients with Duchenne's or Becker's Muscular Dystrophy[END_REF].

C. Dystrophin/dys-1 in C. elegans: consequences of different mutations

Dystrophin gene in C. elegans (dys-1)

The gene coding for dystrophin in C. elegans is dys-1, which was identified more than twenty years ago, in the laboratory of Laurent Ségalat and Kathrin Gieseler [START_REF] Bessou | Mutations in the Caenorhabditis elegans dystrophin-like gene dys-1 lead to hyperactivity and suggest a link with cholinergic transmission[END_REF]. dys-1 is located on chromosome I, covers 31 kb of genomic sequence and consists of 47 exons (Wormbase), although only 46 were initially described when first characterizing the gene. Using a GFP-reporter expressed under the control of the dys-1 gene promoter, it was shown that the dystrophin in the worm is expressed in muscle tissue, either in the body wall muscle (1) or in other muscles such as the vulva (2) or the pharynx muscles (3), as shown in figure 19 B. Thanks to advances in genetic engineering, it is now relatively easy to obtain a knock-in line. Thus, we took advantage of the simplicity of the model and the rapidity of the genomic modifications by CRISPR/Cas9

to perform a transcriptional knock-in (dys-1::sl2::wrmScarlet) to visualize the expression of dystrophin under physiological conditions (data not published). Our results confirm the expression of dystrophin in the muscle tissue as described in 1998 by Bessou et al., in addition to the exclusion of neurons in the nematode (Figure 19 C). No other dystrophin-like genes have been described in the worm, as counterparts to the vertebrate utrophin or DRP2 (Grisoni et al., 2002a). 

Dystrophin protein in C. elegans (DYS-1)

The DYS-1 protein presents a high homology in its different functional domains, especially in the C-terminus part, compared to human DMD (Figure 19 A). A structural analysis of the longer DYS-1 isoform showed the presence of the following domains [START_REF] Bessou | Mutations in the Caenorhabditis elegans dystrophin-like gene dys-1 lead to hyperactivity and suggest a link with cholinergic transmission[END_REF]Gieseler et al., 1999a):

N-terminus region : is also an α-actinin type sequence, as occurs in vertebrates. It is estimated that the percentage of homology of this region is about 20%.

Central domain : as in human DMD, DYS-1 also presents a flexible central domain composed of spectrin repeats. The homology in this region is lower, about 10%.

WW-domain (3047-3081) and cysteine rich domain .

C-terminus end (3354-3674): this region, responsible for the binding of dystrophin to other DAPC proteins, has the highest homology respect to the human one, about 37%. The interactions between DYS-1 and other DAPC proteins will be discussed in further sections of this chapter.

DYS-1 has a length of 3674 amino acids, compared to the 3685 amino acids of human DMD, which suggests a conservation in the structural function of both proteins. It was shown that the dystrophin in C. elegans is located in the I-bands of the body wall muscle, co-localizing with the actin filaments and the dense bodies, being excluded from the Abands (Figure 19 D and E) [START_REF] Brouilly | Ultra-structural time-course study in the C. elegans model for Duchenne muscular dystrophy highlights a crucial role for sarcomereanchoring structures and sarcolemma integrity in the earliest steps of the muscle degeneration process[END_REF]. As shown in figure 19 D and E, depending on whether an antibody against DYS-1 or GFP is used, the localization patterns are slightly different and may result in inaccurate conclusions. The experiments performed at that period, under the technological limitations of both genetic engineering and confocal microscopy, could be rebuilt today with improved resolution. For this reason, we decided to build a knock-in C. elegans strain by fusing a fluorescent protein in the dys-1 genomic sequence by CRISPR/Cas9. The results of this experiment are detailed in the results chapter, part I (article in preparation).

Mutations in dys-1 and associated phenotypes

Various alleles with different mutations in the dys-1 gene exist, but only dys-1(cx18) has been widely used for the characterization of dystrophin in C. elegans. As a result of an EMS (ethyl methane sulfonate) induced chemical mutagenesis, dys-1(cx18) and dys-1(cx26) were isolated. cx18 shows a substitution mutation (g in a) that generates a premature stop codon in exon 33 (amino acid 2721), and in cx26 a stop codon also occurs but this time in exon 39. By a different approach (UV) cx35 and cx40 were also isolated (Figure 20 A). Most of the phenotypes described in these alleles belong to a study conducted by [START_REF] Bessou | Mutations in the Caenorhabditis elegans dystrophin-like gene dys-1 lead to hyperactivity and suggest a link with cholinergic transmission[END_REF] Mutant strains of dys-1 are characterized as hyperactive and hyper-contracted, as well as hypersensitive to aldicarb, which is an inhibitor of the enzyme acetylcholinesterase.

Hyperactivity was defined by a locomotion test in which the number of body bends performed by the animal when moving on a solid medium was counted. The results show a significant increase in body bends/minute in dys-1 mutant animals compared to the wild-type (N2 strain). Beyond that, worms tend to contract their bodies when moving backwards. Intriguingly, these mutants exhibit a typical and unusual characteristic which is to twist their heads very tightly to one side or the other when they move forward. This phenomenon of exaggerated head movement was called "overbent" or "head-bending" phenotype (Figure 20 B).

A typical hallmark of Duchenne disease is the muscle degeneration that is observed in patients. Concerning this feature in worms with dystrophin mutations, no degeneration of the body wall muscle is observed (very occasionally one or two affected cells are detected). This was determined using a specific muscle marker (unc-54::gfp), with which no difference in the arrangement of sarcomere myofilaments was observed between dys-1 mutants and wild-type animals (Figure 20 C).

The non-presence of degeneration in muscle tissue when dystrophin is mutated is not limited to C. elegans, but it is also the case in the murine model of DMD (mdx mice). In a study conducted by [START_REF] Megeney | MyoD is required for myogenic stem cell function in adult skeletal muscle[END_REF] [START_REF] Megeney | MyoD is required for myogenic stem cell function in adult skeletal muscle[END_REF]. Based on these findings, Kathrin Gieseler's team generated a new model of DMD by combining dys-1 mutants with hlh-1 mutants. For hlh-1, which is the homologous gene of MyoD, a thermosensitive allele (cc561) was used as it is more permissive, since the null hlh-1 mutant is lethal. The double mutant dys-1(cx18);hlh-1(cc561) shows an aggravation in the phenotypes previously observed in the single mutant dys-1(cx18),

showing an increased and progressive muscle degeneration, deteriorating over time (Figure 20 D) [START_REF] Gieseler | Genetic suppression of phenotypes arising from mutations in dystrophin-related genes in Caenorhabditis elegans[END_REF]. 

A. Biosynthesis and functions

The dystroglycan (DG) sub-complex is a central component of the muscular DAPC with a predominant structural role: connecting the components of the cytoskeleton to the extracellular matrix. Dystroglycan is encoded by a single gene of 2 exons, which gives rise to a precursor protein (Figure 21 A). The expression of this gene is ubiquitous [START_REF] Montanaro | Dystroglycan expression in the wild type andmdx mouse neural retina: Synaptic colocalization with dystrophin, dystrophinrelated protein but not laminin[END_REF] [START_REF] Durbeej | Dystroglycan in development and disease[END_REF]. Following its synthesis, the precursor protein derived from a single mRNA, undergoes several post-translational modifications, including the cleavage process (Ser654), targeting to separate the precursor protein into two subunits: αand β-dystroglycan [START_REF] Ibraghimov-Beskrovnaya | Primary structure of dystrophin-associated glycoproteins linking dystrophin to the extracellular matrix[END_REF].

The α-dystroglycan subunit is a 156KDa highly glycosylated peripheral extracellular protein. Along with β-dystroglycan, it was isolated from muscle as part of DAPC [START_REF] Ervasti | Deficiency of a glycoprotein component of the dystrophin complex in dystrophic muscle[END_REF]. α-dystroglycan consists of an N-terminus domain (1-312 aa), a mucin-like domain with numerous O-glycosylation sites (313-385 aa), and a C-terminus domain (386-653 aa) (Figure 21 A). Both the N-terminus and C-terminus ends have Nglycosylation sites [START_REF] Brancaccio | The N-terminal Region of alpha-Dystroglycan is an Autonomous Globular Domain[END_REF][START_REF] Nilsson | Characterization of site-specific Oglycan structures within the mucin-like domain of α-dystroglycan from human skeletal muscle[END_REF]reviewed in Yoshida-Moriguchi and Campbell, 2015). Finally, we find α-dystroglycan associated, on the one hand, with components of the extracellular matrix, such as laminin and agrin (by binding to globular G-domains on the C-ter of these), and on the other hand, with the βdystroglycan subunit [START_REF] Gee | Laminin-binding protein 120 from brain is closely related to the dystrophin-associated glycoprotein, dystroglycan, and binds with high affinity to the major heparin binding domain of laminin[END_REF][START_REF] Montanaro | α-Dystroglycan Is a Laminin Receptor Involved in Extracellular Matrix Assembly on Myotubes and Muscle Cell Viability[END_REF].

The other subunit, much smaller (43KDa), is β-dystroglycan. It contains a single transmembrane segment (aa 751-774, in the precursor), representing an anchorage site of the DG and DAPC to the plasma membrane. In addition to its interaction with the α subunit, the cytoplasmic -COOH part of the β-DG is associated with the cystein-rich region of the dystrophin.

B. Interaction with DAPC

Dystroglycan β subunit binds to dystrophin. The part of the dystroglycan that participates in this interaction is highly conserved that is situated at the C-terminus end (last 15 aa).

This region is also rich in proline, being the PPPY motif the specific sequence that links to the WW domain of the DMD (Figure 21 B) [START_REF] Rentschler | The WW Domain of Dystrophin Requires EF-Hands Region to Interact with β-Dystroglycan[END_REF][START_REF] Hnia | ZZ domain of dystrophin and utrophin: topology and mapping of a β-dystroglycan interaction site[END_REF].

Furthermore, it was shown that an additional interaction with the EF-hands domains of DMD is also needed [START_REF] Ishikawa-Sakurai | ZZ domain is essentially required for the physiological binding of dystrophin and utrophin to -dystroglycan[END_REF]. Thus, both the WW and the EFhands are required to form a recognition surface in the dystroglycan PPPY sequence to its interaction with dystrophin.

Interestingly, it was shown for the first time in 1999 that dystrobrevin, a cytoplasmic protein of DAPC associated directly to dystrophin, also interacts with β-dystroglycan, even if it lacks the WW-like domain but contains the EF-hand domain [START_REF] Chung | WW and EF Hand Domains of Dystrophin-Family Proteins Mediate Dystroglycan Binding[END_REF]. Also, in several biochemical co-immunoprecipitation studies, dystroglycan and sarcoglycan sub-complexes were also reported to interact with each other [START_REF] Yoshida | Biochemical evidence for association of dystrobrevin with the sarcoglycansarcospan complex as a basis for understanding sarcoglycanopathy[END_REF].

Finally, β-dystroglycan binds to caveolin-3 (Cav-3). Cav-3 also contains a WW-domain through which it binds to the PPPY sequence of the β-dystroglycan, thus competing with dystrophin, since both proteins bind to the same dystroglycan site (Sotgia et al., 2000). 

C. Interaction with ECM

The α subunit of the dystroglycan subcomplex is characterized by binding to different non-collagenous proteins of the extracellular matrix, including laminin, agrin and perlecan, among others.

In the literature, one of the most studied interactions of dystroglycan with ECM is the one between α-DG and laminin. Laminin is probably the most abundant protein present in the extracellular matrix at the basal lamina level. It has been shown in 1993 that the α-DG subunit interacts with globular G-domains located at the C-terminus end of laminin. This same interaction was also shown to exist between α-DG and the ECM agrin protein [START_REF] Gee | Laminin-binding protein 120 from brain is closely related to the dystrophin-associated glycoprotein, dystroglycan, and binds with high affinity to the major heparin binding domain of laminin[END_REF][START_REF] Bowe | Identification and purification of an agrin receptor from torpedo postsynaptic membranes: A heteromeric complex related to the dystroglycans[END_REF][START_REF] Rentschler | The WW Domain of Dystrophin Requires EF-Hands Region to Interact with β-Dystroglycan[END_REF]. Finally, a strong interaction between the α-DG subunit and fragment V of perlecan was also reported, with a higher affinity than that observed for laminin [START_REF] Talts | Binding of the G domains of laminin α1 and α2 chains and perlecan to heparin, sulfatides, α-dystroglycan and several extracellular matrix proteins[END_REF].

A crucial aspect to keep in mind is that, for this interaction to occur properly, the α-DG subunit needs to be properly glycosylated, where the O-mannose-glycosylation that takes place during the post-translational modifications of dystroglycan is especially important.

Then, when a mutation occurs in the enzymes required for O-linked glycosylation of DG, a pathology called α-dystroglycanopathy occurs, which represents a new category of myopathies with a generic feature and synthetic manifestations [START_REF] Xu | Deletion of Galgt2 (B4Galnt2) Reduces Muscle Growth in Response to Acute Injury and Increases Muscle Inflammation and Pathology in Dystrophin-Deficient Mice[END_REF].

A. Dystroglycan structure and conservation in C. elegans DGN-1 is the homologous of the dystroglycan in the nematode C. elegans. It was first identified by Grisoni et al. in 2002, through a sequence alignment analysis (Figure 22 A),

where in addition to DGN-1, other conserved components of DAPC were revealed. In this study, it was assumed that only one homologue exists, however, few years later, DGN-2 and DGN-3 were identified, whose sequences are much less conserved (Grisoni et al., 2002a).

It was only in 2006 that a first complete characterization of C. elegans dystroglycan was performed by Johnson et al. The DGN-1 protein has a well-preserved N-terminus region, which also contains an immunoglobulin domain, as in vertebrates. Continuously, it contains a short mucin-like region and several glycosylation sites (Figure 22 B). The most conserved region in evolution, however, is the C-terminus part, as described in the paper of Grisoni et al. in 2002a. Nevertheless, despite the fact that the C-ter region presents more than 30% of homology with vertebrate sequences, the PPPY motif necessary for the binding of dystroglycan to dystrophin, is not found in C. elegans (Figure 22 C) [START_REF] Johnson | C. elegans dystroglycan DGN-1 functions in epithelia and neurons, but not muscle, and independently of dystrophin[END_REF].

Interestingly, unlike humans, where the dystroglycan is derived from a single precursor that gives rise to two subunits, in the worm the dystroglycan does not cleave, but it does glycosylate. 

B. Dystroglycan expression in worm muscle

To determine which tissue express dgn-1 in C. elegans, a transgene was constructed containing, on the one hand, 2680bp of genomic DNA upstream the first exon, reaching the second exon on the 3' side. On the other hand, an artificial transmembrane domain and, finally, a GFP-coding sequence. Thanks to this GFP-reporter, the expression of dgn-1 was observed mainly in epithelial and neural tissue, but not in muscle (Figure 23 A).

This experience was repeated, with different promoters, and it was shown that the expression was identical, confirming that dgn-1 is not expressed in the muscle [START_REF] Johnson | C. elegans dystroglycan DGN-1 functions in epithelia and neurons, but not muscle, and independently of dystrophin[END_REF].

This result was surprising, since, on one hand, it is inconsistent with the expression and function of the dystroglycan in the vertebrate muscle, and on the other hand, because of a transcriptome analytical study conducted many years later by Cao et al., in which it was reported a high expression of dgn-1 in the body wall muscle of C. elegans (Figure 23 B) [START_REF] Cao | Comprehensive single-cell transcriptional profiling of a multicellular organism[END_REF].

Consequently, taking advantage of the genomic modification rapidity with the CRISPR/Cas9 system, we were able to construct a knock-in line of dgn-1 fused to a fluorescent protein. Our results clearly show a great expression of dgn-1 in the body wall muscle of C. elegans, whose subcellular location, interestingly, is similar to that observed for DYS-1 (Figure 23 C). dgn-1 is present in pharyngeal epithelium (d), gonad precursor cells (e), PVP neurons (f), rectal epithelium (g), ventral cord neurons (arrowheads in h). In L3 larvae stage dgn-1 is present in gonad epithelium (i). In L4 animals dgn-1 is found in gonad and uterus (j) as well as vulval epithelium (k). Scale: 10 m. Adapted from Johnson et al., 2006. B: 

C. DGN-1 functions and mutations consequences

When the first dystroglycan-deficient worm (dsRNA) was generated, the animals appeared to be sterile, suggesting that DGN-1 may be involved in gametogenesis (Grisoni et al., 2002a). This was confirmed in further studies. However, Johnson et al. showed that this sterility was due to a malformation of the gonad. It is important to remember that dystroglycan is a membrane receptor that interacts with several components of the ECM.

Therefore, a deficiency of DGN-1 leads to alterations in the basal lamina formation of the gonad during development, giving rise to a non-functional gonad with an aberrant morphology and, consequently, to sterile animals [START_REF] Johnson | C. elegans dystroglycan DGN-1 functions in epithelia and neurons, but not muscle, and independently of dystrophin[END_REF][START_REF] Mcclatchey | Boundary cells restrict dystroglycan trafficking to control basement membrane sliding during tissue remodeling[END_REF]. Similarly, in a later study it was reported that DGN-1 and TEN-1, the homologous of teneurin, are involved in the formation and integrity of both the gonadal and pharyngeal basal lamina [START_REF] Trzebiatowska | Caenorhabditis elegans Teneurin, ten-1 , Is Required for Gonadal and Pharyngeal Basement Membrane Integrity and Acts Redundantly with Integrin ina-1 and Dystroglycan dgn-1[END_REF].

Finally, when dgn-1 mutants were first studied, they were suspected of having the head bending phenotype typically present in dys-1 mutants (and other DAPC components). However, it was later found that these mutants don't show any head bending appearance.

Also, dgn-2 and dgn-3 mutants do not have any visible phenotype.

A. Expression and localization

Sarcoglycan (SG) and sarcospan form a transmembrane sub-complex of DAPC in the skeletal muscle of vertebrates. Four subunits are needed to form a SG complex: α, β, γ and δ-sarcoglycan, that are highly expressed in skeletal muscle, but not exclusively. A fifth SG subunit exist, the ε-sarcoglycan, which is present in different tissues.

Sarcoglycans are glycosylated proteins, unlike sarcospan. Besides, each subunit within its sequence has a transmembrane domain that allows it to anchor to the sarcolemma, and a cystein-rich zone that is located in the extracellular part (Figure 24 A) [START_REF] Ozawa | Molecular and cell biology of the sarcoglycan complex[END_REF].

Additionally, a study based on the structural analysis of this sub-complex, showed that the β, γ and δ subunits have the N-terminus ends inside the cell, while the α and ε subunits have an extracellular N-terminus. It is now currently known that sarcoglycans are proteins that have a relatively long extracellular domain, with several N-glycosylation sites [START_REF] Mcnally | Mutations that disrupt the carboxyl-terminus of gamma-sarcoglycan cause muscular dystrophy[END_REF][START_REF] Chan | Molecular Organization of Sarcoglycan Complex in Mouse Myotubes in Culture[END_REF]. A very interesting fact that was put in evidence by Ettinger et al., is that, among all SG, the α and ε subunits have a high homology with each other, reaching 60% at the amino-acid level. Also, in another study conducted by K.

Campbell's laboratory three years later, it was found that in smooth muscle, the εsarcoglycan subunit replaces the α subunit, which seems to be reasonable since they are two highly similar proteins [START_REF] Ettinger | ε-Sarcoglycan, a Broadly Expressed Homologue of the Gene Mutated in Limb-Girdle Muscular Dystrophy 2D[END_REF][START_REF] Barresi | Expression of γ-Sarcoglycan in Smooth Muscle and Its Interaction with the Smooth Muscle Sarcoglycan-Sarcospan Complex[END_REF]. Similarly, the δ and γ subunits are also close regarding the protein composition, sharing almost 70% of their amino acids [START_REF] Hack | Differential requirement for individual sarcoglycans and dystrophin in the assembly and function of the dystrophin-glycoprotein complex[END_REF]. Finally, β-SG has been shown to be the furthest in sequence of all sarcoglycans [START_REF] Lapidos | Transplanted hematopoietic stem cells demonstrate impaired sarcoglycan expression after engraftment into cardiac and skeletal muscle[END_REF].

B. Regulation of surface expression

Both for the correct formation of the sarcoglycan sub-complex and for its trafficking to the plasma membrane of the muscle cell, several studies have shown that all its subunits need to be translated before assembly [START_REF] Holt | Assembly of the Sarcoglycan Complex: INSIGHTS FOR MUSCULAR DYSTROPHY[END_REF][START_REF] Noguchi | Formation of sarcoglycan complex with differentiation in cultured myocytes: Sarcoglycan complex formation process in cultured myocytes[END_REF]. Once all four subunits are translated, the beginning of assembly (Figure 24 B) occurs in the endoplasmic reticulum (ER) where the β and δ subunits are first associated. Both subunits are reported to be strongly linked together and form a core of the complex, with the β subunit being responsible for initiating the assembly. The core will then recruit the remaining sarcoglycans, γ and α, respectively [START_REF] Shi | Specific assembly pathway of sarcoglycans is dependent on beta-and delta-sarcoglycan[END_REF]. 

C. Absence of SG

Mutations in Sarcoglycans are also known to lead to genetic muscle diseases. In this case, the myopathies that are generated are called limb girdle muscular dystrophies (LGMD), and are characterized by affecting more acutely the pelvic area and back muscles (Hack et al., 2000a).

Interestingly, the β subunit seems to be the responsible for recruiting the rest of the subunits to form the sarcoglycan sub-complex. Therefore, one may contemplate that the loss of this subunit would lead to the destabilization of the whole complex. And indeed, Shi et al. demonstrated that when a defect occurs in the glycosylation process of the β subunit, the entire sarcoglycan subcomplex is disrupted. And not only so, but even when missense mutations in β-SG occur, the structure of the complex is lost, which highlights the indispensability of this subunit [START_REF] Shi | Specific assembly pathway of sarcoglycans is dependent on beta-and delta-sarcoglycan[END_REF].

Similarly, and since the δ subunit also intervenes early in the formation of the sarcoglycan complex, as it, together with the β subunit, forms the core that initiates the assembly, it has been shown that the loss of δ-SG also results in the complete absence of the complex.

Mutations in the γ subunit only involves a simple reduction of the remaining subunits and not the total loss of the SG complex (Hack et al., 2000b). Thus, in null mice for sarcoglycans, it was confirmed by immunohistochemical analysis that the SG complex has completely lost its components. These mice also show symptoms of muscular dystrophy [START_REF] Bonnemann | Genomic screening for beta-sarcoglycan gene mutations: missense mutations may cause severe limb-girdle muscular dystrophy type 2E (LGMD 2E)[END_REF]. In parallel, it seems that the fact of simply removing the α subunit also produces progressive muscular dystrophy in mice, characterized by weakness, necrosis and an increase in the permeability of the plasma membrane of the muscle fibers; as occurs in the type 2D of limb girdle muscular dystrophy (LGMD2D), which is the type of LGMD produced in humans by the absence of the α-SG subunit (Dulcos et al., 1998).

All these results indicate that the subunits of the sarcoglycan subcomplex are strongly interdependent, and that the absence of one of them leads to alterations at a greater level, resulting eventually in the total loss of the SG complex structure.

D. Interaction with extracellular and intracellular factors

The first characterized subunit of the sarcoglycan complex is α-SG or adhalin, as it was originally called, which was cloned by Roberts et al. in 1993 from rabbit skeletal muscle tissue. This unit has a molecular weight of 50KDa and has been shown to possess a domain that has Ca 2+ and Mg 2+ dependent ATPase activity [START_REF] Roberds | Primary structure and muscle-specific expression of the 50-kDa dystrophin-associated glycoprotein (adhalin)[END_REF][START_REF] Sandonà | Characterization of the ATP-hydrolysing activity of α-sarcoglycan[END_REF].

The sarcoglycan sub-complex is part of the DAPC. In this context, several studies have sought to study the possible interaction that could exist between sarcoglycans and different components of DAPC.

In 1998, Chan et al. suggested an interaction between the δ-sarcoglycan subunit and the dystroglycan complex, which was tested in cultured mouse myotubes and was indeed found that the extracellular domain of δ-SG binds to both α and β-DG [START_REF] Chan | Molecular Organization of Sarcoglycan Complex in Mouse Myotubes in Culture[END_REF].

This interaction between the two complexes was corroborated by a later study, which additionally showed that the interaction occurs during the transport of the sarcoglycan sub-complex before it reaches the muscle cell membrane [START_REF] Noguchi | Formation of sarcoglycan complex with differentiation in cultured myocytes: Sarcoglycan complex formation process in cultured myocytes[END_REF]. Also, since the dystroglycan complex show a significant reduction in western blot analysis when α-sarcoglycan is absent, it was reported that sarcoglycan may have an additional role in stabilizing the interaction that takes place between both components [START_REF] Sakamoto | Both hypertrophic and dilated cardiomyopathies are caused by mutation of the same gene, -sarcoglycan, in hamster: An animal model of disrupted dystrophin-associated glycoprotein complex[END_REF].

Analogously, it has traditionally been assumed that the sarcoglycan complex does not interact directly with dystrophin, however, Vainzof et al. proposed that the γ-SG subunit could be associated with dystrophin, which was suggested following an observation of the immunofluorescent pattern of DMD in muscles of patients with sarcoglycanopathies, but it was not conclusive since it was observed in only two patients, and in one the decrease of fluorescence was not total [START_REF] Vainzof | Further evidence for the organisation of the four sarcoglycans proteins within the dystrophin-glycoprotein complex[END_REF]. Likewise, a more recent study based on co-immunoprecipitation analysis showed that the intracellular parts of both β and δ-sarcoglycan are associated with dystrophin at its C-terminus end. In this assay, the short DMD isoform (dp71) was used, in which the entire N-terminus and central region are missing, preserving only the C-terminus interaction domains [START_REF] Chen | Identification of functional domains in sarcoglycans essential for their interaction and plasma membrane targeting[END_REF].

Finally, there are indications to contemplate that sarcoglycans could also associate to dystrobrevin, another DAPC protein. This was demonstrated by a biochemical analysis of a purified DAPC complex, where the N-terminus end of the α-dystrobrevin has been found to be associated with the sarcoglycan sub-complex [START_REF] Yoshida | Biochemical evidence for association of dystrobrevin with the sarcoglycansarcospan complex as a basis for understanding sarcoglycanopathy[END_REF].

A. Conservation, expression and localization in muscle

Protein and genomic sequence alignment analysis showed the existence of homologues for the sarcoglycan sub-complex subunits in C. elegans (Figure 25 A): SGCA-1 (H22K11.4) for α-sarcoglycan, SGCB-1 (K01A2.1) for β-sarcoglycan and finally SGN-1 (F07H5.2), as a δ/γ-sarcoglycan homologue (Grisoni et al., 2002a).

In the literature, few studies have tried to bring clarity to the SG complex in C. elegans.

So, the only sarcoglycan whose expression pattern is known in worms is SGCA-1.

The first studies carried out to identify the tissues that express sgca-1 and to explore its localization, on the one hand, were based on the construction of a transgene containing a fluorescent protein (GFP) fused in frame to the sequence of sgca-1, which was injected and integrated into the worm genome. On the other hand, anti-SGCA-1 antibodies were used as well. In both cases an extended expression was observed in the muscle tissue, specifically in the body wall muscle. SGCA-1, in addition, had a puncta pattern distribution that is excluded from the A lines but positioned along with the dense bodies (Figure 25 B). In addition, a recent study conducted by Oh et al. showed that the fluorescence associated to SGCA-1 is reduced in dys-1(eg33) mutants (Figure 25 C) (Grisoni et al., 2002a;[START_REF] Kim | The Dystrophin Complex Controls BK Channel Localization and Muscle Activity in Caenorhabditis elegans[END_REF][START_REF] Oh | Interaction of α-Catulin with Dystrobrevin Contributes to Integrity of Dystrophin Complex in Muscle[END_REF]. 

B. Sarcoglycans mutants

When sarcoglycans were identified in C. elegans, a behavioral study was done in the absence of the SG subunits using dsRNA for each of the sgca-1, sgcb-1 or sgn-1 genes.

Grisoni et al. reported that in all three cases the head-bending and hyperactivation typically observed in dys-1 mutants were phenocopied (Grisoni et al., 2002a). Also, in the first study describing the expression pattern of SGCA-1, carried out by Kim et al., it is also mentioned that the SGCA-1::GFP construction performed can rescue the phenotypes of the sgca-1(tm1232) mutant [START_REF] Kim | The Dystrophin Complex Controls BK Channel Localization and Muscle Activity in Caenorhabditis elegans[END_REF]. Moreover, in a more recent study it is reported that another allele, also considered null, of sgca-1(ok1529) does not have any visible phenotype. Neither is the case for an allele of the subunit sgn-1(ok2432) [START_REF] Johnson | Neural Maintenance Roles for the Matrix Receptor Dystroglycan and the Nuclear Anchorage Complex in Caenorhabditis elegans[END_REF]. Plus, the tm1232 allele has been analyzed in the laboratory and we have not been able to observe any locomotor defect or the head-bending phenotype. In order to continue exploring the phenotypes triggered by the absence of sarcoglycans, we have analyzed recently performed CRISPR/Cas9 knock-out lines, which are null molecular for sgcb-1 (of which no mutant allele was available), and for sgn-1.

The phenotype of head-bending is still weakly perceptible and unclear.

With regard to phenotypes related to muscle degeneration, unpublished data from K.

Gieseler's team show that the combination of the mutants sgca-1 and the thermosensitive hlh-1(cc561) allele, which is a MyoD homologue, shows a marked degeneration of the body wall muscle of C. elegans (reviewed in [START_REF] Gieseler | Development, structure, and maintenance of C. elegans body wall muscle[END_REF].

Finally, even if mutant alleles exist for sarcoglycans in C. elegans, the phenotypes associated with these mutations remain unclear in the literature.

A. Dystrobrevin structure and expression in muscle

Dystrobrevin (DB) is one of the cytoplasmic components of the dystrophin-associated protein complex. It has a molecular weight of 87KDa and was initially isolated from muscle tissue of Torpedo californica [START_REF] Carr | A novel 87,000-Mr protein associated with acetylcholine receptors in Torpedo electric organ and vertebrate skeletal muscle[END_REF]. Previous to knowing its affiliation to DAPC, this protein was mainly known by its association with acetylcholine receptors (AchR), since it was identified thanks to its coimmunoprecipitation with AchR [START_REF] Wagner | SLO-1 Potassium Channels Control Quantal Content of Neurotransmitter Release at the C. elegans Neuromuscular Junction[END_REF].

In vertebrates, dystrobrevin is the product of two independent genes, which give rise to two proteins: α and β-dystrobrevin. Each dystrobrevin comprises multiple isoforms (Figure 26 A), and, despite their high homology, they show different expression patterns.

In general, α-dystrobrevin is expressed mostly in muscle tissue, both skeletal and cardiac, and in brain. While β-dystrobrevin shows a rather extensive, although not muscular, expression (brain, kidneys, etc.) [START_REF] Blake | Isoform Diversity of Dystrobrevin, the Murine 87-kDa Postsynaptic Protein[END_REF]. It has been shown that not all dystrobrevins are associated with dystrophin in DAPC, but only α-1, α-2 and α-3 (and not α-4 and α-5). α-dystrobrevin-1 is mostly located at the neuromuscular junction, whereas α-DB-2 is located both at the neuromuscular junction and in other areas of the sarcolemma, in interaction with DAPC. Finally, of the α-DB-3, which lacks the domain of interaction with both dystrophin and syntrophin, little is known about its exact subcellular localization in muscle [START_REF] Peters | Differential Membrane Localization and Intermolecular Associations of α-Dystrobrevin Isoforms in Skeletal Muscle[END_REF]. Possibly the clearest characteristic of α-dystrobrevin is its high similarity to dystrophin in the C-terminus part (Figure 26 A and B). Dystrobrevin is well known for sharing the functional domains found in the C-terminus region of DMD, which are responsible for the interaction of dystrophin with other DAPC proteins such as syntrophin. Therefore, one can already imagine that dystrobrevin will, likewise, associate through these domains with the same proteins. Among the regions that can be identified at the C-terminus end of dystrobrevin, we find: cystein-rich regions, the EF-hand motifs, ZZ finger and, as expected, a syntrophin binding site [START_REF] Sadoulet-Puccio | Dystrobrevin and dystrophin: An interaction through coiled-coil motifs[END_REF]. In addition, the protein contains regions rich in tyrosine, which represent target areas for regulation by phosphorylation [START_REF] Balasubramanian | Characterization of the tyrosine phosphorylation and distribution of dystrobrevin isoforms[END_REF]. Finally, given that dystrobrevin is part of the DAPC, it has become common to assign it a structural function, however, several studies have shown a possible role of α-DB in the development (changing expression profile) and in the transmission of intracellular signals (in association with nNOS, via syntrophin) (reviewed in [START_REF] Rees | Dystrobrevins in muscle and non-muscle tissues[END_REF].

B. Syntrophin structure and expression in muscle

The last component of DAPC that we will cover in this manuscript are syntrophins, which represent a family of cytoplasmic proteins associated to dystrophin and dystrobrevin [START_REF] Yang | Identification of α-Syntrophin Binding to Syntrophin Triplet, Dystrophin, and Utrophin[END_REF]. Syntrophins are considered scaffolding proteins or adaptors, which is due to the multiple domains of interaction with other proteins present in their structure.

There are five classes of syntrophins, derived from five different genes: α-syntrophin (also called α1-syntrophin), β1-syntrophin and β2-syntrophin, which are muscular; and the non-muscular γ1-syntrophin and γ2-syntrophins. In general, the pattern of expression of syntrophins is heterogeneous, although with a greater presence in muscle and brain.

α1-syntrophin, in addition to being the most predominant in muscle tissue, is located throughout the sarcolemma, whereas β-syntrophin is more strongly enriched at NMJ [START_REF] Peters | beta 2-Syntrophin: localization at the neuromuscular junction in skeletal muscle[END_REF] for review, see [START_REF] Bhat | Syntrophins entangled in cytoskeletal meshwork: Helping to hold it all together[END_REF].

All syntrophins share a common structure, consisting of three main types of functional domains (Figure 27): 1) two PH (Pleckstrin Homology) domains, a first one close to the N-terminal part, which is in fact split in two parts, hosting the PDZ domain in the middle;

and second entire PH domain, closer to the C-terminus end. These domains are known to provide the protein with a role in intracellular signaling transduction; 2) a type-I PDZ domain, which enables its association with multiple proteins; 3) and finally, the syntrophins have a unique domain called syntrophin unique domain or SU, consisting of highly conserved 57 amino acids (reviewed in [START_REF] Bhat | Syntrophins entangled in cytoskeletal meshwork: Helping to hold it all together[END_REF]. The syntrophins are mainly coupled to two DAPC proteins: dystrophin and dystrobrevin.

Interestingly, several studies have shown that in both the dystrophin and dystrobrevin Cterminus sequences, there are not only one, as anticipated, but two sites of interaction with syntrophin; meaning that each complex would bind four molecules of syntrophin [START_REF] Ahn | Syntrophin binds to an alternatively spliced exon of dystrophin[END_REF][START_REF] Sadoulet-Puccio | Dystrobrevin and dystrophin: An interaction through coiled-coil motifs[END_REF]. Additionally, thanks to the PDZ domain, syntrophin can associate with multiple proteins, some of which are essential for intracellular signaling. Thus, α1-syntrophin binds to nNOS (neuronal Nitric Oxide Synthase) [START_REF] Brenman | Interaction of Nitric Oxide Synthase with the Postsynaptic Density Protein PSD-95 and α1-Syntrophin Mediated by PDZ Domains[END_REF], to diverse classes of kinase proteins [START_REF] Chamberlain | Muscular Dystrophy Meets the Gene Chip[END_REF], as well as to ion channels.

The association of syntrophin with ion channels is the aspect that has interested me the most over the last four years, so it will be elaborated with more details in the introduction chapter 4 of this manuscript.

C. Characterizing syntrophin and dystrobrevin in C. elegans

When C. elegans dystrophin was identified in Laurent Ségalat's laboratory, a genetic screen based on the use of RNAi was subsequently performed to identify other dystrophin-associated proteins. The authors looked for animals that had the same phenotype of head bending and hyperactivity, among others, as the dys-1 mutants. Hence, they were able to identify the genes homologous to syntrophin/stn-1 and to dystrobrevin/dyb-1, among others (Grisoni et al., 2002b).

Syntrophin in C. elegans

In C. elegans there are two genes that code for syntrophin: stn-1, which produces a protein with high homology to the muscular α and β-syntrophins of vertebrates; and stn-2, whose sequence is most closely related to the non-muscular γ-syntrophin.

Syntrophin/STN-1 [START_REF] Grisoni | The stn-1 Syntrophin Gene of C.elegans is Functionally Related to Dystrophin and Dystrobrevin[END_REF]:

The first syntrophin in the worm (F30A10.8) was identified using sequence alignment by Grisoni et al. in 2002 (Figure 28 A). Later, in 2003 it was named stn-1, for syntrophin 1.

The structure of STN-1 is highly conserved. STN-1 has a PDZ domain (amino acids , which is 80% similar to its human counterpart; and a PH domain (amino acids 227-340), which has a 58% homology (Grisoni et al., 2002b;[START_REF] Grisoni | The stn-1 Syntrophin Gene of C.elegans is Functionally Related to Dystrophin and Dystrobrevin[END_REF].

To determine which tissue express stn-1 in the worm, a transgene was constructed containing 2kb of the genomic sequence upstream to stn-1, which was fused to a GFP coding sequence. The injection of this stn-1::gfp reporter highlighted muscle tissue (head, vulva and body wall muscle) and worm neurons as the primary and unique tissues expressing syntrophin (Figure 28 B). To confirm this pattern, a second construction was made, this time including more upstream sequence to stn-1; the results were identical.

Interestingly, fluorescence was observed at very early stages of development, as shown in Figure 28 B, image 1.

The syntrophin mutant allele characterized by Grisoni et al.,, which carries a deletion that removes the amino acids 230-417, presents the same phenotypes that the previously observed and described in dys-1(cx18). These include hyperactivity, exaggerated head-bending phenotype, as well as hypercontraction observed when animals move backwards. In addition, stn-1 mutants were also found to exhibit hypersensitivity to the acetylcholinesterase inhibitor aldicarb, just as seen in dys-1 mutants. Also, a double mutant strain was constructed for stn-1 and dys-1, showing that the phenotypes are not additive, probably because both proteins function in the same complex. Interestingly, it was demonstrated that these phenotypes are the result of the absence of syntrophin from the muscle and not from the neurons.

With respect to muscle degeneration, similar to dys-1, the single mutant stn-1 shows no signs of degeneration in the body wall muscle cells. However, contrary to dys-1, stn-1 in combination with the MyoD homologous mutant hlh-1(cc561) does not show significant degeneration. 

Syntrophin/STN-2:

Similarly, by sequence alignment, stn-2 (F27D9.8) was identified as a γ-syntrophin homologue. The expression pattern of this gene was elucidated by a GFP reporter coupled to a 3.82 Kb DNA genomic sequence upstream to stn-2. The results showed expression in neurons, neural commissures and muscle tissue (Figure 28 C) [START_REF] Zhou | unc-44 Ankyrin and stn-2 γ-Syntrophin Regulate sax-7 L1CAM Function in Maintaining Neuronal Positioning in Caenorhabditis elegans[END_REF].

Although stn-2 has not been as studied as stn-1, there are two mutant alleles that have been partially characterized. stn-2(tm1869) has an 811-bp deletion, removing the PDZ domain; and stn-2(ok2417), that presents an indel also affecting the PDZ domain and other sequences near to the C-terminus end. These mutants show the same hyperactivity and head-bending phenotypes, as dys-1 and stn-1 mutants.

Dystrobrevin in C. elegans

dyb-1, which is the only gene encoding for dystrobrevin in the worm, was mapped on chromosome I. After its identification, the DYB-1 protein was sequenced, revealing that it possessed a 38% match to human α1-dystrobrevin. In addition, as it happens with the dystrophin and dystrobrevin proteins of vertebrates, DYB-1, like DYS-1, also contain at their C-terminus coiled coil domains. Also, there are two helixes H1 and H2, in which the percentage of identity with respect to the sequence of vertebrates is greater in H2 (Figure 29 A) (Gieseler et al., 1999b) The interaction between both proteins will be discussed more extensively in the next point of this chapter.

With regard to the expression pattern of dyb-1, a GFP reporter was used to determine it by including 60bp of the 3' sequence of the dyb-1 gene. It showed an abundant expression of dystrobrevin in the muscle tissue of C. elegans, including body wall muscle, head, pharynx and vulva muscle. In addition, numerous neurons were also observed expressing dyb-1 (Figure 29 B). Both neurons and muscle showed an expression of dystrobrevin in early stages of embryonic development. Interestingly, no difference in the expression of dyb-1 was noticed between the N2 and dys-1(cx18) worms, suggesting that dystrophin is probably not required for the expression of dystrobrevin in the worm. The most commonly used mutant allele is dyb-1(cx36), in which only 38 amino acids remain preserved. As expected, the dystrobrevin mutants reveal identical phenotypes to those observed in dys-1's, including hyperactivity, hypercontraction when animals move backwards and head-bending phenotype. In addition, as occurring in dys-1 [START_REF] Lolicato | K2P2.1 (TREK-1)-activator complexes reveal a cryptic selectivity filter binding site[END_REF], dyb-1(cx36) also shows a higher pharmacological sensitivity to aldicarb (acetylcholinesterase inhibitor). Electrophysiology experiments were also performed on the worm's terminal bulb muscle, showing that depolarization of these muscle cells takes place at considerably lower acetylcholine concentrations when compared to the wild-type strain. This clearly indicates that dyb-1 mutants are more sensitive to Ach than wild-type worms, just like dys-1 mutants. Important to be noted, the double dys-1(cx18),dyb-1(cx36) show the same phenotype as the single mutants. (Gieseler et al., 1999a;[START_REF] Gieseler | Molecular, genetic and physiological characterisation of dystrobrevin-like (dyb-1) mutants of Caenorhabditis elegans[END_REF].

A. Dystrophin, dystrobrevin and syntrophin interactions in vertebrates

In the dystrophin protein, the C-terminus region hosts numerous domains of interaction with various proteins, including dystrobrevin and syntrophin.

One of the domains found at the C-terminus end of DMD is the coiled-coil domain, which consists of two α-helicoidal motifs [START_REF] Blake | Isoform Diversity of Dystrobrevin, the Murine 87-kDa Postsynaptic Protein[END_REF], that have been directly involved in the binding of dystrophin to syntrophin in multiple studies. Furthermore, between 1994

and 1997 numerous researchers pointed to the fact there are not only one, but two sites of interaction with syntrophin in the -COOH region of dystrophin. First, Suzuki et al.

conducted studies based on a blot-overlay approach to determine the exact portion of DMD that is necessary for its binding to syntrophin. To do so, they made different constructions with C-terminus fragments of different sizes and studied their ability to bind both α1 and β1-syntrophin. They showed that both α-1 and β-1-syntrophins bind to the COOH part of DMD, and that this association is carried out by the amino acids 3444-3535 in DMD (exons 73-74), an area that is just in the proximity of the cystein-rich region, which is responsible for the binding of DMD to β-dystroglycan (3080-3408 amino acids). Additionally, in this study they suggest a possible second syntrophin binding site in this region of the dystrophin; which was confirmed in further studies.

Complementarily, they also showed that DMD isoforms lacking this Ex-74-coded region are rarely present in skeletal muscle, but are more abundant in smooth and cardiac muscles and in the brain. Thus, suggesting that the interaction with syntrophin is important for the role of dystrophin in skeletal muscle [START_REF] Suzuki | Mammalian alpha 1-and beta 1-syntrophin bind to the alternative splice-prone region of the dystrophin COOH terminus[END_REF].

To complement this study, a second one was conducted to analyze the dystrophinsyntrophin interaction, using this time in vitro expression system. Here, portions of the human DMD gene, that had previously been shown to be involved in syntrophin binding in co-immunoprecipitation experiments, were utilized. The results show that the 53 amino acids of exon 74 are necessary and sufficient for the binding of dystrophin to β1syntrophin in vitro (Figure 30 A). Another isoform of DMD, which is missing 110 amino acids, including the 53 mentioned above, was shown to not able to bind syntrophin [START_REF] Ahn | Syntrophin binds to an alternatively spliced exon of dystrophin[END_REF]. Curiously, it has been shown that even non-muscular dystrophins that preserve the C-terminus region are also able to bind syntrophin in vitro [START_REF] Yang | Identification of α-Syntrophin Binding to Syntrophin Triplet, Dystrophin, and Utrophin[END_REF].

Finally, it should be noted that in the mdx model mice, the syntrophin is strongly reduced and almost disappeared, except in regions corresponding to the neuromuscular junction, as shown in Figure 30 B. Interestingly, similar results were obtained regarding the localization of dystrobrevin in the mdx mice, where both α-1 and α-2-dystrobrevins are lost from the sarcolemma, although they remain present at the NMJ (Figure 30 B) [START_REF] Deconinck | Utrophin-Dystrophin-Deficient Mice as a Model for Duchenne Muscular Dystrophy[END_REF]. Their maintenance in NMJ was hypothetically related to utrophin. However, another study showed that dystrobrevin was correctly located in utrophin knockout mice (Figure 30 C). Thus. it remains unclear with which complex both syntrophin and dystrobrevin could interact at the neuromuscular junctions.

Finally, a recent study shows that syntrophin not only binds to dystrophin in its coiledcoil domain in the C-terminus region, but curiously there are also syntrophin-binding sites in the spectrin repeats, contained in the central rod domain of DMD. Also, only αsyntrophin bound to spectrin repeats is capable of associating with nNOS [START_REF] Adams | Syntrophin binds directly to multiple spectrin-like repeats in dystrophin and mediates binding of nNOS to repeats 16-17[END_REF]. Regarding dystrobrevin, a coiled-coil zone its C-terminus is found. In this region, as in dystrophin, we find two α-helicoidal motifs showing a great homology (Figure 26 B).

Based on this, numerous studies pointed out that in dystrobrevin, the region responsible for the interaction with syntrophin is contained in exons 13-14 (amino acids 427-480) [START_REF] Sadoulet-Puccio | Dystrobrevin and dystrophin: An interaction through coiled-coil motifs[END_REF]. It is also argued that there are two syntrophin-binding sites in both dystrophin and dystrobrevin, so that in a single DAPC complex four syntrophins would be associated, two to each protein [START_REF] Newey | Alternative splicing of dystrobrevin regulates the stoichiometry of syntrophin binding to the dystrophin protein complex[END_REF].

B. Dystrophin, dystrobrevin and syntrophin interactions in C. elegans

Analogously to the studies on vertebrates, in the worm the possible interaction between DYS-1, DYB-1 and STN-1, the homologues to dystrophin, dystrobrevin and syntrophin, respectively, has also been investigated.

In 1999, an in vitro association test was performed using 273 amino acids of DYS-1 and 154 amino acids of DYB-1, both containing the C-terminus region that encompasses the coiled-coil domains of both proteins. The authors found that GST-DYS-1 was able to retain labeled DYS-1 and vice versa. Thus, an in vitro association of both protein takes place. Interestingly, when they removed the region comprising the α-helicoidal motif H2

of DYB-1, they saw that the binding was drastically reduced, suggesting that the dystrophin H2 helix is indeed critical for its binding to dystrophin (Gieseler et al., 1999b).

Years later, this binding site between dystrophin and dystrobrevin was further refined, showed that the first part of H2 seems to be the most relevant of this helical motif, but, they were curiously not able to reproduce the same in vitro association experiments when replicating them in yeast two hybrid (Y2H) assays (Grisoni et al., 2002a). It should be noted that this is not the case in mammals, where H1 was shown to be more critical for the interaction of dystrophin with dystrobrevin [START_REF] Sadoulet-Puccio | Dystrobrevin and dystrophin: An interaction through coiled-coil motifs[END_REF].

Additionally, syntrophin can bind both dystrophin and dystrobrevin in the worm. Y2H assays showed that the full length of STN-1 does not bind to fragments of the C-terminus region of DYS-1. Two fragments of DYS-1 were used, amino acids 2857-3674 and amino acids 3402-3674, which had previously been identified as necessary sites for in vitro interaction with STN-1 (Gieseler et al., 1999b). These results indicate that, contrary to what was obtained in vitro, STN-1 and the used fragments of DYS-1 do not interact in levuro [START_REF] Grisoni | The stn-1 Syntrophin Gene of C.elegans is Functionally Related to Dystrophin and Dystrobrevin[END_REF]. Regarding DYB-1 and STN-1 interaction, the results show that the fragment containing amino acids 390-543 is sufficient for the binding in levuro.

To conclude, in vitro pulldown experiments detect an interaction of syntrophin with both dystrophin and dystrobrevin, however, Y2H assays were unable to replicate the results of the association of STN-1 with DYS-1, although they were successful with DYB-1. One of the hypotheses is that the syntrophin in the worm does not bind directly to dystrophin, but it does so through dystrobrevin. This seems to be consistent with a result obtained by [START_REF] Newey | Alternative splicing of dystrobrevin regulates the stoichiometry of syntrophin binding to the dystrophin protein complex[END_REF], where a sequence alignment analysis was performed and it was found that dys-1 does not possess any syntrophin conserved binding motif [START_REF] Newey | Alternative splicing of dystrobrevin regulates the stoichiometry of syntrophin binding to the dystrophin protein complex[END_REF].

C. Dystroglycans are strongly reduced in mdx mice

Multiple studies have characterized the β-DG subunit which, through its C-terminal ends found in the cytoplasm, has been shown to bind to cystein-rich regions on dystrophin.

The WW domains of dystrophin have been shown to be particularly relevant for its association to the β-dystroglycan subunit. These WW-domains are of type I and can be associated with PPxY-proline rich motifs. Comparable to most of the components of the dystrophin-associated proteins complex, the location of the dystroglycans is strongly disturbed in dystrophin mutant models, as is the case with the mdx mice. On one hand, western-blot analyses have shown that about 80% of β-dystroglycan is lost from whole muscle lysate in mdx compared to wild-type mice (Figure 31 A). On the other hand, and complementarily, when immunofluorescence staining is performed, the muscle of mdx mice shows a strong reduction of β-DG, which is almost inexistent in selected areas (Figure 31 B) [START_REF] Li | Sub-physiological sarcoglycan expression contributes to compensatory muscle protection in mdx mice[END_REF].

D. Loss of one of the sarcoglycan complex subunits destabilizes the whole sub-complex Sarcoglycans constitute a transmembrane sub-complex that interacts with several DAPC proteins. In addition, numerous studies have led researchers to agree that the absence of a single subunit of the sarcoglycan subcomplex entails the loss of the entire complex.

In 1998, Duclos et al. examined the presence and localization of various DAPC proteins in the skeletal and cardiac muscle of α-sarcoglycan (Sgca) null mice. Interestingly, as a result of immunofluorescence analysis, they found that although only the α-sarcoglycan was missing, the other subunits of the subcomplex had also disappeared from the muscle, resulting in a loss of the entire SG complex. Not only, but they also observed that the localization of other DAPC proteins, such as dystrophin or dystroglycan, were also severely affected, reducing the amount of these proteins at skeletal muscle (Figure 32 A) [START_REF] Duclos | Progressive Muscular Dystrophy in α-Sarcoglycan-deficient Mice[END_REF]. In parallel, Yoshida et al. showed that dystrobrevin is also affected when the sarcoglycan complex is destabilized, since a clear loss of α-dystrobrevin is observed in the sarcoglycan knockout mice muscle. This study also demonstrates that both proteins can be associated, with sarcoglycan binding to the N-terminus end of αdystrobrevin [START_REF] Yoshida | Biochemical evidence for association of dystrobrevin with the sarcoglycansarcospan complex as a basis for understanding sarcoglycanopathy[END_REF].

The impact of the loss, this time of the β-sarcoglycan subunit, has also been deeply analyzed. Animal models with mutations in β-SG also show signs of muscular dystrophies, in addition to the fact that northern blot analysis shows that the remaining subunits, α, γ and δ-SG, are extremely reduced and almost disappeared from the muscle of these animals (Figure 32 B) [START_REF] Anderson | Loss of the Sarcoglycan Complex and Sarcospan Leads to Muscular Dystrophy in -Sarcoglycan-Deficient Mice[END_REF].

In conclusion, the loss of a single subunit of the sarcoglycan complex leads to the destabilization and alteration of the localization of the other subunits, giving rise to a totally unstable complex that is eventually lost. It also affects the distribution of other DAPC proteins, such as dystrophin, dystrobrevin or dystroglycan. These results have been seen both in animal models and in patients' biopsies. In this chapter, we will discuss and provide some practical examples of the interaction taking place between the dystrophin complex and the ion channels in the membrane of both skeletal and cardiac muscle cells.

A. Dystrophin complex interacts with voltage-dependent sodium channels (Na v ) in skeletal and cardiac muscle Nav channels represent a family of voltage-dependent sodium-selective ion channels that are responsible for the flux of Na + cations within the action potential of excitable cells.

We have Nav channels in the skeletal muscle, heart and brain, among others. In the skeletal muscle these channels were called SkM1, then Nav1.4. In the heart, they were known as SkM2, and later Nav1.5. These channels are constituted by an α subunit and by auxiliary subunits called β subunits [START_REF] Gee | Interaction of Muscle and Brain Sodium Channels with Multiple Members of the Syntrophin Family of Dystrophin-Associated Proteins[END_REF].

Unlike the regulation of the anchoring and maintenance of synaptic receptors in the postsynaptic membrane, very little is known about the mechanism underlying the location in sub-domains of most transmembrane proteins, including ionic channels such as Nav channels. Interestingly, several studies show that the localization of these ion channels is strongly disrupted in the skeletal and cardiac muscle of models lacking dystrophin, such as the mdx mice; suggesting that the DAPC might be involved in the localization of ion channels. Indeed, proteins belonging to DAPC, such as syntrophin, have been shown to bind through their PDZ domain to different ion channels and other transmembrane proteins (reviewed in [START_REF] Leyva-Leyva | Biochemical and Functional Interplay Between Ion Channels and the Components of the Dystrophin-Associated Glycoprotein Complex[END_REF].

In muscle tissue, we find three syntrophines: α1 (the most abundant) and β1-syntrophins, both present in NMJ and sarcolemma; and β2-syntrophine, which is more prevalent in NMJ. (For more details, see chapter 3, point VIII). One of the functional domains found in syntrophin is the PDZ domain, by which it has been shown to bind to proteins such as nNOS (Nitric Oxide Synthase). Considering that other proteins with the PDZ domain bind to proteins containing at their C-ter end sequences of the (S/T)XV-COOH type, and since muscular Nav channels also present this type of motifs at their α subunit C-ter, Gee et al. conducted an initial study to investigate the association between Nav channels and DAPC. Later, in the Nav1.5, this PDZ binding motif was mapped to the last three amino acids: Ser-Ile-Val. It should be noted that the brain Nav channels don't share this sequence [START_REF] Gee | Interaction of Muscle and Brain Sodium Channels with Multiple Members of the Syntrophin Family of Dystrophin-Associated Proteins[END_REF][START_REF] Gavillet | Cardiac Sodium Channel Na v 1.5 Is Regulated by a Multiprotein Complex Composed of Syntrophins and Dystrophin[END_REF].

Immunoprecipitation and Western Blot experiments showed that in mouse skeletal muscle, when using anti-syntrophin antibodies, α subunits of the Nav channels are also detected. These complexes not only precipitated Nav and syntrophin, but also dystrophin, which is bound to syntrophin in the DAPC. The same results were obtained when working with mouse cardiac muscle extract. Interestingly, and although they do not present this (S/T)XV-COOH sequence, the brain channels were also precipitated with syntrophin and dystrophin in brain extracts, following the same method as before. The authors explained this by hypothesizing that the binding of these channels to the DAPC complex is based on other types of interactions not involving the PDZ domain [START_REF] Gee | Interaction of Muscle and Brain Sodium Channels with Multiple Members of the Syntrophin Family of Dystrophin-Associated Proteins[END_REF].

Years later, another research team demonstrated that Nav1.5 channels are indeed associated with syntrophin and dystrophin by pull-down experiments. They utilized human and rodent cardiac muscle extract, in which they tested different constructs containing the last 66 amino acids of the α subunit of Nav1.5 (Figure 33 A). They showed that both dystrophin and syntrophin can bind to these fragments, and that for this interaction, in addition, the last three amino acids mentioned above are indispensable [START_REF] Gavillet | Cardiac Sodium Channel Na v 1.5 Is Regulated by a Multiprotein Complex Composed of Syntrophins and Dystrophin[END_REF]. In order to know the exact fraction of syntrophin required for this binding, Gee et al. used different constructions containing fragments corresponding to the functional domains of the syntrophin protein (amplified from its cDNA and contained in a vector). These constructs were incubated with extracts from both mouse muscle and brain. Interestingly and as expected, only the fragments containing the PDZ domain of syntrophin captured Nav channels. This interaction was not observed neither for the other domains (not PDZ) or for the brain extracts, where the PDZ domain failed to recruit Nav (since they lack PDZ-binding motif) [START_REF] Gee | Interaction of Muscle and Brain Sodium Channels with Multiple Members of the Syntrophin Family of Dystrophin-Associated Proteins[END_REF].

On the other hand, since the absence of dystrophin alters the location and amount of syntrophin, one can expect that in the mdx mice models we would see an alteration in the Nav channels. In fact, it has been demonstrated by western blot (ventricular lysates) that the amount of Nav protein was significantly reduced in mdx mice when compared to wildtype mice (Figure 33 B.1). To know the source of this reduction, a qRT-PCR was performed and showed that Nav mRNA was not affected (Figure 33 where they also measured the electrical capacitance, which was not different in the mdx compared to wild type mice, suggesting that the cell size did not differ either [START_REF] Gavillet | Cardiac Sodium Channel Na v 1.5 Is Regulated by a Multiprotein Complex Composed of Syntrophins and Dystrophin[END_REF]. Interestingly, the same research team showed recently the effect of a proteasome inhibitor (MG132) on Nav channels in the context of mdx mice. A rescue of both the current associated with these channels and their expression in cardiomyocytes was observed (Figure 33 D.1 and D.2). It should be noted that with the use of MG132 no rescue in the expression of dystrophin was observed [START_REF] Rougier | Proteasome inhibitor (MG132) rescues Nav1.5 protein content and the cardiac sodium current in dystrophin-deficient mdx5cv mice[END_REF].

Last but not least, several studies showed that dystrophin is not homogenously located in the cardiomyocyte membrane, but instead it is enriched in the lateral membrane (LM) and very weakly present, almost excluded from the intercalated discs (ID) [START_REF] Stevenson | High-resolution en-face visualization of the cardiomyocyte plasma membrane reveals distinctive distributions of spectrin and dystrophin[END_REF]. Considering that the Nav channels are present both in the lateral membrane and in the intercalated discs, one can assume that two pools of these channels exist, the first one associated with the DAPC (LM) and the second one not. Interestingly, a strong colocalization was observed between Nav and the components of the DAPC dystrophin and syntrophin (Figure 33 E). In addition, they observed a decrease in the amount of Nav channels in the lateral membrane of the cardiomyocytes in the context of the mdx mice (Figure 33 F), which explains the decrease in current observed in the previously cited study [START_REF] Petitprez | SAP97 and Dystrophin Macromolecular Complexes Determine Two Pools of Cardiac Sodium Channels Na v 1.5 in Cardiomyocytes[END_REF]. [START_REF] Connors | Dystrophin Dp71 Is Critical for the Clustered Localization of Potassium Channels in Retinal Glial Cells[END_REF]. This interaction was shown a few years later by immunoprecipitation experiments, showing that dystrophin and these potassium channels are associated forming a macro-complex in brain.

Another hypothesis argued that the channels could bind to other DAPC proteins known to associate with transmembrane proteins. Interestingly, the Kir4.1 channels have at their C-terminus end a PDZ-binding motif (-SNV-COOH), which might allow to interact with proteins containing the PDZ-domain in their structure [START_REF] Horio | Clustering and Enhanced Activity of an Inwardly Rectifying Potassium Channel, Kir4.1, by an Anchoring Protein, PSD-95/SAP90[END_REF], as is the case with the syntrophins. In 2004, Kir4.1 channels were clearly shown to be associated with α-syntrophin, in addition to Dp71, in both mouse brain extract and cortical astrocyte cell culture, as shown in figure 34. Finally, when mutants lacking syntrophin are used this association is not able to take place. [START_REF] Connors | The Potassium Channel Kir4.1 Associates with the Dystrophin-Glycoprotein Complex via α-Syntrophin in Glia[END_REF]. Now that an association between syntrophin and these channels is known to exist, the next wonder was whether it was occurring through the PDZ domain. To answer this question, pull-down experiments were carried out using fragments from the C-ter region of Kir4.1, which contain the PDZ-binding motif, in combination with lysates from COS-7 cells (transfected with α-syntrophin). Only an association when the C-ter fragment of Kir4.1 was present was observed, which was not the case when using a control lacking this fragment. These results were confirmed by a second in vitro experiment, where the same Kir4.1 constructions were used either in combination with brain extract or astrocyte culture (both providing the syntrophin). In figure 34 B it is observed that interactions between Kir4.1 and α-syntrophin only occur when the channels preserve their C-terminus, indicating that syntrophin and Kir4.1 potassium channels are associated in a PDZdependent way in mouse brain [START_REF] Connors | The Potassium Channel Kir4.1 Associates with the Dystrophin-Glycoprotein Complex via α-Syntrophin in Glia[END_REF].

C. TRPC1, a non-selective permeant calcium channel, binds to the PDZ domain of syntrophin TRPC (Transient Potential Canonical Receiver) channels represent a large family of nonselective ion channels consisting of seven members (TRPC1-7). They are mechanosensitive and their main function is to transduce signals of membrane movement or stretching in ion flux (such as sodium, potassium, calcium or magnesium) across the membrane. These channels were extensively studied in Drosophila. The first member of this family to be cloned was TRPC1 [START_REF] Wes | TRPC1, a human homolog of a Drosophila store-operated channel[END_REF], which is related to skeletal muscle (Vanderbrouck et al., 2002). Subsequently, its localization was analyzed and it was found to be embedded in the sarcolemma of mouse muscle fibers. A very interesting finding consists in the observation of a colocalization between TRPC1 and dystrophin in the sarcolemma (Figure 35 A) by immunostaining analyses [START_REF] Vandebrouck | Regulation of capacitative calcium entries by α1syntrophin: association of TRPC1 with dystrophin complex and the PDZ domain of α1syntrophin[END_REF]. In addition, an interaction between this channel and the dystrophin-associated protein complex was established for the first time, which is described below. Coimmunoprecipitation studies performed with both mice muscle fiber lysates (C57BL/10) and in vitro cultures of myotubes (SolC57) showed an association between dystrophin and the TRPC1 channel (Figure 35 B). The previously known interaction between dystrophin and α-syntrophin was also observed (Figure 35 B). Furthermore, the most explored hypothesis held that, as is the case with other ion channels in the sarcolemma, TRPC1 could interact with the PDZ domain of syntrophin. Then, Vanderbrouck et al. conducted co-immunoprecipitation studies to examine this interaction, employing lysates from both healthy muscle and mdx mice. As expected, it was observed that TRPC1 could precipitate with α-syntrophin under both conditions (Figure 35 C). They concluded that, even in the absence of dystrophin, α-syntrophin and TRPC1 were capable of binding together and conforming macro-complexes in the sarcolemma, although the amount of syntrophin is very reduced in mdx mice (Vanderbrouck et al., 2007). Finally, since most of the interactions of syntrophin with other ion channels in sarcolemma occurred through its PDZ domain, they wondered if this was also the case with TRPC1. For this purpose, they performed pull-down assays in which they took only the fragment containing PDZ domain of syntrophin and fused with GST (glutathione S-transferase), then incubated with myotubes lysates and revealed with antibodies against TRPC1. The results show a clear band corresponding to the channel when the fragment containing the PDZ domain is used (Figure 35 D). Thus, an association between TRPC1 and the PDZ domain of syntrophin was confirmed (Vanderbrouck et al., 2007).

The group of ionic channels called BK (Big K + ) constitute a class of potassium channels that are characterized by their large conductance and ability to allow high currents to pass through. These channels are reported to be dependent on the intracellular calcium level and also on voltage, being expressed in mammals in muscle and neurons. In C. elegans, there are two genes that code for homologues to these channels: slo-1 and slo-2, both present in neurons and muscle in the worm [START_REF] Wagner | SLO-1 Potassium Channels Control Quantal Content of Neurotransmitter Release at the C. elegans Neuromuscular Junction[END_REF]. The first connection of these channels with DAPC was evidenced in the worm following the realization that the slo-1 absence phenocopies the behavior of the dystrophin and other DAPC proteins mutants. Interestingly, slo-1 mutant alleles were found in a genetic screen performed by L. Ségalat's team, where the purpose was to look for new alleles of genes having the same phenotype as the dys-1 mutants. Two alleles were collected: cx29 (436-bp deletion) and cx42 (Leu to Trp missense mutation), both of which were mapped onto chromosome V [START_REF] Carre-Pierrat | The SLO-1 BK Channel of Caenorhabditis elegans is Critical for Muscle Function and is Involved in Dystrophin-dependent Muscle Dystrophy[END_REF]. The phenotypes observed include hyperactivity, hypercontraction when the animals move backwards, as well as head-bending phenotype, typical of either dystrophin mutants or other components of DAPC. In addition, as occurs with dys-1(cx18), slo-1(cx29) combined with hlh-1(cc561), which is the counterpart of MyoD, shows signs of muscle degeneration (Figure 36 A).

The most plausible hypothesis to explain the fact that both slo-1 and dys-1 mutants have the same phenotype is that the absence of dystrophin causes the decrease or disappearance in muscle, since it has been proven that the SLO-1 phenotypes come from its absence in the muscle and not from the neurons [START_REF] Carre-Pierrat | The SLO-1 BK Channel of Caenorhabditis elegans is Critical for Muscle Function and is Involved in Dystrophin-dependent Muscle Dystrophy[END_REF]. One way to check this is to look at the expression of slo-1 in dys-1 mutants, by quantifying mRNA through RT-PCR. This showed that there was no alteration in the amount of mRNA, which means that the absence of DYS-1 does not alter the rates of expression of the slo-1 gene (Carre- et al., 2006). In a further study, the location of SLO-1 in the dys-1(cx18) background was observed, which was done using a slo-1::gfp reporter gene expressed in the muscle under the promoter of the slo-1 gene itself. The results show a clear decrease of SLO-1 in both dystrophin mutants and other DAPC proteins, such as syntrophin or dystrobrevin (Figure 36 B). [START_REF] Sancar | The Dystrophin-associated Protein Complex Maintains Muscle Excitability by Regulating Ca 2+ -dependent K + (BK) Channel Localization[END_REF]. Also, another study confirmed DYB-1 to be necessary for the correct localization of SLO-1 both in the body wall muscle and in the neurons of C. elegans (Figure 36 C). Finally, a very interesting fact is that SLO-1 depends on dystrobrevin also for a correct functioning, since dyb-1 mutants seem to clearly suppress phenotypes observed in gain of function mutants of slo-1, which show defects especially in locomotion and egg laying [START_REF] Chen | Dystrobrevin Controls Neurotransmitter Release and Muscle Ca2+ Transients by Localizing BK Channels in Caenorhabditis elegans[END_REF]. 

Pierrat

ABSTRACT

The dystrophin-associated protein complex (DAPC) is a major structural actor in the costamere of vertebrates and invertebrates muscle cells. This complex is able to physically connect the actin cytoskeleton to the extracellular matrix (ECM), which is why generally it is assumed that the DAPC functions to ensure cell cytoskeleton-ECM cohesiveness. DAPC has been associated to different ion channels, such as voltagesensitive sodium (Nav) and calcium (Cav) channels, inward-rectifying potassium channels (Kir), and big potassium (BK) channels, in different models. Intriguingly, there are no studies in the literature linking DAPC with K2P potassium channels. Two-pore domain potassium (K2P) channels belong to a large and conserved potassium channels family, which is present in almost all animals cell types playing a key role in cell excitability.

Here, we report an unexpected functional association between components of DAPC, dystroglycan was reported to be expressed in several different tissues, but surprisingly not in muscle cells [START_REF] Johnson | C. elegans dystroglycan DGN-1 functions in epithelia and neurons, but not muscle, and independently of dystrophin[END_REF]. However, recent single-cell RNAseq experiments detected significant muscle expression of dgn-1, one of the three worm Dystroglycan orthologues [START_REF] Cao | Comprehensive single-cell transcriptional profiling of a multicellular organism[END_REF]. To confirm this observation and determine the subcellular localization of DGN-1 in muscle, we used fluorescently-labeled protein fusions generated by CRISPR/Cas9 gene editing. Contrary to previous findings, DGN-1 was clearly detectable in all body wall muscle cells, and exhibited a non-uniform subcellular localization (Figure 1 A). We used the dense body marker, PAT-2/integrin, as a cellular landmark to precisely identify DGN-1 localization. Double-labeling revealed that both proteins occupy distinct membrane domains, since DGN-1 was excluded from dense bodies and M lines occupied by PAT-2 (Figure 1 B). This localization pattern was already established in first stage larvae and maintained throughout development (Figure 1 C).

Dystroglycans interact with extracellular matrix proteins such as laminins and perlecans through their extracellular domain [START_REF] Talts | Binding of the G domains of laminin α1 and α2 chains and perlecan to heparin, sulfatides, α-dystroglycan and several extracellular matrix proteins[END_REF]. We tested whether perlecan is also required in C. elegans for proper localization of DGN-1 using a viable isoform-specific nonsense allele of unc-52/Perlecan (e444), that eliminates perlecan isoforms expressed in all but the most anterior muscle cells. In these mutant worms, we observed a profound disruption of DGN-1 surface expression (Figure 1 

Sarcoglycans are expressed in C. elegans muscle and define novel plasma-membrane compartments

In addition to dystroglycans, sarcoglycans (SG) are the other major integral-membrane component of the dystrophin-associated protein complex (DAPC). The SG complex is composed of several sarcoglycan subunits (e.g. α, β, γ, δ-sarcoglycans) in skeletal and cardiac muscles [START_REF] Holt | Assembly of the Sarcoglycan Complex: INSIGHTS FOR MUSCULAR DYSTROPHY[END_REF]. The C. elegans genome encodes three sarcoglycans, sgca-1, sgcb-1, and sgn-1, which are orthologues of α-sarcoglycan, β-sarcoglycan, and δ/γ-sarcoglycan, respectively (Grisoni et al., 2002). According to previous reports [START_REF] Kim | The Dystrophin Complex Controls BK Channel Localization and Muscle Activity in Caenorhabditis elegans[END_REF] and single-cell RNASeq data [START_REF] Cao | Comprehensive single-cell transcriptional profiling of a multicellular organism[END_REF], all three sarcoglycans are expressed in worm muscles. To examine their subcellular localization, we tagged SGCA- Interestingly, sarcoglycans were also enriched at neuromuscular junctions. We compared SGCB-1 localization with that of pre-and post-synaptic markers for cholinergic and GABAergic neuromuscular synapses. Using diffraction limited confocal microscopy, we found that SGCB-1 was present a cholinergic (Figure 2 E) and GABAergic post-synaptic sites (Figure 2 F). SGCB-1 was also systemically juxtaposed to the respective presynaptic domains (Figure 2 G and H). In contrast, we could not detect SGCB-1 or SGCA-1 along the length of muscles arms suggesting that sarcoglycans are indeed closely associated with synaptic domains. Similarly, dystrobrevin/dyb-1 was also enriched at the ends of muscle arms, suggesting an association of SG and dystrobrevins in this subcellular compartment (Figure 2 I).

In vertebrates, assembly of individual sarcoglycan subunits into an oligomeric protein complex is necessary for trafficking to the plasma membrane of muscle cells. Loss of individual SG subunits strongly decreases SG complex formation and membrane targeting [START_REF] Holt | Assembly of the Sarcoglycan Complex: INSIGHTS FOR MUSCULAR DYSTROPHY[END_REF]. However, SG subunits play distinct roles in this process.

Indeed, β-sarcoglycan appears to initiate complex formation by associating with δ-SG [START_REF] Shi | Specific assembly pathway of sarcoglycans is dependent on beta-and delta-sarcoglycan[END_REF]. We tested the interdependence of worm SG in vivo by combining fluorescently-labeled SG reporters with null mutants of individual sarcoglycan subunits.

We observed that surface expression of SGCA-1 was strongly affected by the loss of sgcb-1 or sgn-1. In contrast, loss of sgn-1 did not visibly alter SGCB-1 surface expression, and SGCB-1 was not entirely disrupted in sgca-1 null mutants. Indeed, while SGCB-1 was no longer detectable in the posterior half the cell, it could still be detected in the anterior tip, albeit at a lower level.

Taken together, these results suggest that the localization of SGCA-1 is dependent on the SGCB-1 and SGN-1 subunits, but that SGCB-1 may be able to properly traffic to the cell surface on its own or in association with SGCA-1. The localization of SGN-1 and its dependence on SGCA-1 and SGCB-1 remains to be investigated. 

Interdependence of DG and SG in C. elegans muscle

Sarcoglycans are known to interact with dystroglycans during their trafficking to the muscle cell membrane [START_REF] Noguchi | Formation of sarcoglycan complex with differentiation in cultured myocytes: Sarcoglycan complex formation process in cultured myocytes[END_REF]. Sarcoglycans may have an additional role in stabilizing the interaction that takes place between α-dystroglycan subunit and the sarcolemma [START_REF] Duclos | Progressive Muscular Dystrophy in α-Sarcoglycan-deficient Mice[END_REF][START_REF] Straub | Molecular Pathogenesis of Muscle Degeneration in the δ-Sarcoglycan-Deficient Hamster[END_REF].

In worm muscles, DGN-1/Dystroglycan and sarcoglycan localization patterns appeared different at first glance. For example, while DGN-1 was present all along the surface of the cell, SGCB-1 was only found in the tip and the posterior part of each cell.

Furthermore, DGN-1 fluorescence appeared broad and generally uniform, while sarcoglycans formed either dense (anterior) or punctate (posterior) patterns. However, more detailed analyses revealed partial colocalization, in particular in the anterior tips of muscles cells, and also in the posterior section (Figure 3 A). In the tip, sarcoglycans fully co-localized with DGN-1, but DGN-1 puncta devoid of sarcoglycan were also visible. In the posterior domain, the clearly distinguishable sarcoglycan microdomains co-localized with puncta that were enriched in DGN-1, as compared to the remaining DGN-1 signal outside of sarcoglycan-containing microdomains. These patterns suggest an interesting interplay between dystroglycan and sarcoglycan domains and further illustrate the complexity of the worm's muscle plasma membrane.

Given the association of dystro-and sarcoglycans in vertebrates [START_REF] Chan | Molecular Organization of Sarcoglycan Complex in Mouse Myotubes in Culture[END_REF][START_REF] Noguchi | Formation of sarcoglycan complex with differentiation in cultured myocytes: Sarcoglycan complex formation process in cultured myocytes[END_REF], we asked whether this was also the case in C. elegans. To this end, we compared the localization of DGN-1 in wild-type and sgcb-1 null mutant backgrounds. We observed no clear differences between both genotypes (Figure 3 B),

indicating that SGCB-1 is likely not needed to localize DGN-1 at the plasma membrane.

However, we cannot rule out that this could result from the presence of SGN-1 proteins in this genetic background.

Conversely, we tested whether DGN-1 depletion altered sarcoglycan localization.

Given the strong disruption of DGN-1 surface expression in unc-52/perlecan mutants (Figure 1 

DAPC components partition to DGN-1 or Sarcoglycancontaining domains

Cytoplasmic components of the dystrophin-associated protein complex are conserved in C. elegans (Grisoni et al., 2002). However, the subcellular localization of Dystrophin/DYS-1, Dystrobrevin/DYB-1, and the syntrophins STN-1 and STN-2 has not been compared to that of DGN-1 and sarcoglycans so far. We determined where each component was localized and whether they displayed distinct sub-cellular distributions in muscle cells by labeling them with fluorescent protein using CRISPR/Cas9 gene editing (Figure 4 A).

All protein fusions were clearly visible in muscle cells and the wrmScarlet or mNeonGreen fluorophores did not alter protein function since we did not observe characteristic loss-of-function phenotypes (Grisoni et al., 2002;Gieseler et al., 1999b).

As 

Interdependence of DG/SG and individual DAPC components

While surface expression of dystroglycans is clearly dependent on interactions with extracellular matrix proteins such as perlecans [START_REF] Talts | Binding of the G domains of laminin α1 and α2 chains and perlecan to heparin, sulfatides, α-dystroglycan and several extracellular matrix proteins[END_REF], agrin [START_REF] Bowe | Identification and purification of an agrin receptor from torpedo postsynaptic membranes: A heteromeric complex related to the dystroglycans[END_REF] or laminins [START_REF] Ervasti | A role for the dystrophin-glycoprotein complex as a transmembrane linker between laminin and actin[END_REF], it also requires dystrophin [START_REF] Ishikawa-Sakurai | ZZ domain is essentially required for the physiological binding of dystrophin and utrophin to -dystroglycan[END_REF] and dystrobrevin [START_REF] Chung | WW and EF Hand Domains of Dystrophin-Family Proteins Mediate Dystroglycan Binding[END_REF]. We thus tested whether this was also the case in C. elegans muscle. Indeed, we found alterations in SGCB-1 surface expression by depleting dystrobrevin and dystrophin, either individually or together (Figure 5 A). In dyb-1 mutants, SGCB-1 surface expression was partly reduced in the anterior domain and essentially undetectable in the posterior punctate domain. Using a novel knock-out allele of dys-1 that deletes the entire dystrophin locus (syb2174), we found that complete loss of dystrophin produced an even stronger reduction of SGCB-1 and modified the overall structure of the anterior domain, rendering it more diffuse. This pattern was also observed in the double mutant, suggesting a dominant role of DYS-1 over DYB-1.

Next, we repeated the same analysis for DGN-1. We did not observe any obvious modification of the dystroglycan pattern in dystrobrevin/dyb-1 mutants. However, complete loss of dys-1 reduced overall surface expression, disrupted the dense anterior domain, and rendered DGN-1 more diffuse (Figure 5 C).

Conversely, given their strict colocalization, we wondered whether loss of SGCB-1 would alter the localization of DYB-1 and STN-1, but observed no effect (Figure 5 D).

The latter result was surprising given the known physical association of sarcoglycans and dystrobrevin, but could be due to the remaining presence of SGN-1, for which we don't have a reporter strain. Similarly, dystrophin localization did not appear to be affected by the loss of SGCB-1.

These results confirm the conserved links in C. elegans muscle between dystroglycan/DGN-1 and dystrophin/DYS-1 on the one hand, and sarcoglycan and dystrobrevin on the other. In the case of DGN-1/DYS-1, our results challenge previous reports that suggested a lack of conserved protein-protein interaction motifs in DGN-1 [START_REF] Johnson | C. elegans dystroglycan DGN-1 functions in epithelia and neurons, but not muscle, and independently of dystrophin[END_REF].

Results 

Intricate localization of ion channels reveals a remarkably complex organization of worm muscle membranes

The striking asymmetric distribution patterns of DAPC proteins prompted us to revisit the exact localization of membrane proteins that have been previously associated with the DAPC.

The BK potassium channel SLO-1 was the first ion channel to be associated with the DAPC in C. elegans muscle [START_REF] Carre-Pierrat | The SLO-1 BK Channel of Caenorhabditis elegans is Critical for Muscle Function and is Involved in Dystrophin-dependent Muscle Dystrophy[END_REF]. A knock-in line expressing GFPtagged SLO-1 [START_REF] Oh | ERG-28 controls BK channel trafficking in the ER to regulate synaptic function and alcohol response in C. elegans[END_REF] revealed a remarkably asymmetric localization pattern.

Indeed, SLO-1 channels formed a punctate pattern in the posterior half of each muscle cell that coincided with Sarcoglycans/SGCB-1 (Figure 6 A). However, SLO-1 was undetectable in the anterior tip of the cell which concentrates SGCB-1.

Next, we analyzed the localization of ISLO-1, an integral membrane protein that has been linked to the DAPC and binds SLO-1 [START_REF] Kim | The Dystrophin Complex Controls BK Channel Localization and Muscle Activity in Caenorhabditis elegans[END_REF]. While ISLO-1's subcellular distribution indeed coincided with SLO-1 in the posterior part of the cell (Figure 6 B), ISLO-1 was also clearly enriched at the anterior tip (Figure 6 F), likely in the same pattern as DYB-1 and STN-1. Consistently, ISLO-1 has been shown to interact directly with STN-1 [START_REF] Kim | The Dystrophin Complex Controls BK Channel Localization and Muscle Activity in Caenorhabditis elegans[END_REF].

These observations encouraged us to investigate the distribution of ion channels in C. elegans muscle more systematically. We focused our attention on two-pore domain potassium (K2P) channels, the largest family of ion channels present in the C. elegans genome. Single-cell RNAseq data indicated that up to 12 different K2P channel subunits could be expressed in body wall muscle [START_REF] Cao | Comprehensive single-cell transcriptional profiling of a multicellular organism[END_REF]. We used previously published reporter strains (TWK-18;El Mouridi et al., 2017) and engineered additional knockin strains for 9 K2P channels (TWK-8, TWK-12, TWK-24, TWK-28, TWK-31, TWK-42, TWK-43, UNC-58, SUP-9) using CRISPR/Cas9 genome engineering.

Careful analysis of these fluorescent reporters revealed a surprising diversity of situations. First, we confirmed that all of these channels were indeed expressed in body wall muscles, and that their relative fluorescence levels were generally consistent with transcriptomic data. Furthermore, the subcellular distribution patterns of these 10 channels were so characteristic that each channel could be unambiguously recognized by a naïve observer.

TWK-31 was only visible in unidentified intracellular compartments. TWK-8, TWK-43, and UNC-58 were uniformly distributed at the cell surface and in muscle arms. In contrast, TWK-12 was only found in muscle arms and on the lateral sides of body wall muscle cells, but not on the outer surface that is facing the hypodermis. Most other channels were enriched on this outer face. TWK-18, TWK-42, and SUP-9 showed distinct subcellular distribution patterns on the outer face, which were either diffuse or punctate (TWK-42, SUP-9). Finally, TWK-24 and TWK-28 localizations were the most remarkable. Indeed, TWK-28 accumulated most prominently at the anterior tip of each muscle cell, forming a dense, "comet-like" structure (Figure 6 C). Furthermore, while TWK-24 channels initially appeared to be uniformly distributed, comparisons with TWK-28 and SLO-1 revealed that it was in fact absent from the extremities of the cell and enriched around its center (Figure 6 C). By combining reporter lines labeling SLO-1, TWK-24, and TWK-28, we found that these three potassium channels occupy almost perfectly distinct membrane domains on the outer face of muscle cells. These domains could be clearly separated even using diffraction-limited confocal microscopy, arguing that the channels are all part of distinct protein complexes.

Taken together these results reveal the remarkably complex and an entirely unsuspected, three-dimensional, asymmetric makeup of the plasma membrane of C. elegans muscle cells.

The asymmetric pattern TWK-28 was immediately evocative of those of sarcoglycans, STN-1, DYB-1, and ISLO-1. Indeed, when we compared TWK-28 channels to these proteins, we found them to be perfectly co-localized in the anterior part of the cell (Figure 6 E). Furthermore, TWK-28 also coincided with the anterior domain of DGN-1, DYS-1, and STN-2, in a similar fashion to the colocalization of dystroglycan and sarcoglycan (Figure 3 A). As for SGCB-1, TWK-28 fluorescence was always contained within DGN-1, DYS-1, and STN-2 domains.

Based on their remarkable overlap, we hypothesized that sarcoglycans could be responsible for determining the localization of TWK-28 and SLO-1 channels. We therefore tested the effect of the single mutant of sgcb-1 and sgn-1 on TWK-28 and SLO-1 localization. We observed that loss of either sarcoglycan did not lead to obvious changes in TWK-28 and SLO-1 fluorescence levels, nor did it affect their asymmetrical localization (supplement to Figure 6). These results suggest that, at least individually, sarcoglycans SGCB-1 or SGN-1 are not necessary for localization of TWK-28 and SLO-1 potassium channels, despite their very clear colocalization pattern. 

DAPC is required for TWK-28 surface expression

To better understand the molecular and cellular machinery that recruits TWK-28 channels to the anterior tip of muscle cells, we performed an unbiased forward genetic screen. The rationale for this screen is based on the principle that disruption of factors that are required to address TWK-28 channels to the cell surface would suppress the phenotypes caused by a hyperactive TWK-28 channel.

We recently demonstrated that the activity of vertebrate and invertebrate two-pore domain potassium channels can be tuned by mutating a single residue in the second transmembrane domain, named TM2. 6 (Ben Soussia et al., 2019). We thus used CRISPR/Cas9 gene editing to engineer a TWK-28 TM2.6 mutant with an L210T substitution. These mutants displayed strongly reduced locomotion, as expected for a mutation that would hyperactive a potassium channel and strongly decrease the excitability of muscle cells. This mutant served as an ideal starting point for our genetic suppression screen.

After screening over 15.000 mutagenized haploid genomes of TWK-28 L210T, we obtained 182 suppressors that had regained a near wild-type ability to move. Among these, 102 were extragenic revertants based on genetic segregation. Using whole genome sequencing for 25 of these 102 mutants. Remarkably, 14 out of these 25 extragenic suppressors affected dys-1. One mutant was an allele of islo-1 (Figure 7 A and B).

To understand their impact on the surface expression of TWK-28, we combined loss-offunction mutations of these genes, in addition to dyb-1 and stn-1, with the fluorescentlylabeled TWK-28 reporter. In all cases we observed a marked reduction in the amount of TWK-28 channel. Fluorescence quantification demonstrated that dys-1 mutants showed the strongest decrease, reducing fluorescence by ≈ 80 %, followed by islo-1 mutants (≈ 70 %), dyb-1 and stn-1 mutants (≈ 55 % and ≈ 53 %, respectively) (Figure 7 C).

However, in all cases, remaining TWK-28 channels were still restricted to the anterior tip of muscle cells. One interpretation could be that TWK-28 channels were no longer tethered to the DAPC membrane scaffold and could now freely diffuse within the plane of the membrane. We considered this unlikely because it would in theory not reduce the total number of TWK-28 channels at the cell surface, yet, functional suppression of the TWK-28 gain-of-function phenotype argued for a reduction in the number of channels at the cell surface. Unless the localization of TWK-28 in its anterior position is necessary for its physiological effect.

Nevertheless, these results suggested that TWK-28 somehow interacted with the DAPC to be stabilized at the cell surface. Recruitment of voltage-gated sodium channels and inwardly-rectifying potassium channels by the DAPC are well-described example of the molecular interactions involved in ion channel regulation by the DAPC [START_REF] Connors | The Potassium Channel Kir4.1 Associates with the Dystrophin-Glycoprotein Complex via α-Syntrophin in Glia[END_REF][START_REF] Gavillet | Cardiac Sodium Channel Na v 1.5 Is Regulated by a Multiprotein Complex Composed of Syntrophins and Dystrophin[END_REF]. A short amino acid sequence in the cytoplasmic C-terminus of Nav1.5 and Kir4.1 channels is recognized by the PDZ domain of syntrophin, which is itself bound to dystrophin and thus stabilizes these ion channels at the plasma membrane.

Using PDZ domain-binding prediction algorithms, we identified such an amino acid sequence in the TWK-28 C-terminus (Figure 7 E). When we deleted these five amino acids by gene editing in the context of the TWK-28 fluorescent-reporter strain, we observed a dramatic reduction in the number of TWK-28 channels at the cell surface (Figure 7 F). This result argues for a model in which TWK-28 is directly recognized by one or both C. elegans syntrophins and is then stabilized at the plasma membrane by the dystrophin-associated protein complex.

To assess the specificity of the functional regulation of TWK-28 by the DAPC, we tested whether other muscle-expressed K2P channels would also be affected by loss of dys-1.

None of the four channels we tested were, whether they were uniformly distributed (TWK-8, TWK-18, TWK-42), or asymmetrically localized . This result was further consistent with a lack of predicted PDZ-binding motifs in these for proteins

(Figure 7 G).
Interestingly, in the case of SLO-1 channels, it is thought that ISLO-1 serves an adaptor to recruit SLO-1 to the DAPC, via its interaction with STN-1 [START_REF] Kim | The Dystrophin Complex Controls BK Channel Localization and Muscle Activity in Caenorhabditis elegans[END_REF]. However, this model would also predict that SLO-1 should be present in the anterior tip of muscle cells, where ISLO-1 and STN-1 are found. Therefore, a specific factor or cellular mechanism remains to be identified that would prevent SLO-1 from accumulating there.

Differential roles of dys-1 isoforms

The dystrophin locus of vertebrates and invertebrates encode multiple splice variants.

Only the longest dystrophin isoforms contain the N-terminal domain that is thought to interact with the actin cytoskeleton (Figure 8 A). In our genetic screen, we obtained N alleles of dys-1 with early stop codons within this domain (Figure 8 A). This argued that the long isoform is necessary for TWK-28 surface expression. Indeed, we observed an identical effect when the complete dys-1(syb2174) locus was deleted by CRISPR/Cas9 genome editing (Figure 7 A and Figure 8 B).

In contrast, for SLO-1 channels, the long-isoform mutants showed qualitatively different These mechanisms play a central role in orienting cells within epithelia, allowing them to generate repetitive asymmetric structures, such as in the bristled-wing of Drosophila [START_REF] Yang | Wnt-Frizzled/Planar Cell Polarity Signaling: Cellular Orientation by Facing the Wind (Wnt)[END_REF].

By analogy, we hypothesized that the polarized organization of TWK-28 could also result from the activity of such tissue polarity pathway. We therefore systematically tested available mutants for Wnt and planar cell polarity genes that are conserved in C.

elegans [START_REF] Cravo | Tissue polarity and PCP protein function: C. elegans as an emerging model[END_REF].

The intracellular effector protein Disheveled is a central player in these molecular cascades as it intervenes in canonical and non-canonical Wnt/b-catenin signaling, in addition to planar polarity pathways [START_REF] Mlodzik | The Dishevelled Protein Family[END_REF]. The C. elegans genome codes for three Disheveled orthologs: dsh-1, dsh-2, and mig-5. Based on single-cell RNASeq data, mig-5 and dsh-2 show little to almost undetectable expression in muscle cells, respectively, while dsh-1 is strongly expressed [START_REF] Cao | Comprehensive single-cell transcriptional profiling of a multicellular organism[END_REF]. When we combined a dsh-1 null mutant with the fluorescent TWK-28 knockin line, we observed a striking reorganization of the channels within muscle cells. Indeed, not only could we detect TWK-28 in the anterior tip of muscle cells, TWK-28 was now also present at the posterior end, in a perfectly symmetrical pattern (Figure 9 A). Indeed, Juxtaposed comets could be seen in a heads-to-tail orientation throughout the worm, expect for the most anterior muscle cells.

Next, we proceed to test the impact of the core PCP proteins, FMI-1/Stan/Flamingo and PRKL-1/Prickle. We observed no alterations comparable to dsh-1/Dishevelled in these mutants, except for rare instances of head-to-tail comets in the prkl-1 mutant, which we did however not observe in a fmi-1; prkl-1 double mutant (supplement to Figure 9). We could not test vang-1 due to genetic linkage with twk-28.

We then tested three genes that belong to the less-well characterized Fat/Dachsous PCP pathway. As for the core PCP components, we saw no clear phenotypes with cdh-1, cdh-3 and cdh-4 mutants (supplement to Figure 9).

Given these results, we proceed to further explore the involvement of Wnt-dependent pathways. We first tested a viable mig-14/Wntless mutant to reduce secretion of all Wnt ligand at once. This mutation disrupted TWK-28 localization in a similar manner to dsh-1 (Figure 9 A). We then proceeded to test available null mutants for four Wnt ligands.

Among these, only loss of egl-20 altered TWK-28 localization (Figure 9 A and B). This effect was restricted to cells that are present posteriorly to the vulva, which could be consistent with the graded distribution of EGL-20 from the tail to the mid-body of the worm [START_REF] Pani | Direct visualization of a native Wnt in vivo reveals that a long-range Wnt gradient forms by extracellular dispersal[END_REF]. Mutants of cwn-1, cwn-2, and lin-44 had no effect (Supplement to Figure 9). Mutations that modulate the activity of ion channels are essential tools to understand the biophysical determinants that control their gating. Here, we reveal the conserved role played by a single amino acid position (TM2.6) located in the second transmembrane domain of two-pore domain potassium (K2P) channels. Mutations of TM2.6 to aspartate or asparagine increase channel activity for all vertebrate K2P channels. Using two-electrode voltage-clamp and single-channel recording techniques, we find that mutation of TM2.6 promotes channel gating via the selectivity filter gate and increases single channel open probability. Furthermore, channel gating can be progressively tuned by using different amino acid substitutions.

Finally, we show that the role of TM2.6 was conserved during evolution by rationally designing gain-of-function mutations in four Caenorhabditis elegans K2P channels using CRISPR/Cas9 gene editing. This study thus describes a simple and powerful strategy to systematically manipulate the activity of an entire family of potassium channels. T wo-pore domain potassium (K2P) channels play a central role in the regulation of cellular excitability and the establishment of the membrane potential in excitable and non-excitable cells 1 . This ancient ion channel family has been widely conserved during evolution. Genes encoding K2P channel subunits are found in the genomes of yeast, plants, vertebrates, and invertebrates. Fifteen and eleven genes encoding channel subunits are found in the human and Drosophila melanogaster genomes, respectively 2 . Strikingly, a large expansion of the K2P channel gene family has occurred in the model nematode Caenorhabditis elegans 3 . While the overall number of genes encoding potassium channel subunits does not differ significantly (approx. 80 in man vs. 70 in C. elegans), more than half of these genes [START_REF] Bagriantsev | A high-throughput functional screen identifies small molecule regulators of temperature-and mechano-sensitive K2P channels[END_REF] encode two-pore domain potassium channel subunits. Interestingly, while all K2P channels share a characteristic topology and domain structure, sequence conservation at the amino acid level is generally low except for closely-related paralogs. Therefore, analyzing sequence diversity in vertebrate and invertebrate K2P channels can offer interesting insights into the key molecular determinants that make up the functional core of this large ion channel family.

Studies aiming to dissect the gating mechanisms of K2P channels have relied on the identification of residues that modify channel activity when mutated. Yeast selection assays 4 , targeted mutagenesis 5-11 , and genetic screens 5,6 have highlighted different amino acid positions that increase channel activity for various K2P channels. Pathogenic mutations have also revealed residues such as the TALK2 G88R mutation which increases channel function and causes a severe and progressive cardiac conduction disorder 7 . Unfortunately, since these mutations affect residues situated in very different parts of the channel (transmembrane domains, pore loops, extracellular, and cytoplasmic regions) and are rarely conserved in all K2P channels, no single residue has so far emerged that could play a conserved role in the control of K2P channel gating.

Interestingly though, we and others have shown that mutations in one position of the second transmembrane segment (further referred to as TM2.6, see results below) have consistent effects in three vertebrate and one invertebrate channel. First, mutation of a glycine residue in Drosophila KCNK0/ORK1 was serendipitously found to maximize channel open probability 8 . Next, mutation of a leucine residue at the equivalent position was shown to increase the activity of TWIK1 9 . Finally, mutation of isoleucine in THIK1 and THIK2 similarly increased whole-cell current levels 10 . Based on crystal structures and sequence alignments, these four residues are positioned on the intracellular face of the second transmembrane domain, exposed to the cytoplasmic vestibule, and in close proximity with the intracellular part of the selectivity filter 12-15 . Although the exact mechanism by which these mutations increase channel activity remains to be fully understood, this position nevertheless appeared as a promising candidate for a residue that could play a conserved role in most if not all K2P channels.

In this study, we have combined two-electrode voltage-clamp electrophysiology in Xenopus oocytes, single-channel recording in cultured cells, and CRISPR/Cas9 gene editing in C. elegans to demonstrate the functional conservation of TM2.6 in vertebrate and invertebrate two-pore domain potassium channels. We show that all vertebrate K2Ps can be activated by mutating TM2.6. These mutations dramatically increase channel activity and in particular single-channel open probability. Consistently, mutating the homologous residue in four C. elegans K2P channels elicited behavioral phenotypes that were comparable to those of known gain-of-function mutants. Finally, by building allelic series in C. elegans and for channels expressed in Xenopus oocytes, we could further demonstrate that channel activity can be progressively tuned by using different TM2.6 amino acid substitutions. Taken together, these results demonstrate that the TM2.6 position plays an important and well-conserved role in the gating of many if not all two-pore domain potassium channels.

Results

Sequence conservation in distantly-related K2P channels. Twopore domain potassium (K2P) channels were first identified in the genomes of yeast and C. elegans based on their characteristic structure as tandems of pore-forming domains 11 . Interestingly, while all K2P channels share this basic topology, their amino acid sequences have diverged markedly. Vertebrate K2P channels have been classified in 6 families based on their peptide sequences and functional properties. Only members of a given class share high levels of homology (Supplementary Fig. 1). Sequence variation is even more striking for C. elegans K2P channels. Within the 47 genes encoding subunits of K2P channels, sequence conservation is generally low except for close relatives. Only five C. elegans channels exhibit significant sequence identity with vertebrate orthologs. SUP-9 and TWK-20 are most similar to TASK1/3/5, TWK-14 is a clear ortholog of THIK1/2, and TWK-46 and TWK-48 resemble TWIK1/2 and TRESK, respectively (Supplementary Fig. 1). For most other nematode K2Ps, on average 25% of amino acids are identical to the closest vertebrate relative, even when only the core portion of the channel-from the first to the fourth transmembrane segment-is considered, and variable N-and Cterminal cytoplasmic regions are omitted. For a few C. elegans K2P channels, conservation with vertebrate channels is even lower, ranging from 16% to 25% (twk-6, twk-29, twk-32, twk-47), although bioinformatic analyses suggest that they retain the characteristic domain organization.

We took advantage of this long evolutionary history to identify residues that could be important for the structure and function of K2P channels. Using an alignment of 66 vertebrate and invertebrate channels, we identified highly conserved residues in three transmembrane helices (TM1, TM2, TM4), two pore helices (Ph1, Ph2), and the selectivity filter (SF1, SF2) sequences (Fig. 1a, Supplementary Fig. 2). In contrast, the sequence of the third transmembrane helix (TM3) did not appear to be under selective pressure.

We next focused on the second transmembrane domain (TM2), and in particular on its central region because it contains the leucine and glycine residues which activate TWIK1, THIK1/2, and ORK1/KCNK0 channels when mutated 8-10 . As in other potassium channel families, conserved glycine residues are found at the center of TM2 in almost all K2Ps (Supplementary Fig. 2). They provide flexibility to these large membrane-spanning helices allowing for the conformational changes thought to be involved in channel gating 16-18 . In addition, the central region of TM2 presented remarkable sequence conservation in distant K2P channels (Fig. 1a). In 48 of 66 channels, this glycine hinge is followed by isoleucine and proline residues (further referred to as the GIP motif). In TWIK2, TASK2, Drosophila CG1688, and three C. elegans channels (TWK-9, TWK-20, and TWK-40), the isoleucine is replaced by a valine. Mammalian THIK1/2 and C. elegans TWK-14 channels have a different motif in which isoleucine is replaced by cysteine, and proline by one of three amino acids (serine, alanine or threonine). Further degenerate motifs are found in Drosophila Sandman (GMP), nine C. elegans channels (MIP, FVP, GIA, GLP, GAP), and the silent channel KCNK7 (GLP).

Sequence conservation of the residues following the GIP motif (and its derivatives) is less obvious in vertebrates. However, a common theme can be observed when 8 Drosophila and 43 C. elegans channels are included in the analysis. In particular, the third residue following the GIP motif is generally a leucine (44/ 66) or an isoleucine (6/66), and more rarely, a glycine (TREK1, TREK2, TRAAK, KCNK0/ORK1), a phenylalanine (TRESK, TWK-17, TWK-24, UNC-58), a valine (TALK1, TWK-14, TWK-18, TWK-29), a methionine (TWIK2, TWK-16, TWK-43), or an alanine (TWK-25). To facilitate the identification of homologous residues in distantly-related K2P channels, we introduce a nomenclature to identify residues in TM2 by using the conserved glycine hinges as reference positions. This glycine is labeled TM2.1 and the subsequent isoleucine and proline residues of the GIP motif are referred to as TM2.2 and TM2.3. The next three residues are labeled TM2.4, TM2.5, and TM2.6 (Fig. 1a). The remainder of this study will describe the conserved role played by TM2.6 in the control of K2P channel gating.

TM2.6 mutation increases activity of vertebrate K2P channels.

To test whether TM2.6 mutation could systematically increase the activity of vertebrate K2Ps, we generated point mutations of TM2.6 to asparagine or aspartate in 16 different rodent (r, Rattus norvegicus; m, Mus musculus) and human K2P channels (Fig. 1b).

We then used two-electrode voltage-clamp recording in Xenopus oocytes to compare the total current elicited by wild-type and mutant channels. We found that in all cases, currents were markedly increased for TM2.6 mutants and their selectivity for potassium was maintained as indicated by marked hyperpolarization of reversal potentials (Supplementary Table 1). Depending on the channel, we observed 3-to more than 100-fold increases in total current. To test whether this increase in current could be simply explained by an increase in surface expression of the channels, we generated hTWIK1-AA, mTASK3, and mTREK1 channels harboring HA-epitope tags in their extracellular Ph2 to M4 loops, and C-terminal GFP fluorescent proteins. We then used immunofluorescence in non-permeabilizing conditions combined with flow cytometry to compare levels of surface expression. In brief, HEK-293 cells were transfected with HA/GFP-tagged wildtype or TM2.6 mutant channels, labeled with primary anti-HA and secondary Alexa594-conjugated antibodies in nonpermeabilizing conditions, and sorted by flow cytometry based on two-color fluorescence. Median fluorescence intensity (MFI) was determined for HA and GFP signals and used to determine the relative surface expression. These flow cytometry experiments did not show increased expression of TM2.6 mutant vs. wild-type channels (Fig. 1c), therefore demonstrating that the current increase observed for TM2.6 mutants did not simply result from increased surface expression, but more likely resulted from direct effects on the intrinsic activity of K2P channels.

Taken together, these experiments provide evidence for the consistent role played by TM2.6 in the modulation of channel activity for all vertebrate two-pore domain potassium channels.

TM2.6 mutation promotes gating of pH-sensitive K2P channels. To characterize the impact of TM2.6 mutations on channel function, we analyzed the responses of TASK1 and TASK2 channels to changes in extracellular pH. Indeed, alkalinization of the extracellular medium increases the activity of these channels via a direct effect on the selectivity filter (or C-type) gate. Specifically, raising extracellular pH promotes the open state of TASK1 12 , and increases the opening frequency of TASK2 13-15 . We reasoned that if mutant channels were already highly active at physiological pH, they should be less sensitive to stimulation by extracellular alkalinization. Indeed, raising extracellular pH from 7.4 to 9.4 only increased whole-cell currents of TASK1 L122N by a factor of 1.4, while wild-type currents increased 2.8-fold (Fig. 2a). Similarly, TASK2 L127N currents were only increased by a factor of 2, while pH challenge led to a 10-fold increase in total current for wild-type TASK2 (Fig. 2b).

Furthermore, we found that the activation kinetics of TASK2 channels were markedly affected. Expression of wild-type TASK2 in Xenopus laevis oocytes gives rise to a slowly activating outward current in response to depolarizing voltage steps at physiological pH 13,19 . The activation kinetics of wild-type TASK2 increase sharply when TASK2 is stimulated by alkaline pH. Consistent with high basal activity, TASK2 L127N no longer showed the slow time-dependent outward current at neutral pH (Fig. 2b, inset).

Taken together, these experiments suggest that TM2.6 mutants of TASK1 and TASK2 are significantly more active in physiological conditions, likely due to increased activation of the selectivity filter gate.

TM2.6 mutation increases activity of mechano-gated K2Ps. To characterize the effect of TM2.6 mutations on the gating of mechano-sensitive K2P channels, we first measured the relative increase in inward current when extracellular potassium is replaced by rubidium. Indeed, substitution of potassium by rubidium in TREK1 induces the stabilization of the selectivity filter gate, for example making it more difficult to close the channel by reducing the internal pH 20 . We found that the current increase induced by ion substitution was strongly affected in TREK1 and TREK2 mutant channels. While wild-type currents increased 5 and 4.2-fold in TREK1 and TREK2, respectively, we only observed 1.6 and 1.2-fold increases for TREK1 G171D and TREK2 G196D, respectively (Fig. 3a,b), which is consistent with a positive effect of TM2.6 mutations on the selectivity filter gate.

Next, we analyzed the response of TREK1, TREK2, and TRAAK channels to open channel block by divalent barium ions. Ba 2+ inhibits these channels in a concentration and timedependent fashion by competing for the S4 potassium binding site in the selectivity filter. In turn, when channel activity is increased by raising extracellular potassium concentrations or pH (inducing C-type gate stabilization), the magnitude of Ba 2+ inhibition is reduced because occupancy of S4 by potassium is increased 21-23 . Consistent with an increased basal activity, we found that Ba 2+ block was indeed significantly reduced in TM2.6 mutants of TREK1, TREK2, and TRAAK (Fig. 3c).

We then tested the dependence of Ba 2+ inhibition to extracellular potassium ([K + ] o ) for TREK1. We again observed that TREK1 G171D was less sensitive to Ba 2+ inhibition, and hence intrinsically more active (Fig. 3d). Ba 2+ block was less pronounced at 5, 20, and 40 mM [K + ] o when we compared wildtype to mutant TREK1. And while the magnitude of inhibition further increased between 20 and 40 mM [K + ] o for wild-type channels, TREK1 G171D inhibition reached a plateau at 20 mM extracellular potassium, likely reflecting maximal opening of the Fig. 1 Mutation of a single residue in TM2 systematically increases K2P channel activity. a Sequence conservation along transmembrane helix 2 (TM2 helix) computed from 66 vertebrate, insect, and nematode K2P channels, represented using WebLogo 3 53 . b Current-voltage relationships obtained at pH 7.4 in X. laevis oocytes by injection of cRNA encoding wild-type (black squares) and TM2.6 mutant channels (red squares). TM2.6 mutations are indicated in red next to corresponding current traces. Insets for hTASK1, mTRAAK, mTRESK, and hTWIK1 AA represent wild-type channel currents at a reduced scale. rTWIK2 LY and hTHIK2 5RA harbor additional mutations in intracellular trafficking signals that allow increased surface expression 10,52 . Each point represents the mean ± standard error of the mean, numbers in parentheses represent the number of oocytes tested for each condition. Injected cRNA amounts and incubation times are reported in Supplementary Table 1. c Relative surface expression for wild-type and TM2.6 mutant channels using flow cytometry. HA/GFP-tagged wild-type (black) and mutant K2P channels (red) were expressed in HEK cells. Relative surface expression was determined by measuring the median fluorescence intensity of HA-positive cells (labeled in non-permeabilizing conditions) relative to the median fluorescence intensity of the GFP signal (total channel content mutant channel at this concentration (Fig. 3d). In addition, while wild-type channels were inhibited in the same fashion at 0 and 5 mM [K + ] o , the level of Ba 2+ inhibition was significantly different between the two concentrations in TREK1 G171D. Taken together, these results strongly suggest that TM2.6 mutations promote the gating of mechano-gated K2P channels via the selectivity filter gate.

TM2.6 mutation increases TRAAK/TREK1 single-channel activity.

To analyze in more detail how mutations of TM2.6 affect channel activity, we performed single-channel recording experiments for TRAAK and TREK1 channels.

First, we transfected TRAAK, TRAAK G133D, TREK1, and TREK1 G171D into HEK-293 cells and compared channel activity in cell-attached patch recordings. We found that TRAAK G133D and TREK1 G171D activity rose approximately 10-fold compared to wild-type channels in this context. While wild-type TRAAK and TREK1 channel activity was slightly increased at depolarized membrane potentials, TM2.6 mutants were consistently more active for all membrane potentials compared to wildtype (Fig. 4a,b).

Next, we analyzed single-channel properties of wild-type and mutant channels. In both mutants, we could observe flickering behavior and long bursts of channel openings consistent with increased channel activity (Fig. 4c,d). In addition, mean open times were significantly increased compared to wild-type. For example, mean open times of TRAAK channels saw a 2-fold increase from 0.41 ± 0.01 to 0.81 ± 0.13 ms at -80 mV, while TREK1 channel mean open times rose from 0.56 ± 0.09 to 0.68 ± 0.08 ms at -80 mV (Fig. 4e,f).

In contrast, unitary conductance was only modestly affected by TM2.6 mutations in TRAAK and TREK1, and would not explain the dramatic increase in whole-cell current observed in our twoelectrode voltage-clamp experiments. We observed differences between wild-type and mutant channels depending on the imposed membrane potential. TRAAK conductance was unchanged by TM2.6 mutation at -80 mV but showed a significant decrease compared to wild-type at +80 mV. TREK1 G171D unitary conductance was significantly higher than wild type at -80 mV, and slightly decreased at +80 mV (Fig. 4e,f). Consistently, the current-voltage relationships of TRAAK and TREK1 (obtained from single-level openings in symmetrical KCl, 150 mM) was also modified. The I-V relationship of TRAAK G133D showed a slight inward rectification at positive potentials similar to that of TREK2 24 (Fig. 4g,h). TREK1 produced a clear outward rectification at negative potentials, while TREK1 G171D did not.

Taken together, these results provide direct evidence that introducing an aspartate in TM2.6 of TRAAK and TREK1 dramatically affects single-channel open probability and strongly potentiates the channels' activity. Our data are consistent with the /I K98 at -110 mV ( 6) Rb98 ( 6) K98 ( 7) Rb98 ( 7) K98
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Fig. 3 TM2.6 mutations promote gating of mechano-gated K2P channels. a, b TM2.6 mutation affects TREK1 and TREK2 current increase induced by substituting potassium with rubidium. Current-voltage relationships of mTREK1 and mTREK2 channels; wild-type (black) and TM2.6 mutant (red) at 98 mM extracellular potassium (filled squares) and 98 mM extracellular rubidium (open squares). Each data point represents the mean ± standard error of mean, numbers in parentheses represent the number of oocytes tested for each condition. Rightmost panels: mean relative current increases were 5.3 ± 0.3 and 1.6 ± 0.1 for wild-type and mutant mTREK1, respectively, and 4.1 ± 0.6 and 1.01 ± 0.02 for wild-type and mutant mTREK2, respectively. Currents were recorded 24 h after injection of cRNA at 1 ng/oocyte. c Magnitude of Ba 2+ inhibition is reduced in TM2.6 mutants of mechano-gated K2P channels. Ratios between currents under barium perfusion and currents under control perfusion at 0 mV, were significantly different for wild-type (black) and mutant channels (red). Mean ratios increased from 0.19 ± 0.02 (mTREK1) to 0.6 ± 0.02 (mTREK1 G171D), from 0.26 ± 0.01 (mTREK2) to 0.5 ± 0.01 (mTREK2 G196D), and from 0.37 ± 0.01 (mTRAAK) to 0.6 ± 0.02 (mTRAAK G133D). Currents were recorded 24 h after injection of cRNA at the following concentrations (in ng/oocyte): mTREK1 wild-type, 5; mTREK1 G171D, 1; mTREK2 wild-type, 3; mTREK2 G196D, 1; mTRAAK wild-type, 10; mTRAAK G133D, 0. effect of the TM2.6 G134D mutation reported for Drosophila KCNK0/ORK1 8 , which was found to increase single-channel open probability. This congruence is striking given the low levels of sequence identity between KCNK0 and TRAAK/TREK1 channels (Supplementary Table 1). We therefore propose that increased channel open probability most likely explains the consistent increase in activity of TM2.6 mutants.

Gradual activation of TREK1 and TASK2. Given the drastic effect of asparagine and aspartate mutations, we wondered whether we could also achieve intermediate levels of channel activation by using different amino acid substitutions at the TM2.6 position. Such allelic series have been reported for TWIK1 25 and TALK2 7 , but also for members of other ion channel families such as large conductance mechanosensitive channels (MscL) of Escherichia coli 26 , voltage-dependent Shaker potassium channels, or the ligand-gated K + channel GsuK 27 .

To test this hypothesis, we generated a series of TM2.6 mutants of the TREK1 and TASK2 channels and compared their biophysical properties with those of wild type channels. First, we used the potassium-rubidium ion substitution assay to compare four TREK1 mutants (G171T, G171S, G171D, G171N). We observed significant differences for S, D, and N mutants compared to wild-type TREK1, and between T and S, or S and D mutants (Fig. 5a). This strongly suggests that these mutants achieve distinct levels of channel function.

Next, we analyzed six different TASK2 mutants (L127V, L127G, L127T, L127S, L127D, L127N) and found gradual effects for activation kinetics and pH-sensitivity. At physiological pH, valine and glycine substitution had intermediate kinetics, while the remaining mutants had comparable, likely maximal, activation kinetics (Fig. 5b, leftmost and middle panel). Using the same mutants, we then compared the stimulating effect of external alkalinization. We found consistent results for the six mutants (Fig. 5b, rightmost panel): L127V and L127G showed intermediate phenotypes, while L127T/S/D/N mutants were indistinguishable.

Finally, we investigated the effect of serine substitution on the single-channel properties of TRAAK and TREK1 channels (Supplementary Fig. 3). Similar to G133D, G133S strongly increased NPo of TRAAK at -80 mV and +80 mV, but did not cause a significant increase in mean open time at +80 mV. For TREK1, while NPo, mean open time, and conductance, were significantly increased by G171D at -80 mV, only mean open time was significantly increased in G171S mutants compared to wild-type.

Taken together these results show that different levels of channel activity can indeed by achieved by engineering different amino acid substitutions in TM2.6, further illustrating the pivotal role played by this residue.

Gradual activation of the nematode K2P channel TWK-18. Since TM2.6 mutations increase channel gating for all vertebrate channels (Fig. 1b) and for Drosophila KCNK0/ORK1 8 , we wondered whether the function of this residue had been further conserved during evolution. We therefore targeted the diverse family of K2P channels expressed in C. elegans. To date, only the TWK-18 channel has been functionally characterized using heterologous expression systems 5 . TWK-18 is a potassium-selective outwardly-rectifying channel with a steep temperature-dependence between 25 and 35 °C. To test whether TM2.6 mutation could also increase TWK-18 activity, we compared the TM2.6 mutant TWK-18 V158D with wild-type TWK-18 and the previously described gain-of-function mutant TWK-18 M280I (cn110). Consistent with our previous results, we found that TWK-18 V158D was significantly more active than wild-type and M280I mutants at 22 °C when expressed in Xenopus oocytes (Fig. 6a, left panel). We then generated additional TM2.6 amino acid substitutions in TWK-18 to test whether we could also achieve gradual activation. Indeed, we found that different residues lead to different levels of whole-cell current, consistent with progressive activation of the TWK-18 channel (Fig. 6a, right panel).

Rational design of gain-of-function mutants in C. elegans.

Despite the fundamental role of K2P channels in cellular physiology 1,28,29 , some basic questions about their biology are still largely unexplored. In particular, comparatively little is known about the precise molecular and cellular processes that determine the number of active channels and their distribution at the cell surface in vivo. Unbiased forward genetic screens in model organisms are well suited to dissect such complex cellular processes and gene regulatory networks in vivo, and gain-of-function mutants of potassium channels are ideal starting points for such screens. For example, genetic modifier screens targeting the SUP-9 channel have identified a diverse set of proteins that are required for trafficking and function of this TASK-related K2P channel 6,30,31 .

We hypothesized that TM2.6 mutation could be a powerful strategy to rationally design hyperactive K2P channel mutants that would open the way for genetic screens. As a proof of principle, we used CRISPR/Cas9-based gene editing to target four channels (twk-18, unc-58, egl-23, and sup-9) for which gain-offunction mutants with severe and easily observable phenotypes had been reported in the literature.

twk-18 is exclusively expressed in C. elegans body wall muscles 32 . Hyperactivation of TWK-18 by two different point mutations (cn110/M280I and e1913/G165D) leads to flaccid paralysis that can be rapidly induced and reverted in temperature-shift experiments 5 . unc-58(e665) (L428F) mutants are short and essentially unable to move forward or backward on solid media 33 . They display a straight body posture accompanied by a rapid rotation around their anteroposterior axis. egl-23(n601) (A383V) mutants are unable to lay embryos likely due to the hyperpolarization of vulval muscles (SEM and TB, unpublished). Finally, gain-of-function mutants in which SUP-9 is hyperactive display a characteristic rubberband phenotype in which worms first contract and then rapidly relax their body when prodded on the head 6 .

We engineered asparagine mutations in TM2.6 for twk-18, unc-58, egl-23, and sup-9. Except for sup-9, mutant worms harboring the desired point mutations could be readily identified in the F1 progeny of injected worms owing to the dominant effect of these mutations (Fig. 6b,d). First, we found that TWK-18 V158N mutant worms showed the same flaccid paralysis as canonical M280I gain-of-function mutants. Second, UNC-58 F294N mutants were severely paralyzed and short but differed qualitatively from the canonical UNC-58 L428F mutant. Indeed, they did not produce the characteristic shaking behavior, and had increased body curvature on agar plates. Third, egg-laying was strongly impaired in EGL-23 L229N mutants (Fig. 6d,e). As expected, fertilized embryos quickly accumulated within the parent, eventually leading to the formation of a bag-of-worms once these animals had completed their embryonic development. Finally, despite multiple attempts, we failed to obtain the SUP-9 L122N mutant. This may be explained by the fact that even moderate gain-of-function mutations of sup-9 can only be maintained as heterozygous strains 6 , and homozygous animals fail to develop during embryogenesis.

Allelic series produce gradual phenotypes in C. elegans. In heterologous expression systems such as Xenopus oocytes, it is possible to control the level of ion channel expression by titrating the amount of injected cRNA. This is no longer possible when mutations are introduced into the genome by gene editing. As we found for SUP-9, asparagine mutations in TM2.6 may sometimes interfere with normal development or limit viability. We thus wondered whether we could generate weak or intermediate gainof-function mutants in vivo by using different amino acid substitutions.

We again used CRISPR/Cas9 gene editing to introduce different TM2.6 mutations in twk -18, unc-58, egl-23, and sup-9. In each case, we could identify CRISPR/Cas9-edited animals based on the characteristic locomotor (twk-18, unc-58), egglaying (egl-23) or developmental phenotypes (sup-9). First, we were able to generate homozygous SUP-9 L122S mutants, contrary to our previous attempts with the L122N mutation. These worms however grew very slowly and had strong morphological defects (Fig. 6c). Since they were nevertheless viable, we concluded that SUP-9 L122S is likely a weaker gain-offunction allele than L122N and that channel activity can indeed be set to different levels using serine vs. asparagine substitutions. Next, we built serine and threonine mutants for twk-18, unc-58, and egl-23 to test whether we could detect gradual channel activation using behavioral variation as a proxy. In the case of the temperature-sensitive TWK-18 channel, we could define a clear allelic series by comparing the level of paralysis of twk-18 mutants at different temperatures. At extreme temperatures, all alleles behaved similarly, i.e., they remained mobile at 15 °C and were paralyzed at 25 and 30 °C. We could however observe clear differences at 20 °C when we measured the proportion of animals that were able to crawl out of a 1 cm-wide circle within a twoand-a-half-hour timespan. At 20 °C, 95% of M280I (n = 40), 73% of V158S (n = 40), and 63% of V158T (n = 40) had crossed this limit. In contrast, only 22% of the V158N mutants (n = 40) had moved significantly over this time period. Using a similar behavioral test for UNC-58, we could also observe progressive phenotypes. 87% of F294S (n = 45) and 49% of F294N (n = 45) had crossed the perimeter of the circle after an 8 h, compared to 9% of L428F (n = 45) mutants.

In the case of egl-23, we monitored the rate of egg-laying in the first 48 h after the L4 to adult molt (Fig. 6e). We compared the canonical n601 (A383V) mutant, and the TM2.6 mutants L229N and L229S. The A383V mutation had the strongest effect on the egg-laying rate. L229N resulted in slightly higher egg-laying rates (i.e., a less pronounced egg-laying defect), while L229S mutants were able to lay eggs at a rate slightly lower than wild-type. This gradual effect was also clearly visible in 1-day old adult animals (Fig. 6d,e). Indeed, wild-type worms carry only a limited number of fertilized eggs at this time point since they lay embryos soon after fertilization. In contrast, A383V and L229N mutants rapidly accumulate fertilized embryos which eventually leads to death by matricide after 48 h. L229S mutants had an intermediate phenotype consistent with their ability to lay eggs and increased survival time. Eventually, all mutant worms however died due to the accumulation and hatching of their progeny within the parent.
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These experiments further validate the notion that TM2.6 is a crucial residue that controls the gating of most, if not all K2P channels. They also demonstrate that channels can be activated progressively in vivo using various TM2.6 substitutions, highlighting the versatility of our strategy.

Discussion

We report here that a single conserved residue in the second transmembrane segment of vertebrate and invertebrate two-pore domain potassium channels plays a key role in the control of K2P channel gating. Mutating this residue (TM2.6) results in higher channel activity in heterologous expression systems and in vivo in C. elegans. Higher channel activity results from a dramatic increase of channel open probability, and not from a change in surface expression nor unitary conductance. Furthermore, it is possible to engineer gain-of-function mutants with different levels of activity by replacing TM2.6 with a series of amino acids, progressively tuning the activity of K2P channels. TM2.6 systematically increases channel activity in most if not all K2Ps. This universality is remarkable given the low sequence conservation between the vertebrate and invertebrate channels we have tested and raises the question of the mechanism of action of these mutations.

Available crystal structures position TM2.6 on the intracellular side of the second transmembrane domain, exposed to a large cytoplasmic vestibule, and in close proximity to the intracellular part of the selectivity filter 16-18,34 . This location suggests that TM2.6 residues could affect three previously-described gating mechanisms.

Contrary to other potassium channels, K2P channels do not possess a clear bundle-crossing gate or inner gate. Their principal gate is therefore situated at or close to the selectivity filter, also known as a C-type gate because it resembles the C-type inactivation gate of voltage-gated potassium channels 4,18,20,35-38 . In most K2Ps, this C-type gate is regulated by variations in pH and is stabilized by increasing extracellular potassium concentrations 39,40 . Mutations and small molecules have been shown to stabilize this filter gate in different K2P channels 4,18 . Our data are consistent with an effect of TM2.6 mutations on the selectivity filter gate.

Interestingly, a novel type of inner gating mechanism has been proposed recently for TWIK1. Molecular dynamics simulations tracking the movements of water molecules within the intracellular vestibule of the channel found that stochastic de-wetting close to the TM2.6 leucine residue creates a hydrophobic barrier opposing efficient ion passage through the conduction pathway 25,41 . Disrupting this hydrophobic barrier by replacing the leucine with a polar or negatively-charged residue maintained water occupancy within the inner pore and dramatically increased whole-cell currents 25 . Similar hydrophobic barriers have emerged from the study of model nanopores and have been shown to limit ion conduction in ligand-gated neurotransmitter receptors and ion channels 41,42 . For example, mutations disrupting hydrophobic barriers affect current flow through two prokaryotic potassium channels (GsuK, ligand-gated K + channel from Geobacter sulfurreducens; MthK, Ca 2+ -gated K + channel from Methanobacterium thermoautotrophicum) and increase open probabilities 29,43 .

A third gating mechanism has been proposed for mechanosensitive channels of the TREK/TRAAK family in which lateral fenestrations close to the selectivity filter allow the passage of acyl chains belonging to fatty acids of the upper membrane leaflet. Access of lipids to the conduction pathway relies on conformational changes of TM4 34,44,45 . In K2Ps, TM2 of one subunit is opposed to TM4 of the second subunit thereby creating two fenestrations possibly accessible by lipids. Given the central position of TM2.6 within the second transmembrane domain, amino acid substitutions (either charged, hydrophilic, and/or bulky) of TM2.6 could also alter this proposed lipid gating mechanism.

We have found that the majority of K2P channels possess hydrophobic residues at the TM2.6 position (Fig. 1a, Supplementary Fig. 2). Therefore, disruption of a hydrophobic gate is an attractive model that would explain how K2P channels with very different overall primary sequences could all be similarly activated. Furthermore, simulations of model nanopores have demonstrated that hydrophobic barriers can be disrupted by modulating the hydrophobicity of the pore 42 . Consistent with this idea, we found that different hydrophilic or hydrophobic residues produced different levels of channel activity, both in vitro and in vivo. A few K2P channels do not have hydrophobic TM2.6 residues. Notably, a glycine residue is found in Drosophila KCNK0/ORK1 and vertebrate TREK1, TREK2, and TRAAK channels. Molecular dynamics simulations of TREK2 have failed to detect significant de-wetting 46 . Rather different lines of evidence suggest that mutating this glycine residue to an aspartate increases channel gating via the selectivity filter gate 8 .

In conclusion, the exact mechanisms by which TM2.6 mutations promote channel activation remain to be fully elucidated and may vary depending on the channel. Furthermore, it may be difficult to dissociate hydrophobic and C-type gating since TM2.6 is close to the selectivity filter. Depending on the channel, TM2.6 mutation may thus differentially affect the selectivity filter gate, the inner hydrophobic gate, and gating by membrane lipids.

Given the striking phenotypes of the TM2.6 mutants in C. elegans, it could appear surprising that they had not been identified in forward genetic screens. A likely explanation is that two or even three base changes are required to introduce these amino acid substitutions. Concomitant mutation of two DNA bases is highly unlikely when using chemical mutagens such as EMS or ENU. Consistently, preliminary experiments targeting other C. elegans K2P channels have yielded additional mutants with very strong behavioral defects akin to the phenotypes of classical uncoordinated mutants (unpublished). Such gain-of-function mutants will be ideal starting points for forward genetic screens aiming to identify genes that are required for channel expression, trafficking and functional modulation in vivo.

In the future, TM2.6 mutations could also be used to identify pharmacological compounds targeting K2P channels. In particular, yeast-based screening strategies have proven to be successful for the discovery of new ion channel modulators 47 and for the identification of specific blocker sites 48 . By using TM2.6 mutants described here, this approach can now be envisioned for K2P channels beyond the highly active TREK1 channel (keeping in mind that TM2.6 mutations may not always fully mirror the pharmacology of wild-type channels). Indeed, specific compounds targeting K2P channels are of great interest, since K2Ps represent important targets for neurological, cardiovascular, and endocrine disorders. For example, gain-of-function mutations in human TALK2 have been shown to cause severe cardiac conduction disorder 7 . A polymorphism in the pancreatic channel TALK1 causes a reduction in β-cell excitability and glucosestimulated insulin secretion, which could explain increased type 2 diabetes susceptibility 49 . And a mutation increasing TRAAK activity has been linked to a novel neurodevelopmental syndrome known as FHEIG, for facial dysmorphism, hypertrichosis, epilepsy, intellectual disability/developmental delay, and gingival overgrowth 50 .

Presently, there are no indications about the possible effects of increased channel activity for other human K2P channels. By introducing TM2.6 mutations using CRISPR/Cas9-based gene editing, it will be possible to create well-defined cellular systems or model organisms that could help to predict the functional consequences of increased activity for any K2P channel, while circumventing the pitfalls of standard overexpression strategies. In turn, these model systems could then be used to identify and validate pharmacological agents that modulate the activity of K2P channels.

Methods

Expression plasmids. cDNA sequences were amplified using Phusion high-fidelity DNA polymerase (ThermoFisher Scientific) and assembled into the Xenopus oocyte expression vector pTB207 51 by 2-or 3-fragment Isothermal Ligation using the primer combinations indicated in Supplementary Table 5. PCR-amplified sequences were validated by Sanger sequencing.

The resulting vectors used in this study are: pOA23 hTASK1, pOA24 hTASK1 L122N, pOA21 hTASK3, pOA22 hTASK3 L122N, pOA25 mTASK2 WT, pNZ20 mTASK2 L127N, pIBS25 mTASK2 L127D, pIBS26 mTASK2 L127S, pIBS27 mTASK2 L127T, pIBS28 mTASK2 L127V, pIBS29 mTASK2 L127G, pIBS18 mTREK1 WT, pIBS19 mTREK1 G171D, pIBS20 mTREK1 G171N, pIBS21 mTREK1 G171S, pIBS22 mTREK1 G171T, pIBS23 mTREK1 G171L, pIBS24 mTREK1 G171V, pOA26 mTREK2, pOA27 mTREK2 G196D, pOA28 mTRAAK, pOA29 mTRAAK G133D, pOA30 mTRESK, pOA31 mTRESK F156N, pTB301 rTWIK2,hTALK1,hTALK2 and hTHIK2 are inserted into the pLIN oocyte expression vector. Additional mutations were introduced by PCR using Pfu Turbo DNA polymerase (Agilent Technologies). hTWIK1-AA was previously described in ref. 9 , hTHIK2-5RA in ref. 10 , and rTWIK2-LY in ref. 52 . For mammalian cell electrophysiology, K2P channel cDNA sequences were inserted into the pIRES2-EGFP vector. For FACS analysis, hTWIK1 AA, mTASK3, and mTREK1 were tagged with HA and GFP, and cloned into a pcDNA3 vector. One or two copies of the hemagglutinin (HA) epitope (YPYDVPDYA) were inserted into the extracellular domain connecting the second pore helix (Ph2) and TM4 transmembrane segment. The GFP coding sequence was added at the cytoplasmic C-terminus of each channel.

Oocyte electrophysiology. Capped RNAs were synthesized in vitro from linearized expression vectors using the T7 mMessage mMachine kit (Ambion, Austin, TX, USA). Defolliculated X. laevis oocytes (Ecocyte Bioscience, Dortmund, Germany) were injected with 50 nL containing between 50 pg and 50 ng of cRNA depending on the K2P expression rate (concentrations are indicated in Supplementary Table 1). Oocytes were kept at 18 °C in ORII Calcium solution containing (in millimolar): 82.5 NaCl, 2 KCl, 1 MgCl 2 , 0.7 CaCl 2 , 5 HEPES, gentamicin (25 μg/mL), pH 7.5 (with TRIZMA-Base).

Two-electrode voltage-clamp (TEVC) experiments were performed 24-72 h after the microinjection. Oocytes were mounted in a small home-made recording chamber and continuously superfused with the ND96 standard solution containing (in millimolar): 96 NaCl, 5 KCl, 1.8 CaCl 2 , 2 MgCl 2 , 5 HEPES. Macroscopic currents were recorded using a Warner Instrument OC-725 amplifier, filtered at 10 kHz, digitized using a Digidata-1322 (Axon Instrument). For current visualization and stimulation protocol application, we used Axon pClamp 9 software (Molecular Devices, Sunnyvale, CA). Recording electrodes were pulled to 0.2-1.0 MΩ by using a horizontal puller (Sutter Instrument, Model P-97, USA) and filled with 3 M KCl. Currents were recorded in response to two recording protocols. The first was a voltage-step protocol consisting of a pre-pulse of -80 mV (80 ms duration) from a holding potential of -60 mV, followed by steps (300 ms duration) from -110 to 40 mV, and return to a -60 mV holding potential. Current-voltage curves were obtained by plotting the steady-state currents at the end of each voltage step. The second protocol was a ramp protocol used for time course manipulations, consisting on a pre-pulse of -110 mV (100 ms duration), from a holding potential of -60 mV, followed by a ramp from -110 to 40 mV over 3.5 s. This protocol was automatically repeated every 7 s. The time course of the activation for mTASK-2 channels (τ, ms) was calculated by fitting the current trace obtained at 0 mV with a single exponential suite of pClamp 9.

Flow cytometry. HEK-293 cells were grown in 60 mm dishes and transiently transfected with HA/GFP-tagged K2P vectors using JetPEI (Polyplus transfection). 24 h after transfection, cells were gently harvested by using PBS, 10 mM EDTA, then centrifuged for 5 min at 350 g and resuspended in PBS, 5% horse serum incubation solution at 5 × 10 6 cells per mL. 100 μL of the cells were then incubated for 2 h on ice with anti-HA antibody (Sigma-Aldrich, HA-7 clone, 1/1000), followed by 1 h with Alexa594-conjugated anti-mouse antibody (Molecular Probes, 1/ 1000). Cells were washed once with incubation solution and resuspended in PBS. Quantification was performed on a BD LSR2 Fortessa using 525/50 bandpass (excitation GFP 488 nm), 605/40 bandpass (excitation Alexa594 561 nm) and 450/ 50 (excitation Dapi 405 nm) filter sets. Live single cells were identified as DAPInegative and based on forward scatter/side scatter profiles. The GFP-positive gate (GFP+) and red-positive gate (Alexa594+ or HA+) were set manually using the following control conditions: (c1) the background level of red fluorescence was determined by measuring fluorescence intensity of empty vector transfected cells incubated with antibodies (c2) the GFP-positive window was estimated from unlabeled transfected cells and (c3) the HA-positive window with cells transfected with an HA-tagged construct incubated with antibodies. Cytometry data were analyzed using the BD CellQuest Pro software (BD Biosciences).

Single-channel analysis. HEK-293 cells (obtained from the Korean Cell Line Bank) were seeded at a density of 2 × 10 5 cells per 35 mm dish 24 h prior to transfection in Dulbecco's modified Eagle's medium (DMEM) containing 10% FBS. HEK-293 cells were transfected with mTREK1, mTREK1 G171S, mTREK1 G171D, mTRAAK, mTRAAK G133S, or mTRAAK G133D in pIRES-eGFP DNA using LipofectAMINE2000 and OPTI-MEM I Reduced Serum Medium (Life technologies, Grand Island, NY, USA). Cells expressing green fluorescence were detected with the aid of a Nikon microscope equipped with a mercury lamp light source. Cells were used 1-3 days after transfection.

All recordings were performed using a patch clamp amplifier (Axopatch 200, Axon Instruments, Union City, CA, USA). Single-channel currents were filtered at 2 kHz using an 8-pole Bessel filter (-3 dB; Frequency Devices, Haverhill, MA) and transferred to a computer using the Digidata 1320 interface (Axon) at a sampling rate of 20 kHz. Threshold detection of channel openings was set at 50%. Singlechannel currents were analyzed with the pCLAMP program (version 10, Axon). The filter dead time was 100 μs (0.3/cutoff frequency) for single-channel analysis, therefore, events lasting less than 50 μs were not detected. Channel activity (NP o , where N is the number of channels in the patch and P o is the probability of a channel being open) was determined from ~1-2 min of current recording. In experiments using cell-attached patches, the pipette and bath solutions contained (mM): 150 KCl, 1 MgCl 2 , 5 EGTA, and 10 HEPES (pH 7.3). All experiments were performed at ~25 °C. Galene TWIK1 TWIK2 TRAAK TREK1 TREK2 TASK1 TASK3 TASK5 TASK2 TALK1 TALK2 TRESK THIK1 THIK2 KCNK7 1 Supplementary Figure 1 -One-to-one sequence identity matrix based on clustal omega alignement. Genbank identifiers for aligned sequences are listed below. N-and C-terminal cytoplasmic portions were truncated before alignment. 
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TWIK1, NP_002236 ; TWIK2, NP_004814 ; TRAAK, NP_201567 ; TREK1, NP_001017425 ; TREK2, NP_612190 ; TASK1, NP_002237 ; TASK3, NP_001269463 ; TASK5, NP_071753 ; TASK2, NP_003731 ; TALK1, NP_001128578 ; TALK2, AAH25726 ; TRESK, NP_862823 ; THIK1, NP_071337 ; THIK2, NP_071338 ; KCNK7, NP_203133 ; EGL-23, NP_001255776 ; UNC-58, NP_741880 ; SUP-9, NP_494333 ; TWK-1, NP_492054 ; TWK-2, NP_494786 ; TWK-3, NP_495727 ; TWK-4, NP_001343566 ; TWK-5, NP_001021895 ; TWK-6, NP_497973 ; TWK-7, NP_498903 ; TWK-8, NP_001023596 ; TWK-9, NP_501724 ; TWK-10, NP_001300134 ; TWK-11, NP_001343632 ; TWK-12, NP_505731 ; TWK-13, NP_506091 ; TWK-14, NP_001256414 ; TWK-16, NP_508526 ; TWK-17, NP_001024466 ; TWK-18, NP_509516 ; TWK-20, NP_510284 ; TWK-21, NP_510654 ; TWK-22, NP_510655 ; TWK-23, NP_001257229 ; TWK-24, AAC32865 ; TWK-25, NP_502170 ; TWK-26, NP_508522 ; TWK-28, NP_508732 ; TWK-29, NP_001021467 ; TWK-30, NP_492381 ; TWK-31, NP_001022883 ; TWK-32, NP_506416 ; TWK-33, NP_001309463 ; TWK-34, NP_506906 ; TWK-35, NP_508031 ; TWK-36, NP_507485 ; TWK-37, NP_491810 ; TWK-39, NP_001076639 ; TWK-40, NP_001255207 ; TWK-42, NP_507483 ; TWK-43, NP_872137 ; TWK-44, NP_509942 ; TWK-45, NP_001122742 ; TWK-46, NP_741678 ; TWK-47, NP_001309491 ; TWK-48, NP_001022681 ; ORK1/KCNK0, NP_511112 ; dTask-6, NP_001262539 ; dTask-7, NP_649891 ; sandman, NP_610349 ; CG10864, NP_650726 ; CG34396, NP_001097392 ; CG43155, NP_572720 

TWIK1 ------SAWCFGFLVLGYLLYLVFGAVVFSSVELPYEDLLRQEL------R--------------------K--------------LKRRFL-------- TWIK2 --------ALLAGALAAYAAYLVLGALLVARLEGPHEARLRAEL------E--------------------T--------------LRAQLL-------- TRAAK ---------TLLALLALVLLYLVSGALVFRALEQPHEQQAQREL------G--------------------E--------------VREKFL-------- TREK1 --------KTVSTIFLVVVLYLIIGATVFKALEQPHEISQRTTI------V--------------------I--------------QKQTFI-------- TREK2 --------KTVVAIFVVVVVYLVTGGLVFRALEQPFESSQKNTI------A--------------------L--------------EKAEFL-------- TASK1 ------QNVRTLALIVCTFTYLLVGAAVFDALESEPELIERQ------RLE--------------------LRQQE-------LR-ARYNLS-------- TASK3 ----------TLSLIVCTFTYLLVGAAVFDALESDHEMREEE------KLK--------------------AEEIR-------IK-GKYNIS-------- TASK5 --------VRAAGLVLCTLCYLLVGAAVFDALESEAESGRQR------LLV--------------------QKRGA-------LR-RKFGFS-------- TASK2 ---------RGPLLTSAIIFYLAIGAAIFEVLEEPHWKEAKKNY------Y--------------------T--------------QKLHLL-------- TALK1 -----CWGGRVLPLLLAYVCYLLLGATIFQLLERQAEAQSRDQF------Q--------------------L--------------EKLRFL-------- TALK2 -------VPGTVLLLLAYLAYLALGTGVFWTLEGRAAQDSSRSF------Q--------------------R--------------DKWELL-------- TRESK -------LFPGLCFLCFLVTYALVGAVVFSAIEDGQVLVAADDGEFEK-----------------------------------FLEELCRILNCSE---- THIK1 ---------RFLLLAALIVLYLLGGAAVFSALELAHERQAKQRW------E--------------------ERLAN--------------FSRGH----- THIK2 ---------RFVLLAALIGLYLVAGATVFSALESPGEAEARARW------G--------------------ATLRN--------------FSAAH----- KCNK7 ------PWSRYGLLVVAHLLALGLGAVVFQALEGPPACRLQAEL------R--------------------A--------------ELAAFQ-------A EGL-23 ---KATPLFVHFLMIVSVGAYAIFGALVMRSLESRTVTSIEKKTDVHRRHVNLTNFQHPPTP----ITLEQRHRRRRRHNETALEDHLSEKLSREKRAAA UNC-58 ----IKILTPHVILVSVLIGYLCLGAWILMLLETRTELLARSKKL--VRLT--------------------NLMSN-------FTAESWKMLNNAQHGVS SUP-9 --------IRTLSLIVCTLTYLLVGAAVFDALETENEILQRK------LVQ--------------------RVREK-------LK-TKYNMS-------- TWK-2 -----KLALPHIVLVVCVCIYATIGAWIFYTLESPNEDRLKETGR--KTIA--------------------EMRSN-------LIYKINN---------- TWK-3 -----GPLALHTGLVLSCVTYALGGAYLFLSIEHPEELKRREKA----------------------IREFQDLKQQ-------FMGNITS---------- TWK-4 ------LALFHLVLIFATVAYIIAGAYLFTKIEHQAELDRYQSYH--------------------------TIYRN-------FINNLYQSSNRS----- TWK-6 ------NVVVCLSAAITLLVFNLIGAGIFYLAETQNSSESLNENS--EVSK--------------------CLHNL-------P---------------- TWK-7 ----AKLVLPHVALVLLTCTYTVIGALIFYSVEQPHEQMMKEQQL--KLIY--------------------TRQNE-------FVDDLIRLAAGNE---- TWK-8 -------HIKYLFPLIFIMFYMLIGAIIFYLLESGTAEDAANEED--YKYK--------------------RERRL-------LLLRMEELVQ------- TWK-9 ----ASTLFVHVALIAGVAVYTVFGALSMQWLESPDRVRALLKRE----LKPVESLPPPPSI----SGLPDRITRVYLGEELAILDP------------- TWK-10 -------GGLHVGLILLCILYVHFGALFFMYSESPEEKYFLENLL--KLTFVSDSHEKSQRILRRVEKRYDILRET-------FLENVNRVKLEDF---- TWK-11 ------------KLLIIIGLYSFIGAHIFMYLEVPTDLEAREDGF--HQRK--------------------IAREV-------MVLNLRAIFY------- TWK-12 ----NLIRLRSYYKFLLLIAYTAFGAWLFRTYELQADIKRRSVFG--NTTN--------------------LVRRQ-------LAERWIEMHK------- TWK-13 --RWFRLALPHFGLVLLSIGYTLIGALCFHHYEKPYEQQLRNETS--RRIG--------------------ELKNR-------VMDQLWRMSNNG----- TWK-14 --------ARFVLICIILIVYLAFGAILFHWLEWENEVDERIAI------D--------------------NRMAD--------------YQKVY---CK TWK-16 ------PFTLHCSLLMLVLLYSFLGGFIFDRIETNAHAEMKRNERINRTAC---------------------------------VSQILHSIHRWS---- TWK-17 ---LLKILLPHVGLNVLLLSYIAMGATVFIWLEADHELEGRKAKV--KHVF--------------------DIYSQ-------IMNETIALTNNQSDQAT TWK-18 ---------KGLLPLIILVAYTLLGAWIFWMIEGENEREMLIEQQ--KERD--------------------ELIRR-------TVYKINQLQI------- TWK-20 ----------ALLLILSTFTYLLFGAMVFDKLESEKDTWVRD------EIE--------------------RITDR-------LK-HKYNFS-------- TWK-21 -----LLGIRYIMLILIILGYACLGGYMFQALEYDQQQLELEAEK--RVRL--------------------SESSL-------LAVNLLEH---LKQMNC TWK-22 -----LLGIQYMLLALMILGYACLGGYIFLTLEYDQQQLDLEVEK--QVRL--------------------SESTL-------LAENLLKY---LKQWNC TWK-23 ------IALGHLALYCFVVCYVFAGAWVFHQLEGENETELHDKQR--EYAM--------------------NLKKD-------VIAKLATTENVAE---- TWK-24 ----------HIAWLVVLFSFSLFGGVIFSAIEGGYETTQLIKKF--EHEK--------------------DVYER-------RKIYQEQLFQRLREIEH TWK-25 ------IGFRHVCMLLLVLLYTLLGAALFFSIESRHEHETMHFHK--RKLD--------------------RIIYE-------IAQTLELEVLDPMKLTN TWK-26 ------FGIRHVTLIALLVGYVFLGGFMFEKLESPRELEDLKETI--VLMQ--------------------GIIDE-------ETTDIINVTLSTNGTDR TWK-28 -----KRILPHVGLVILLFLYLIAGAFLFRYLEAPKELETRNHEL--TTIL--------------------GLRDE-------FQDHIWNITQDSDNR-- TWK-29 ------AIAVNGFIIVFLIIYTTIGGFIFLNFEFEYQQYMKQNATLEKRLC---------------------------------IESLLNRDNRLR---- TWK-30 -------LSLHVLLIGSVVLYIILGAIVFQMLEGEHLDALKKDHM--AKIE--------------------QNAKD-------YVDKLWSVAKRDR---- TWK-31 --------LDRISASVLLVLYSFLGAWVFYLFEHDYEREVKLKER--IDLR--------------------MLRND-------TFQRISSMVF------- TWK-32 ------LALPHITLLVVSILYAVFGGWMLTLIKYSQQTT---HQA--IMFD--------------------QTRQN-------FAKRLALIGNKEE---- TWK-33 -----QIGFRHFSVVILVLLYTLLGAVMFWTVESRHEKAKTLDHV--NNLE--------------------HLLDR-------LAENITESVNNINTTTT TWK-34 ------IGLRHIMVALMVLSYTIFGAFMFWTVESRNERAVTLERV--TNLE--------------------NLLNI-------LATNITEIVNNPNTTTT TWK-35 -----------AVLIIVFLIYCISGGLVFWLIEEPYQSELRDAWQ--HKIE--------------------NNRT-----------------ARVDAMMK TWK-36 ------FGLRYIALLVLALIYTLLGATVFYLIEGSNEKSRLHVRE--QNLD--------------------KLLDE-------LATVLSEAVNDPEQSSE TWK-37 -------KFNTIIAFVVLVAYIIGGALLFWQIESRSDMNINEFKR--NIRQ--------------------KSI---------------HIYNSMKGSKC TWK-39 ---ATIFTITHVGLCFLVALYAVAGAFMFQAVEYPYELGLQG------KVK--------------------NASLK-------VVDDIYRFINRKNV
---FTAFMFSNVGIILLVTFYIIGGAFIFQSIEIFEYERLKSEKPHRFIAR--------------------NFSGE-------CLSRIWELTAENISFFD CG10864 --NFVTFMCTQVGVGALIVIYAICGAFAFMHIERQFVDETAG------HVM--------------------ELRQN-------CSQQLWSITEQHNI-ID CG34396 -------WFTHIFLILILALYNIGGAVVFRTIEVRHANQE--------KLV-------------------------------------------VQDQQK CG43155 ------SALNHIGLLVSLSIYCGVGGLIFRHLERPAEVERLSHLK--DIVK--------------------THRER-------FLHTILNNTEVH----- Galene SWKVLTCIVSHVLLVLLVVSYCVGGAYLFQHLERPHELEVKR------DIQ--------------------NLRVN-------LTENIWLLSDDAVV-LR
Supplementary Figure 2 -Clustal Omega alignment of human, C. elegans, and D. melanogaster two-pore domain potassium channel sequences.
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---------------------------------------------------------------------TEMNLMLATGMLSSIIITTGAAVFSRYE--- ABSTRACT CRISPR/Cas9 genome engineering strategies allow the directed modification of the Caenorhabditis elegans genome to introduce point mutations, generate knock-out mutants, and insert coding sequences for epitope or fluorescent tags. Three practical aspects, however, complicate such experiments. First, the efficiency and specificity of single-guide RNAs (sgRNA) cannot be reliably predicted. Second, the detection of animals carrying genome edits can be challenging in the absence of clearly visible or selectable phenotypes. Third, the sgRNA target site must be inactivated after editing to avoid further double-strand break events. We describe here a strategy that addresses these complications by transplanting the protospacer of a highly efficient sgRNA into a gene of interest to render it amenable to genome engineering. This sgRNA targeting the dpy-10 gene generates genome edits at comparatively high frequency. We demonstrate that the transplanted protospacer is cleaved at the same time as the dpy-10 gene. Our strategy generates scarless genome edits because it no longer requires the introduction of mutations in endogenous sgRNA target sites. Modified progeny can be easily identified in the F1 generation, which drastically reduces the number of animals to be tested by PCR or phenotypic analysis. Using this strategy, we reliably generated precise deletion mutants, transcriptional reporters, and translational fusions with epitope tags and fluorescent reporter genes. In particular, we report here the first use of the new red fluorescent protein mScarlet in a multicellular organism. wrmScarlet, a C. elegans-optimized version, dramatically surpassed TagRFP-T by showing an eightfold increase in fluorescence in a direct comparison.
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The pace of technical developments allowing the direct manipulation of genome sequences has seen a marked acceleration in recent years with the emergence of RNA-targeted nucleases derived from bacterial immune systems [START_REF] Doudna | The new frontier of genome engineering with CRISPR-Cas9[END_REF][START_REF] Zetsche | Cpf1 is a single RNA-guided endonuclease of a class 2 CRISPR-Cas system[END_REF]. In particular, the binary system relying on the Streptococcus pyogenes Cas9 endonuclease targeted by CRISPR (clustered, regularly interspaced, short, palindromic repeat) RNAs has been successfully used to generate point mutations, deletion, or DNA insertions in an ever-growing number of experimental systems. S. pyogenes CRISPR/Cas9 has been adapted early on in the model nematode Caenorhabditis elegans [START_REF] Friedland | Heritable genome editing in C. elegans via a CRISPR-Cas9 system[END_REF][START_REF] Dickinson | Engineering the Caenorhabditis elegans genome using Cas9-triggered homologous recombination[END_REF][START_REF] Chen | Efficient genome editing in Caenorhabditis elegans by CRISPR-targeted homologous recombination[END_REF][START_REF] Frøkjaer-Jensen | Exciting prospects for precise engineering of Caenorhabditis elegans genomes with CRISPR/Cas9[END_REF][START_REF] Dickinson | CRISPR-based methods for Caenorhabditis elegans genome engineering[END_REF]. Previously, heritable genome engineering could only be achieved in C. elegans by remobilizing a Drosophila Mos1 transposon, which could be inserted and excised in the germline [START_REF] Robert | Targeted engineering of the Caenorhabditis elegans genome following Mos1-triggered chromosomal breaks[END_REF][START_REF] Frøkjaer-Jensen | Targeted gene deletions in C. elegans using transposon excision[END_REF].

Despite great promise and early success, day-to-day CRISPR experiments are often not straightforward. Different factors might explain variability and inefficiency of CRISPR/Cas9 genome engineering in C. elegans. One specific reason could be the limited expression of heterologous genes in the germline due to dedicated cosuppression mechanisms [START_REF] Kelly | Chromatin silencing and the maintenance of a functional germline in Caenorhabditis elegans[END_REF]. One approach to circumvent this problem has been to inject preassembled ribonucleoprotein (RNP) complexes of SpCas9 and CRISPR RNAs (crRNA -tracrRNA duplexes) directly into the germline [START_REF] Cho | Heritable gene knockout in Caenorhabditis elegans by direct injection of Cas9-sgRNA ribonucleoproteins[END_REF][START_REF] Paix | High efficiency, homology-directed genome editing in Caenorhabditis elegans using CRISPR-Cas9 ribonucleoprotein complexes[END_REF].

Another general reason for CRISPR failure is that efficacy and specificity vary greatly between different single-guide RNAs (sgRNA). Systematic analyses in different systems have led to the prediction that protospacers terminating by a single guanosine (GNGG) or ideally a double guanosine motif (GGNGG) are generally more effective [START_REF] Doench | Rational design of highly active sgRNAs for CRISPR-Cas9-mediated gene inactivation[END_REF][START_REF] Farboud | Dramatic enhancement of genome editing by CRISPR/Cas9 through improved guide RNA design[END_REF]. To estimate the prevalence of such sites, we selected a set of 22 genes coding for two-pore domain potassium channel subunits and collected the sequences of all sgRNA target sites in and close to exons of these genes. On average, these 22 loci contained 138 6 40 protospacers. We found that 20 6 5% of these matched the GNGG motif, and only 5 6 2% matched the GGNGG motif (Supplemental Material, Table S1 in File S1). Since, the proximity of an sgRNA to the target site has a positive impact on the likelihood to generate gene edits [START_REF] Paix | Scalable and versatile genome editing using linear DNAs with microhomology to Cas9 sites in Caenorhabditis elegans[END_REF], it is therefore likely that few or no high-efficiency sgRNAs will be situated close to a given target region.

One approach to compensate for low CRISPR/Cas9 activity has been to use selection strategies to increase the number of tested progeny. Antibiotic and phenotypic selection protocols have been adapted in C. elegans [START_REF] Ward | Rapid and precise engineering of the Caenorhabditis elegans genome with lethal mutation co-conversion and inactivation of NHEJ repair[END_REF][START_REF] Dickinson | Streamlined genome engineering with a self-excising drug selection cassette[END_REF][START_REF] Norris | Efficient genome editing in Caenorhabditis elegans with a toolkit of dual-marker selection cassettes[END_REF][START_REF] Dickinson | CRISPR-based methods for Caenorhabditis elegans genome engineering[END_REF][START_REF] Schwartz | SapTrap, a toolkit for highthroughput CRISPR/Cas9 gene modification in Caenorhabditis elegans[END_REF]. They have the further advantage of reducing hands-on time and facilitate the detection of successful genome editing events. When phenotypic or antibiotic selection is not applicable, Co-CRISPR strategies can be used to increase the likelihood of identifying individuals with genome edits. These coconversion approaches consist of injecting the sgRNA targeting a locus of interest together with a second sgRNA that targets a "marker gene" [START_REF] Kim | A co-CRISPR strategy for efficient genome editing in Caenorhabditis elegans[END_REF][START_REF] Arribere | Efficient marker-free recovery of custom genetic modifications with CRISPR/Cas9 in Caenorhabditis elegans[END_REF]. Progeny that carry a modification in the "marker" locus are then more likely to carry edits in the locus of interest. However, since two distinct sgRNAs do not necessarily cut with the same efficiency or in the same germ cell, effectiveness of traditional Co-CRISPR coconversion is variable and mostly indicates a successful injection and expression of Cas9 and sgRNA.

In addition, all available strategies require the protospacer sequence to be disrupted once the edit is generated to prevent further CRISPR/ Cas9 cutting/activity. This almost always requires the introduction of point mutations in the protospacer adjacent motif (PAM) or in multiple bases of the protospacer. The consequences of such mutations in introns and up-or downstream regulatory regions are difficult, if not impossible, to predict. Similarly, silent mutations in exons can have unfavorable effects due to codon usage bias. Therefore, it would be ideal if genome edits, in particular insertions or point mutations, could be generated without modification of the surrounding original genomic sequence.

Finally, since CRISPR/Cas9 guide RNAs are short 19-to 20-bp-long sequences, there are often multiple closely matching sites (i.e., differing only by a few base pairs) in the genome that could be targeted, albeit at lower frequency. While algorithms have been developed to easily predict such potential off-target sites [START_REF] Hsu | DNA targeting specificity of RNA-guided Cas9 nucleases[END_REF][START_REF] Doench | Optimized sgRNA design to maximize activity and minimize offtarget effects of CRISPR-Cas9[END_REF], the prevalence of undesired CRISPR events has not been systematically analyzed in C. elegans and would require ad hoc experiments for each sgRNA.

We describe here a two-step strategy for reliable and scarless modification of the C. elegans genome using a single-guide RNA that facilitates the detection of genome engineering events based on an easily recognizable phenotype. Indeed, we reasoned that it should be possible to circumvent many practical hurdles described above if we transplanted the protospacer for a highly efficient sgRNA into a genomic locus of interest to create an "entry strain" that would be more amenable to genome engineering. Specifically, we inserted a protospacer and PAM from the dpy-10 gene [START_REF] Arribere | Efficient marker-free recovery of custom genetic modifications with CRISPR/Cas9 in Caenorhabditis elegans[END_REF])further referred to as the "d10 site" or "d10 sequence"close to the targeted genomic region. In this "d10-entry strain," we could then induce double-strand breaks at both the transplanted d10 site and the endogenous dpy-10 locus using a single sgRNA. We demonstrated that the d10 site and the dpy-10 locus were efficiently cut within the same nucleus. Finally, we found that coconversion events (insertions of fluorescent reporter genes and epitope tags) occurred on average in 8% (i.e., 1 in 12 animals) of F1 progeny that also carried mutations in the marker gene dpy-10, revealing a high incidence of coconversion events. Since this coconversion step no longer relied on an endogenous protospacer from the targeted locus, we did not need to introduce mutations in PAM or protospacer sequences and could generate perfectly accurate and scarless genome edits. Although our strategy is especially suited to insert sequences into the genome, we could also obtain large, precisely targeted gene deletions.

MATERIALS AND METHODS

Strains generated in this study N2 Bristol was used as a wild-type starting strain for transgenic lines generated in this study. Worms were raised at 20°on nematode growth medium and fed Escherichia coli OP50. Worms were grown at 25°after injection. Table S2 in File S1 provides a comprehensive list of the strains constructed for this study.

Molecular biology

Single-guide RNA expression vectors (see Supplementary Methods in File S1) and plasmid repair templates were constructed using standard molecular biology techniques and Gibson assembly [START_REF] Gibson | Enzymatic assembly of overlapping DNA fragments[END_REF]. They were systematically validated by Sanger sequencing before injection. Tables S3 andS4 in File S1, respectively, list the oligonucleotides and vectors used in this study. The Cas9-expression vector pDD162 was obtained from Addgene [START_REF] Dickinson | Engineering the Caenorhabditis elegans genome using Cas9-triggered homologous recombination[END_REF]. Vectors generated for this study are available upon request.

DNA preparation and microinjection

The pDD162, pMD8, and pPT53 plasmids were purified using the Qiagen EndoFree Plasmid Mega Kit (Qiagen). All other vectors were prepared using Invitrogen PureLink HQ Mini Plasmid Purification Kit (ThermoFisher Scientific). Single-strand DNA repair templates were synthetized and PAGE-purified by Integrated DNA Technologies (IDT). These single-strand DNA oligonucleotides were aliquoted and stored at 280°upon resuspension in IDTE (10 mM Tris,pH = 7.5,0.1 mM EDTA,IDT). Except specified otherwise, plasmid vectors and ssDNA were diluted in water and injected at a final concentration of 50 ng/ml; co-injection markers were injected at 5 ng/ml. DNA mixes were injected into a single gonad of 1-d-old adult hermaphrodites raised at 20°. They were then cloned onto individual plates after overnight incubation at 25°.

PCR screening

PCR DNA amplification was performed on crude worm extracts. In brief, worms were collected in ice-cold 1• M9 buffer, and 5 ml of packed worms were lysed by freeze thaw lysis in 14 ml of Worm Lysis Buffer [50 mM KCl,, 2.5 mM MgCl 2 , 0.45% Nonidet P-40, 0.45% Tween 20, 0.01% (w/v) Gelatin], to which 1 ml of proteinase K was added (1 mg/ml final concentration). After freezing at 280°, lysates were incubated for 1 hr at 65°, and proteinase K was inactivated by further incubation at 95°for 20 min.

High-fidelity DNA polymerases (Q5 High-Fidelity DNA Polymerase, New England Biolabs; Phusion High-Fidelity PCR Kit, Thermo Fisher Scientific) were used for PCR amplification to maximize the chances of recovery of desired modifications. Indeed, when we generated the TagRFP-T::twk-18 knock-in strain, we initially screened 77 F1 clones using a low-fidelity DNA Polymerase (Taq'Ozyme, Ozyme) and found no edits. When we immediately rescreened the same worm lysates with a more processive, high-fidelity DNA polymerase (Phusion, ThermoFisher Scientific) we identified five positive clones. PCR primers used for this study are listed in Table S3 in File S1.

Generation of sgRNA expression vector by singlestrand DNA isothermal ligation All sgRNA expression vectors were built using the novel pPT2 vector (see Supplementary Methods in File S1). In brief, pPT2 was linearized by PmeI/SexAI double digestion. The protospacer sequence was then inserted by isothermal ligation using a single-strand oligonucleotide containing the protospacer sequence flanked by 20-bp-long homology arms corresponding to the sequences upstream of PmeI and downstream of SexAI. If it was not already present in the sequence, a guanine residue was manually added 59 to the protospacer sequence to optimize U6 promoter activity. A unique identifier was given to each sgRNA using the following nomenclature: CRpXYn, where "CR" stands for "CRISPR/Cas9 recognition site" and pXYn is the name of the corresponding sgRNA expression plasmid.

Codon-optimization of mScarlet wrmScarlet was generated by gene synthesis (Gblock, IDT) based on the mScarlet sequence (Genbank KY021423; [START_REF] Bindels | mScarlet: a bright monomeric red fluorescent protein for cellular imaging[END_REF]Figure S3 in File S1). Codon-optimization was performed using the "C. elegans codon adapter" service [START_REF] Redemann | Codon adaptation-based control of protein expression in C. elegans[END_REF] with the following parameters: "0 introns," "optimize for weak mRNA structure at ribosome binding site," and "avoid splice sites in coding region." The Gblock fragment library was combined by isothermal ligation with left and right homology regions flanking the d10 sequence in twk-18(bln213) to generate the repair template pSEM87. The wrmScarlet cDNA sequence is available upon request.

Microscopy and fluorescence quantification

Freely moving worms were observed on nematode growth media (NGM) plates using an AZ100 macroscope (Nikon) equipped with a Flash 4.0 CMOS camera (Hamamatsu Photonics).

Confocal imaging was performed using an inverted confocal microscope (Olympus IX83) equipped with a confocal scanner unit spinningdisk scan head (Yogokawa) and an electron multiplying charge-coupled device camera (iXon Ultra 888). Worms were imaged on 2% fresh agar pads mounted in M9 solution containing 50 mM NaN 3 .

Comparison of wrmScarlet and TagRFP-T fluorescence was performed as follows: (1) confocal stacks of the head region were acquired for TagRFP-T and wrmScarlet knock-in strains on the same day, using identical settings, and NaN 3 immobilization; (2) the same number of confocal slices was selected from each stack; (3) stacks were projected by summing fluorescence at each pixel position in the stack; (4) total fluorescence was measured in areas of identical size and position relative to the anterior tip of the worm and pharynx; and (5) total fluorescence was corrected by subtracting equipment noise, i.e., fluorescence measured in an area of the same size outside of the sample.

Data availability

All C. elegans strains and plasmids described in this study are available upon request.

RESULTS

Generation of d10-entry strains as a starting point for robust and precise gene modification Our strategy starts with the insertion of the d10 sequence (i.e., dpy-10 protospacer + PAM) into the locus of interest (Figure 1A). First, we targeted three positions in two genes coding for two-pore domain potassium channel subunits: (1) the ATG start site of sup-9, (2) the ATG of the egl-23b isoform, and (3) the common stop codon of all egl-23 isoforms (Figure 1A). Next, we predicted all possible sgRNA sequences within a 50-base window around these positions, and selected sgRNAs close to the ATG or stop codons. Using multiple sgRNAs increases the chances of finding at least one sgRNA that cuts efficiently enough to insert the d10 site at the desired location. We then defined the portion of the gene to be replaced by the d10 site, based on the positions of the most upstream and most downstream PAM sequences. Finally, we designed a single-strand oligonucleotide sequence (ssON) containing the d10 sequence flanked by up-and downstream homology regions of $50 bases (Figure 1A). This ssON could serve as a repair template with all selected sgRNAs since it did not contain their protospacer or PAM sequences.

Next, we built the necessary sgRNA expression constructs using a novel vector and assembly strategy. This vector (pPT2) is composed of an RNA Polymerase III U6 promoter from K09B11.12 [START_REF] Friedland | Heritable genome editing in C. elegans via a CRISPR-Cas9 system[END_REF][START_REF] Katic | CRISPR/Cas9 genome editing in Caenorhabditis elegans: evaluation of templates for homology-mediated repair and knock-ins by homology-independent DNA repair[END_REF] followed by two restriction sites (PmeI and SexAI), followed by the sgRNA portion corresponding to the CRISPR tracrRNA and 39 UTR of K09B11.12. This vector was linearized by restriction digest with PmeI and SexAI, and the crRNA sequence was incorporated by isothermal ligation (Gibson assembly;[START_REF] Gibson | Enzymatic assembly of overlapping DNA fragments[END_REF]) using a single single-strand DNA oligonucleotide (see Materials and Methods and Supplementary Methods in File S1). These sgRNA expression vectors were systematically validated using Sanger sequencing.

Since it is not possible to predict the efficiency of an sgRNA a priori, we reasoned that we could increase the likelihood of finding a d10 insertion at the locus of interest by using a moderately efficient Co-CRISPR. We chose a previously described reagent combination that introduces a mutation in the two-pore domain potassium channel unc-58 and replicates the L428F amino acid change found in the unc-58(e665) reference allele [START_REF] Arribere | Efficient marker-free recovery of custom genetic modifications with CRISPR/Cas9 in Caenorhabditis elegans[END_REF]. unc-58(e665) produces a dominant and easily recognizable phenotype. Worms have a straight body posture and are essentially unable to move on solid NGM medium throughout their postembryonic development (Figure 1B). However, they are viable and fertile. unc-58(e665)-like progeny can be detected 2-3 d postinjection and individual F1 worms can be cloned right away to ensure that independent events are selected.

To generate d10-entry strains for sup-9 and egl-23, we injected wildtype N2 worms with a mix of plasmid DNA and ssON repair templates (Figure 1B). In each case, the mix was composed of (i) a Cas9 expression vector (pDD162), (ii) the sgRNA expression vector targeting unc-58 (pPT53), (iii) one gene-specific sgRNA expression vector, (iv) the ssON to introduce the e665 mutation AF-JA-76 (Arribere et al. 2014), and (v) the ssON required to introduce the d10 site (Figure 1A and Table S3 in File S1). After 3-4 d, we cloned Unc-58-marked F1 worms to single plates. We then detected the presence of the d10 site in the F2 population by PCR amplification and restriction digest. The d10 sequence contains sites for three restriction enzymes (BanI, BsrBI, and BssI) that can be used for restriction fragment length polymorphism analysis (RFLP) (Figure 1C). In each case, we designed a PCR primer pair that produced a fragment of 500-600 bp, centered on the d10 site. In this way, we were able to generate multiple independent d10-entry strains for each of the targeted loci (Table 1 andTable S2 in File S1). In each case, we selected homozygous clones for the d10 insertion that lacked the unc-58 gain-of-function mutation, and validated them by Sanger sequencing around the d10 sites.

Next, we targeted the two-pore domain potassium channel subunits twk-14 and twk-18. We obtained 13 Unc-58-marked progeny in the twk-14 experiment, none of which contained the d10 sequence, and did not pursue this experiment further. In the twk-18 experiment (Figure 1Ad), only one of 41 injected P0 worms gave a single Unc-58 worm (Table 1). Since this marked F1 worm did not incorporate the d10 site in twk-18, we decided to screen its unmarked siblings. Doing so, we found seven independent insertion events out of 93 tested clones. Similarly, we found three additional d10 insertion events in 14 unmarked siblings of the sup-9 experiment, and six additional d10 insertions in 108 unmarked siblings of the experiment targeting the ATG of the egl-23b splice variant (Table 1).

In conclusion, screening for Unc-58-marked F1 progeny allowed us to rapidly identify P0 individuals for which the injection was successful and CRISPR/Cas9 activity was present in the germline. Cloning Unc-58 worms at the F1 generation ensured that we selected independent edits and decreased the number of animals to clone and analyze by PCR. In three cases, we also found d10 protospacer insertions in nonmarked siblings, although at lower frequencies than in Unc-58-marked F1 progeny. In total, we successfully targeted five different sites in the genome using this protocol (Table S2 in File S1).

Efficient and specific cutting of transplanted d10 sites Different laboratories have independently reported that the sgRNA targeting the d10 site is among the most efficient ones currently known (I. Katic, M. Boxem, C. Gally, J.-L. Bessereau, personal communication). The reasons for this high efficacy are unclear. For example, the site matches the GNGG motif and not GGNGG [START_REF] Farboud | Dramatic enhancement of genome editing by CRISPR/Cas9 through improved guide RNA design[END_REF]. A more favorable chromatin organization or the sequence of the dpy-10 locus itself might explain high CRISPR activity in this gene.

Since we transplanted only the protospacer and PAM sequences of the d10 site, we decided to estimate the frequency of cuts in transplanted d10 sites before attempting to engineer these loci by homologous recombination. DNA double-strand breaks can be repaired by homologous recombination using the sister chromatid to restore a wild-type sequence or by nonhomologous end joining (NHEJ), which results in small indels close to the cut site. We reasoned that we could therefore estimate the doublestrand break frequency by looking for the destruction of the restriction sites present in and around the 23/24 position relative to the NGG, i.e., the Cas9 cut site (Figure 1C). Note that only catastrophic events that result in sufficiently modified d10 sites that could no longer be targeted by the Cas9/d10-sgRNA duplex would be detected in this way. This experiment therefore underestimates the double-strand break frequency since precise repair events using the sister chromatid would not be detected.

We selected four d10-entry strains on three different chromosomes (tag-68 I, egl-23 IV, twk-18 X, and unc-58 X). Each strain was injected with a DNA mixture containing (i) a Cas9 expression vector (pDD162), (ii) an sgRNA expression vector targeting dpy-10 (pMD8), and (iii) a ssON to introduce the cn64 mutation (AF-ZF-827) in dpy-10 [START_REF] Arribere | Efficient marker-free recovery of custom genetic modifications with CRISPR/Cas9 in Caenorhabditis elegans[END_REF]. Next, we singled F1 progeny showing a Dpy-10 phenotype, i.e., Rol (cn64/+), Dpy (2/2), or DpyRol (cn64/2) [START_REF] Levy | Molecular and genetic analyses of the Caenorhabditis elegans dpy-2 and dpy-10 collagen genes: a variety of molecular alterations affect organismal morphology[END_REF][START_REF] Arribere | Efficient marker-free recovery of custom genetic modifications with CRISPR/Cas9 in Caenorhabditis elegans[END_REF]. Finally, we tested all clones that segregated the Dpy-10 phenotype in their progeny and observed the loss of the BanI site in 14-26% of them (Table 2). Since BanI is located 59 to the cut site (Figure 1C), we tested the remaining BanI-positive clones (i.e., lacking mutations in BanI) with BsrBI and BssSI. This led us to identify additional events, likely affecting the bases closest to the 23/24 cut site. In total, we found that between 33 and 52% of Dpy-10-marked F1 worms had lost at least one restriction site, which demonstrates that heterologous d10 sites can be cut at high frequency and are present in Co-CRISPR-marked F1 progeny.

Bioinformatic analysis predicts a single, low scoring, off-target site for the d10 sgRNA, situated in the uncharacterized gene R12E2.15 (Figure 1D). We investigated potential off-target cutting of the d10 sgRNA by analyzing the R12E2.15 locus in 32 independent F1 worms that segregated the Dpy-10 phenotypes. None of these 32 lines showed scars around the potential off-target cut site of the d10 sgRNA.

Given the high correlation between worms displaying Dpy-10 phenotypes and double-strand break events in the transplanted d10site, and given the high selectivity of the d10 sgRNA for the endogenous and transplanted sites, we chose to focus only on Dpy-10-marked Co-CRISPR individuals in our coconversion experiments.

Generation of multiple knock-in lines using a single d10entry strain As a proof of principle for our strategy, we targeted the twk-18 locus. TWK-18 is one of 47 two-pore domain potassium channels in the C. elegans genome. Its expression pattern and localization in body wall muscle cells has been reported previously (Kunkel et al. 2000). We decided to generate two N-terminal fusions (1) with the red fluorescent protein TagRFP-T [START_REF] Shaner | Improving the photostability of bright monomeric orange and red fluorescent proteins[END_REF]) and ( 2) with the blue fluorescent protein TagBFP [START_REF] Chai | Live imaging of cellular dynamics during Caenorhabditis elegans postembryonic development[END_REF]. As a repair template, we constructed two vectors with left and right homology regions of 2073 and 1993 bp (Figure 2A). We injected each repair template separately into the twk-18 d10-entry strain (JIP1143) with (i) a Cas9 expression vector (pDD162), (ii) the sgRNA expression vector targeting dpy-10 (pMD8), (iii) the ssON to introduce the cn64 mutation in dpy-10 (AF-ZF-827), and (iv) the fluorescent reporter pCFJ90 as a co-injection marker to identify transgenic animals based on mCherry fluorescence in the pharynx (Figure 2B). We selected 77 (TagBFP) and 98 (TagRFP-T) Dpy-10-marked F1 progeny. Finally, we used PCR screening to identify five and six clones respectively, which had integrated the TagRFP-T and TagBFP sequences in the twk-18 locus, corresponding to a recombination frequency of 6% of Dpy-10-marked F1 progeny (Table 3).

When we prepared these knock-in lines for observation by confocal fluorescence microscopy, we noted that TWK-18-TagBFP had a very reproducible subcellular distribution at the exterior surface of body wall muscle cells (Figure 3B). The highly repetitive grid-like pattern was very different from the one reported previously since it appeared to show a strong green fluorescent protein signal in the endoplasmic reticulum (Kunkel et al. 2000). This intracellular localization was not consistent with the electrophysiological effect of TWK-18 gain-of-function mutants, in which TWK-18 most likely exerts its hyperpolarizing role at the plasma membrane. We believe these differences probably resulted from a strong overexpression of TWK-18 in this study compared to our knock-in strain, highlighting the importance of physiological expression levels when observing the distribution of cell surface-targeted channels and receptors [START_REF] Gendrel | A secreted complement-control-related protein ensures acetylcholine receptor clustering[END_REF]. When comparing the TagRFP-T and TagBFP knock-in strains, we noticed not only a marked difference in brightness but also in the apparent resolution (Figure 3B). The overall pattern of TagRFP-T was similar to TagBFP but the longer emission wavelength of TagRFP-T (emission maximum, 584 nm) did not afford the same resolution as the much shorter emission wavelength of TagBFP (emission maximum, 457 nm). This is in part explained by the fact that resolution is proportional to the emission wavelength, making TagBFP an interesting alternative to increase imaging resolution without changing imaging hardware. Next, we targeted three additional loci on different chromosomes (sup-9 II, twk-40 III, and egl-23 IV) and generated seven different edits with a variety of insert types (TagRFP-T, TagRFP-T::ZF1, SL2::TagRFP-T, and TagBFP) (Table 3 andTable S2 in File S1). We found that we could reliably edit these different loci. Indeed, edit frequencies in Dpy-10marked F1 worms ranged from 3 to 19% (average 8%). Taken together, these experiments demonstrate that it is possible to take advantage of the high CRISPR activity of the d10 sgRNA to robustly engineer the genome of C. elegans. This strategy significantly reduces hands-on work by focusing only on the animals that most likely carry genome edits. It generates scarless edits since it does not require the introduction of mutations in endogenous protospacer sequences. 2008) has greatly increased our capacity to detect proteins expressed at physiological levels. However, the properties of these new fluorophores are generally characterized in bacteria or cell culture systems, and are not always retained in C. elegans cells or in specific subcellular compartments [START_REF] Heppert | Comparative assessment of fluorescent proteins for in vivo imaging in an animal model system[END_REF].

In an effort to improve the detection of fusion proteins in vivo, we have investigated the behavior of the recently described red fluorescent protein mScarlet [START_REF] Bindels | mScarlet: a bright monomeric red fluorescent protein for cellular imaging[END_REF]. mScarlet has currently the highest reported brightness, quantum yield, and fluorescence lifetime of any red fluorescent protein. We synthetized a C. elegans codon-optimized cDNA [START_REF] Redemann | Codon adaptation-based control of protein expression in C. elegans[END_REF] of mScarlet, which we named wrmScarlet (Figure S3 in File S1). We combined this cDNA with homology arms flanking the d10 site in twk-18 to generate a wrmScarlet::twk-18 repair plasmid (pSEM87, Figure 2A, and Figure S3 in File S1). Following the same strategy as before, we injected 29 P0 worms (twk-18 d10-entry strain, JIP1440) with an injection mix containing (i) pDD162 ( Cas9), (ii) the ssON to introduce the cn64 mutation in dpy-10 (AF-ZF-827), (iii) the sgRNA expression vector targeting dpy-10 (pMD8), and (iv) wrmScarlet::twk-18 repair plasmid (pSEM87). Out of 29 injected P0 worms, 11 produced Dpy-10 F1 progeny. In total, we analyzed 123 Dpy-10-marked F1 worms that segregated Dpy-10 progeny and found six clones incorporating the wrmScarlet sequence (Table 3).

While undetectable by eye, specific fluorescence can be observed on NGM plates in TagRFP-T::twk-18 worms with a macroscope (Nikon AZ100) coupled to a CMOS camera (Flash 4, Hamamatsu Photonics). Using the same macroscope, acquisition parameters and filter sets, wrmScarlet-TWK-18 was significantly brighter than the TagRFP-T fusion, so much so that it became visible to the naked eye (Figure 3A). We next compared the subcellular distribution and brightness of these two translational fusions using spinning-disk confocal imaging. Both protein fusions had grossly identical distribution patterns (Figure 3B). However, the wrmScarlet fusion was $8 times brighter than the TagRFT-T fusion in this assay (Figure 3C). In fact, the distribution of the wrmScarlet::TWK-18 fusion protein appeared more uniform than TagRFP-T::TWK-18, possibly due to the increased fluorescent signal, which compensated for the reduced resolution when compared to TagBFP (Figure 3B). These properties make wrmScarlet a very convincing replacement for TagRFP-T and should greatly facilitate the detection of protein fusions expressed at low, physiological expression levels.

Generation of an epitope-tagged knock-in using a long single-strand oligonucleotide For short edits, single-strand DNA oligonucleotides can be very efficient repair templates [START_REF] Zhao | Oligonucleotide-based targeted gene editing in C. elegans via the CRISPR/Cas9 system[END_REF][START_REF] Arribere | Efficient marker-free recovery of custom genetic modifications with CRISPR/Cas9 in Caenorhabditis elegans[END_REF][START_REF] Katic | CRISPR/Cas9 genome editing in Caenorhabditis elegans: evaluation of templates for homology-mediated repair and knock-ins by homology-independent DNA repair[END_REF]. We tested if a large ssON could be used as a repair template to integrate two repeats of the Myc tag sequence into the egl-23 locus (Figure S2 in File S1). We synthetized a 182-nucleotide-long ssDNA fragment containing part of the last exon of egl-23 to restore the full-length C-terminal sequence, followed by 75 nt encoding two Myc tag sequences (2xMyc), and the original stop codon and 39 UTR region of the egl-23 gene (Table S3 in File S1). In theory, each strand could serve as a template for recombination, but we selected the strand complementary to the sgRNA following the observations of [START_REF] Katic | CRISPR/Cas9 genome editing in Caenorhabditis elegans: evaluation of templates for homology-mediated repair and knock-ins by homology-independent DNA repair[END_REF]. We injected 30 P0 worms (JIP1150) with a DNA mixture containing (i) a Cas9 expression vector (pDD162), (ii) the expression vector for the d10 sgRNA (pMD8), (iii) the ssON that introduces the cn64 mutation in dpy-10 (AF-ZF-827), (iv) ssON containing the 2xMyc tag sequence (oSEM158), and (v) pCFJ90 as a co-injection marker to identify transgenic animals based on mCherry fluorescence in the pharynx. We selected 67 Dpy-10-marked F1 progeny and among these, nine carried the 2xMyc tag. This 14% edit frequency was comparable, yet slightly higher than the average efficiency of longer inserts using double-strand DNA repair templates (Table 3).

The high edit efficiency observed in this experiment shows that our strategy is very effective to tag proteins of interest for immunohistochemical or protein biochemistry experiments. Generating this epitopetagged strain required ,2 wk, with no additional cloning steps and could be repeated easily to integrate a variety of epitope tags, opening the way for different downstream applications.

Generation of a large, targeted deletion using a d10-entry strain One starting point for many CRISPR experiments is the desire to engineer loss-of-function mutations in a gene of interest. Previously, researchers relied on random mutagenesis with chemical mutagens or ionizing radiation followed by fastidious screening and extensive backcrossing to wildtype strains to eliminate background mutations [START_REF] Boulin | From genes to function: the C. elegans genetic toolbox[END_REF]. CRISPR/Cas9 engineering offers the possibility to generate gene deletions with minimal background mutations. A simple approach relies on the repair of double-strand breaks by NHEJ pathways [START_REF] Friedland | Heritable genome editing in C. elegans via a CRISPR-Cas9 system[END_REF][START_REF] Chen | Efficient genome editing in Caenorhabditis elegans by CRISPR-targeted homologous recombination[END_REF][START_REF] Katic | Targeted heritable mutation and gene conversion by Cas9-CRISPR in Caenorhabditis elegans[END_REF][START_REF] Waaijers | CRISPR/Cas9-targeted mutagenesis in Caenorhabditis elegans[END_REF][START_REF] Dickinson | CRISPR-based methods for Caenorhabditis elegans genome engineering[END_REF]. One, two, or more sgRNAs are injected together and phenotypic or PCR screening strategies are used to retrieve deletion mutants by PCR amplification. However, the exact breakpoints of these deletions are not controllable in this scheme and there is always the potential for undesired edits due to off-target effects for each sgRNA.

d10-entry strains can also serve as a starting point to generate precisely defined gene deletions. As a proof of principle, we targeted the egl-23 locus. egl-23 is a large locus comprising 12 exons, and removal of the entire egl-23a splice isoform required an 8-kb deletion (Figure S2 in File S1). Our goal was to replace the complete egl-23a locus by a transgene expressing the red fluorescent protein mCherry in the pharynx which could be used as a genetic balancer and knock-out mutant of egl-23. We therefore constructed a repair template composed of two homology regions of 2 kb, which flanked the transcriptional reporter unit (Pmyo-2::mCherry::unc-54 39UTR). This construct was then injected into the appropriate egl-23 d10-entry strain (JIP1150) along with (i) a Cas9 expression vector (pDD162), (ii) the expression vector for the d10 sgRNA (pMD8), and (iii) the ssON that introduces the cn64 mutation in dpy-10 (AF-ZF-827). Out of 40 Dpy-10 progeny, we identified one knock-out line (JIP1253). We validated that the genome edit was accurate by Sanger sequencing. We further verified that the possible offtarget site of the d10 sgRNA was unaffected (Figure 1D). While this particular trial was less efficient than smaller insertions, it confirmed that d10-entry strains can be used to generate large deletion and gene replacements, in addition to being ideally suited for the insertion of kilobase-sized inserts or epitope tags.

DISCUSSION

The major conceptual innovation of our strategy is to render genes highly susceptible to CRISPR/Cas9 engineering by transplanting the d10 sequence. As we have described above, highly effective sgRNAs matching the GGNGG motif are underrepresented in the genome, and are therefore rarely found in close proximity to the region of interest. While editing frequency is highly variable between sgRNAs at different loci or even within the same locus, we found that editing using our d10 strategy was robust at different loci, with edit frequencies averaging 8%, i.e., 1 in 12 F1 progeny. In addition, editing was also robust at a single locus. This is particularly valuable and time-saving when multiple edits need to be generated in the same locus, as is usually the case when a gene is being characterized in depth. For example, we took advantage of this high editing frequency to rapidly generate multiple chromatic variants in the twk-18 locus. This allowed us for the first time to precisely compare the resolution and fluorescence intensity of TagBFP, TagRFP-T, and the recently published mScarlet. Based on the highly stereotypical distribution pattern of TWK-18 at the muscle surface, we could show that (1) TagBFP fusions provided the best apparent resolution, (2) a codon-optimized wrmScarlet was $8 times brighter than TagRFP-T, and (3) the increased signal of wrmScarlet partly compensated for the lesser resolution of red vs. blue fluorescent proteins.

One unique feature of our strategy is that edits can be designed so that all original genomic sequences are perfectly preserved. Indeed, by using the transplanted d10 sgRNA instead of sgRNAs from the targeted locus, no n Table 3 mutations need to be introduced to avoid continued CRISPR/Cas9 activity once the edit is performed. This facilitates and accelerates experimental design, because only one repair template is designed instead of specific repair constructs for each endogenous sgRNA that would be considered for an edit. Another benefit of our strategy is that we could retrieve multiple independent lines from the same injected animal by cloning animals in the F1 generation, which is not possible in strategies that rely on the screening of mixed populations of F2 progeny, e.g., with antibiotic selection strategies. Therefore, since we could focus on relatively few F1 clones, multiple methods could be used to detect the desired genome edit such as direct observation, phenotypic screening, or PCR detection. Limiting the number of animals that need to be analyzed could also mitigate PCR detection issues (see PCR screening).

From a practical perspective, our strategy provides multiple layers of quality control. Based on the easily recognizable Dpy-10 Co-CRISPR phenotype, we could directly monitor the success of injections and assess the general efficiency of the experiment over time and between experimenters. We could determine if an experiment would likely be successful within 3 d postinjection by monitoring the number of marked F1 progeny. Finally, all steps of our protocol are only limited by the generation time of C. elegans, making it particularly time-efficient.

Obtaining the d10-entry strain is the major bottleneck of our strategy. This step, like every CRISPR/Cas9 experiment, relies (1) on the ability to find an endogenous sgRNA that cuts efficiently and (2) on the rate of homology directed repair at the cut site, which could be influenced by the local genomic context or specific sequence features of the homology arms. During this study, we were unable to recover d10 insertions in some of our target loci despite testing multiple sgRNAs. For some genes, we eventually succeeded by using double-stranded DNA repair templates with long homology arms instead of singlestrand oligonucleotides.

Another practical concern appears when targeting loci that are closely linked to unc-58 (to build d10-entry strains) or dpy-10 (to engineer d10 loci), which are situated at the center of chromosome II and X, respectively. Since we select F1 progeny based on mutation of dpy-10 or unc-58, it is likely that genome edits will be linked to these marker mutations. In that case, one should consider the wild-type siblings in the progeny of an injected P0 individual that produced a significant fraction of marked progeny.

So far, we have tested this strategy only with the d10 sequence, but in principle, any highly effective sgRNA that targets a gene producing a dominant Co-CRISPR phenotype could be used. Conceptually, our strategy could also be extended to other genetic model organisms. In particular, a Co-CRISPR strategy based on the white locus has been recently published, and could be a starting point to adapt this strategy to engineer the Drosophila genome [START_REF] Ge | Rapid screening for CRISPR-directed editing of the Drosophila genome using white coconversion[END_REF]. On the other hand, mechanosensitive ion channels are able to respond to various stimuli featuring physical force, such as vibration, sound waves, stretch or mechanical indentation (reviewed in [START_REF] Ranade | Mechanically Activated Ion Channels[END_REF]. To date, a clear link between the localization and function of K2P ion channels has not been established. Given the asymmetric distribution of TREK-1 at the intercalated discs of cardiomyocytes [START_REF] Hund | βIV-Spectrin regulates TREK-1 membrane targeting in the heart[END_REF] (see introduction, figure 3, C), one interesting aspect is whether the TREK-1 K2P channel has any specific purpose in this region. Since the activity of this channel is modulated by mechanical stresses, one can imagine that TREK-1 could serve as a sensor modulating muscle activity according to the tension perceived at the cell-to-cell junctions.

AF-ZF

Interestingly, we showed that the potassium K2P channel TWK-28 is localized only at the anterior tip of body wall muscle cells. Also, single cell transcriptome data [START_REF] Cao | Comprehensive single-cell transcriptional profiling of a multicellular organism[END_REF] show expression of twk-28 in touch receptor neurons (Figure 37 D). So, if, in addition to the GABAergic inhibition, on the post-synaptic side, TWK-28 had mechanosensitivity, being activated by the stretching of the muscle cell membrane, thus, on the relaxed body wall muscle side (Figure 37 A) there would be an increased hyperpolarization by activating these potassium channels, allowing greater relaxation.

This could, perhaps, provide more efficiency and maybe precision in the sinusoidal movement of these animals. The fact that TWK-28 is mostly located in the muscle cell tips, may play an unknown-so far role in the coordination of such movement, by generating a local difference in the membrane potential of these cells participating in the sequence of the contraction/relaxation cycles. Furthermore, it is possible that the "cometlike" distribution of TWK-28 could be linked to interactions with components of the extracellular matrix, unknown to date, that could be mostly present in areas where there are physical contacts between more than two cells. In this case, why is TWK-28 not equally enriched on the posterior tip? Could it be a cell polarization dependent on factors such as the WNT pathways? This is one of the hypotheses we made, which led to another project conducted by Alice Peysson, a PhD student in the lab. Alice revealed that the WNT pathway is involved in the localization of TWK-28 (see Results, part I, fig. 9), as some mutants such as Disheveled could alter this distribution, being able to localize TWK-28 both at the anterior and posterior tip of the muscular cell. It might not be a direct interaction, but Disheveled could disrupt one or more components of the cell membrane, and this would have an effect on the channel localization. The model of interaction between WNT-pathway proteins and TWK-28, as well as its specificity, is currently being investigated by Alice Peysson.

47 K2P channels are co-expressed in different tissues such as neurons or muscle in C.

elegans (Figure 38) [START_REF] Cao | Comprehensive single-cell transcriptional profiling of a multicellular organism[END_REF]. In addition, we showed that 9 K2P channels are present in a single cell of the body wall muscle of the nematode (see introduction, figure 6). These channels have different and identifiable distribution patterns, suggesting that their localization probably depends on different cellular and molecular regulatory mechanisms. So far, we do not have any example of a mechanism that could be common to regulate more than one K2P channel.

But, why so many channels from the same family are present in the same cell membrane?

Is there functional redundancy? We can imagine that the loss of one channel could be compensated by the other K2P channels co-existing in the same cell, either by an increase in their expression or by a regulation of their electrical activity. It could also be compensated by the negative regulation of channels whose current is "opposite", such as sodium channels. This kind of compensation was already shown by Julio-Kalajzic ́ et al.

analyzing intestinal Cl -and fluid secretion. In the intestine, fluid secretion is associated with an efflux of chloride anions (thanks to CFTR Cl -channels) into the lumen of the intestine (reviewed in Barret and Keely, 2000). For this secretion to occur, the participation of cAMP-dependent K + channels, present in the basolateral membrane of enterocytes, is crucial. The transport of K + in the basolateral membrane is mainly driven by the potassium channel KCNQ1 and its regulatory subunit KCNE3 [START_REF] Schroeder | A constitutively open potassium channel formed by KCNQ1 and KCNE3[END_REF]. Julio-Kalajzic et al. demonstrated recently that under double knock-out mutant conditions of KCNQ1-KCNE3, there is a remaining K + current. This current was associated to a K2P potassium channel called TASK-2, which is co-expressed with KCNQ1-KCNE3 in the same cells. Thus, even if the molecular and cellular mechanisms are still unclear, TASK-2 might play an important role in the absence of KCNQ1-KCNE3

by providing an alternative conductance to ensure the continuity of the secretion process in the intestine (Julio-Kalajzic et al., 2017). [START_REF] Pinan-Lucarré | C. elegans Punctin specifies cholinergic versus GABAergic identity of postsynaptic domains[END_REF]. Interestingly, they also revealed that in madd-4 knock-out mutants, the amount of UNC-29 is not only reduced at the NMJ, but the channel is dispersed into non-synaptic areas such as the muscle arms, in which in wild-type conditions UNC-29 is not expressed (Figure 39 D). We believe that an analogous mechanism could exist to maintain the K2P channels located stably in the anterior subdomains where they are found, with no capacity to diffuse through the muscle cell membrane. One way to elucidate some of these mechanisms would be to perform visual genetic screens on these channels and look for mutants where the channel is still expressed but would be localized in regions other than the wild-type ones.

In the case of TWK-28, proteins such as syntrophins, dystrobrevin and sarcoglycans, which present an asymmetric localization with an enrichment at the anterior tip of muscle cell (see results, part I, fig. 6 F), could be involved in the localization/addressing of the channel. The question that remains to be investigated is how are these asymmetric proteins addressed to the membrane in development and how are themselves kept asymmetrically distributed, since there are no known physical delimitations in the anatomy of the muscle cell that could create these subdomains.

To identify factors involved in the regulation of TWK-28, we performed a phenotypic genetic screen based on the paralysis of twk-28 (L210T) gain-of-function mutant worms, which served as a starting point. After a random mutagenesis with EMS, we looked for animals that were again mobile. This strategy allowed us to identify several genes, as it is the case of dystrophin, whose absence causes a decrease of TWK-28 from the surface of the muscle cell, thus producing a suppression of the paralysis phenotype present in the gof animals before the mutagenesis. Given the disposition of TWK-28 and its enrichment in the anterior cell tip of the body wall muscle, isolating genes that could affect this asymmetric distribution with our approach was not the objective. However, it would be possible and interesting to make a visual genetic screen strategy, where we would also induce a random mutagenesis and look, with the help of a microscope, for animals where the channel distribution is disturbed. Another option would be to perform a candidate gene method, in which genes related to, for example, cell polarity, such as WNT-pathway components, could be tested. The last one gave rise to the project of Alice Peysson, another student in the laboratory, who is currently analyzing the genetic interaction between different WNT proteins with respect to the localization of TWK-28 in body wall muscle.

Given the central and structural role of dystrophin in muscle, one can imagine that the absence of this crucial protein could have a large effect on the membrane, which would explain the disruption of TWK-28 and probably other ion channels localization. However, when we observed other muscular K2P channels under dys-1/dystrophin mutant conditions, no alteration in their pattern was detected. The specificity of the regulation of the TWK-28 channel by the dystrophin, was striking to us. This type of specific interaction was already observed by another student on the lab, Philippe Tardy. He studied the UNC-58 K2P channel and identified an unusual interaction of this channel with ankyrin, which proved to be necessary for its localization on the muscle membrane.

Interestingly, ankyrin is not required for the localization of TWK-28 (data unpublished).

Then, the role in ion channels localization of these two large proteins is specific and selective.

On the other hand, as in vertebrates, in C. elegans the dystrophin/dys-1 gene also codes for multiple isoforms (Figure 40 A). Could these isoforms play different roles in muscle?

Interestingly, on the genetic screen of TWK-28 L210T, we were able to isolate 14 alleles with different mutations in the dys-1 gene, three of them located in the N-terminus part of the longest isoform (Figure 40 B). This is the only isoform that contains the actin interaction domains (calponin homology, CH). Next, we reproduced the same mutation (W110*) in the transcriptional knock-in dys-1::degron::mNeonGreen strain, where the mNeonGreen was inserted at the C-ter end of the gene, i.e. targeting all dys-1 isoforms.

As the long isoform was not present (W110* mutation), the fluorescent signal we see Interestingly, studies analyzing the expression of the BK SLO-1 channel in the dys-1(cx18) mutant [START_REF] Sancar | The Dystrophin-associated Protein Complex Maintains Muscle Excitability by Regulating Ca 2+ -dependent K + (BK) Channel Localization[END_REF], show a strong reduction of the channel at the cell surface (see introduction, figure 36). dys-1(cx18) induces an early stop that affects all dystrophin isoforms. However, when we use the long isoform mutant dys-1(bn582)

W110*, where the other isoforms are present, we see that the SLO-1 channel is altered but not disappeared: in head muscles, we see a delocalization towards regions where SLO-1 is not present in wild-type conditions, such as regions of head muscles near the nose of the worm. In addition, although we continue to see a puncta pattern, in both the body and head muscles we see that the localization is more diffuse. Thus, it is clear that dys-1(cx18) and dys-1(bln582) do not have the same effect on SLO-1 localization, suggesting that SLO-1 regulation is isoform-dependent. Therefore, we decided to look at SLO-1 in the molecular null of dys-1. In this dys-1(syb2174) mutant the entire gene locus has been removed, including all the isoforms. We have shown that in the absence of all isoforms, with dys-1(syb2174), the effect on SLO-1 localization looks more like the dys-1(cx18) mutant one. In addition, we have consistently shown that the location of the short DYS-1 isoforms resembles the SLO-1 channel puncta pattern in the BWM (see results, part I, fig. 8).

As a conclusion, we revealed that for the regulation of the SLO-1 localization, the short isoforms of DYS-1 are more relevant, while for TWK-28 the long isoform is critical.

stn-1 is the coding gene for the α and β-syntrophin homologue protein in C. elegans (Grisoni et al., 2002b). We have shown that STN-1 has an asymmetric subcellular localization in body wall muscle of the worm, exhibiting an enrichment that co-localizes with TWK-28 in the anterior tip of the cells. In addition, we have also revealed that in the context of fluorescence-tagged mNeonGreen::twk-28, mutations in various components of DAPC, including stn-1, lead to a strong decrease of TWK-28-associated fluorescence on the surface of muscle cells.

Interestingly, the STN-1 protein conserves almost all functional domains of vertebrate syntrophins (Grisoni et al., 2002b). This includes the PDZ domain, which is responsible for its interaction with numerous transmembrane proteins, such as ion channels. A wellstudied example in the literature is the interaction of the PDZ domain of syntrophin with the C-terminus region of the voltage-sensitive sodium channels (Nav) in both skeletal [START_REF] Gee | Interaction of Muscle and Brain Sodium Channels with Multiple Members of the Syntrophin Family of Dystrophin-Associated Proteins[END_REF] and cardiac [START_REF] Gavillet | Cardiac Sodium Channel Na v 1.5 Is Regulated by a Multiprotein Complex Composed of Syntrophins and Dystrophin[END_REF] muscles. The interaction of syntrophin through its PDZ domain with the Kir family of potassium channels in the heart of mice was also evidenced [START_REF] Connors | The Potassium Channel Kir4.1 Associates with the Dystrophin-Glycoprotein Complex via α-Syntrophin in Glia[END_REF].

These findings, combined with our results, led us to hypothesize a possible interaction between the TWK-28 channel and the PDZ domain of STN-1. Subsequently, we identified on the C-terminus of TWK-28 a PDZ-binding-motif sequence (PDZ-BM) of which the absence causes a strong reduction of the channel on the surface of the muscle cells (see results, part I, fig. 7 A-D). Possibly, by removing this PDZ-BM from TWK-28, the channel is no longer able to interact with syntrophin, thus losing its stability on the cell membrane. But, it also could be independent on syntrophin, thus, a second scenario may involve another unidentified protein with a PDZ domain. One way to verify all these interactions, is to perform in vitro biochemical studies such as GST pull down, using the PDZ-domain fragments of STN-1 and the C-ter fragment of TWK-28. Also, although more challenged, co-immunoprecipitation and western blot experiments can be performed.

Finally, a third scenario may envisage that the sequence identified as PDZ-BM in TWK-28 is actually an interaction sequence with intracellular signaling proteins or a sequence involved somehow in the trafficking of the channel to the cell surface or in its maintenance, so that when it is absent, the channel is destabilized or unable to reach the membrane and therefore its quantity is reduced. A regulatory protein called ISLO-1 could be a good candidate. ISLO-1, was identified as a modulatory subunit of the BK potassium SLO-1 channel [START_REF] Kim | The Dystrophin Complex Controls BK Channel Localization and Muscle Activity in Caenorhabditis elegans[END_REF]. Interestingly, the islo-1 gene was also isolated in our genetic screen performed on TWK-28. Also, islo-1 loss-of-function mutants are able to produce a strong reduction in the TWK-28 channel-associated fluorescence on the surface of muscle cells. As well, ISLO-1 also co-localizes with TWK-28 in the anterior body wall muscle cell type (see results, fig. 6 F). All these results indicate that ISLO-1 interacts somehow with TWK-28, for which, interaction-experiments will be performed as a next step.

The principal gene coding for dystroglycan in C. elegans is dgn-1, which expression has been observed in different tissues but not in muscle [START_REF] Johnson | C. elegans dystroglycan DGN-1 functions in epithelia and neurons, but not muscle, and independently of dystrophin[END_REF]. We have shown that DGN-1 is present in muscle tissue of C. elegans, including body wall muscle.

This is more consistent with the expression of vertebrates dystroglycans, where they form part of the muscular dystrophin-associated proteins complex [START_REF] Ervasti | A role for the dystrophin-glycoprotein complex as a transmembrane linker between laminin and actin[END_REF]. Curiously, we also showed that DGN-1 localization is similar to that of dystrophin in BWM, suggesting that dystroglycan, contrary to what was assumed, might be part of the DAPC in the body wall muscle of worms. Nevertheless, its physical interaction to dystrophin, not yet explored, has probably evolved, since the PPxY sequence present in the C-terminus of the vertebrate β-dystroglycan and necessary for its binding to dystrophin [START_REF] Huang | No title found[END_REF], is not conserved in the worm (Figure 41 A) [START_REF] Johnson | C. elegans dystroglycan DGN-1 functions in epithelia and neurons, but not muscle, and independently of dystrophin[END_REF]. However, this does not exclude the existence of a new sequence in DGN-1

(different from the PPxY motif) that would allow the interaction with a different region of DYS-1. Interestingly, in DYS-1, the homologous to the β-dystroglycan-binding region in human dystrophin, is not fully degenerated (Figure 41 Complementary coimmunoprecipitation or in vitro GST pull-down experiments are planned to be carried out in the future.

To conclude, we have shown that it is likely that dystroglycan forms part of the DAPC in the body wall muscle of C. elegans, although the interaction sequences between DGN-1 and DYS-1 are not fully conserved. On the other hand, one of the roles of dystroglycans is to provide the interface between the extra and intracellular medium at the sarcolemma [START_REF] Ervasti | A role for the dystrophin-glycoprotein complex as a transmembrane linker between laminin and actin[END_REF]. Although, the dystroglycan in C. elegans does not undergo a cleavage process to give two α and βdystroglycan subunits, as occurs in vertebrates [START_REF] Ibraghimov-Beskrovnaya | Primary structure of dystrophin-associated glycoproteins linking dystrophin to the extracellular matrix[END_REF], glycosylation of this protein has been found to take place in the worm [START_REF] Johnson | C. elegans dystroglycan DGN-1 functions in epithelia and neurons, but not muscle, and independently of dystrophin[END_REF]. Besides, α-dystroglycan interacts with different proteins of the extracellular matrix, including perlecan [START_REF] Talts | Binding of the G domains of laminin α1 and α2 chains and perlecan to heparin, sulfatides, α-dystroglycan and several extracellular matrix proteins[END_REF], which led us to wonder if this is also the Finally, in order to shed some light on the function of DGN-1 in muscle, and since its absence gives rise to sterile mutants [START_REF] Johnson | C. elegans dystroglycan DGN-1 functions in epithelia and neurons, but not muscle, and independently of dystrophin[END_REF], we decided to do an auxininducible time and tissue-specific degradation [START_REF] Zhang | The auxin-inducible degradation (AID) system enables versatile conditional protein depletion in C. elegans[END_REF]. The auxin-inducible degradation of DGN-1 will allow us to: 1) elucidate the role of DGN-1 in the formation of the sarcoglycan sub-complex in muscle. These results would be contrasted to what occurs in vertebrates, where the dystroglycan interacts with the sarcoglycans after assembly for their trafficking from Golgi to the sarcolemma [START_REF] Noguchi | Formation of sarcoglycan complex with differentiation in cultured myocytes: Sarcoglycan complex formation process in cultured myocytes[END_REF].

Furthermore, data in the literature on the interaction of sarcoglycans and dystroglycans are inconsistent: some studies propose that only the δ-sarcoglycan subunit binds to both α and β-dystroglycan [START_REF] Chan | Molecular Organization of Sarcoglycan Complex in Mouse Myotubes in Culture[END_REF], while others indicate that all four subunits of the SG subcomplex bind to β-dystroglycan [START_REF] Sakamoto | Both hypertrophic and dilated cardiomyopathies are caused by mutation of the same gene, -sarcoglycan, in hamster: An animal model of disrupted dystrophin-associated glycoprotein complex[END_REF]. Given this discrepancy, we could check if this interaction is conserved in C. elegans and perform more detailed molecular studies on the interdependence of these two families of proteins, taking advantage of the simplicity of the model. 2) On the other hand, the depletion of DGN-1 would allow us to test whether it is implicated in the stabilization of the rest of the DAPC components, such as dystrophin, syntrophin or dystrobrevin. 3) Finally, we would be able to see whether the absence of DGN-1 has an effect on TWK-28 localization, since both proteins co-localize at muscle cell surface (See results, part I, fig.

F).

Sarcoglycans (SG) form a sub-complex of the DAPC and in C. elegans they are encoded by three genes: sgca-1, sgcb-1 and sgn-1. Only SGCA-1 has been partially characterized, whereas no analysis of the remaining SG has been published. We have demonstrated that both SGCA-1 and SGCB-1 have a similar compartmentalized localization in the body wall muscle of C. elegans (see results, part I, fig. 2 A and B). For SGN-1 we do not have information about its distribution yet (project under investigation). But given the location of SGCA-1 and SGCB-1, our hypothesis holds that the three proteins would form a subcomplex which would interact with the DAPC, as occurs in vertebrates (reviewed in [START_REF] Tarakci | The sarcoglycan complex in skeletal muscle[END_REF]. We have demonstrated that the absence of sgca-1 causes a drastic decrease on SGCB-1 at the cell surface, and vice versa, the amount of SGCA-1 protein is strongly reduced in the absence of sgcb-1 (see results, part I, fig. 2 J). This is also consistent with what occurs in vertebrates, where the correct trafficking of sarcoglycans after synthesis in order to reach the membrane requires the simultaneous presence of all SG subunits [START_REF] Holt | Assembly of the Sarcoglycan Complex: INSIGHTS FOR MUSCULAR DYSTROPHY[END_REF]. Also, the absence of a single subunit causes the loss of the entire subcomplex (Bonnemann et al., 1995;[START_REF] Noguchi | Mutations in the Dystrophin-Associated Protein [IMAGE]-Sarcoglycan in Chromosome 13 Muscular Dystrophy[END_REF]Nigro et al., 1996b).

Interestingly, our results show that the absence of sgn-1 affects the distribution of SGCA-1 but not that of SGCB-1 (see results, part I, fig. 2 J). In the literature, SGN-1 is considered the γ/δ-sarcoglycan homologue [START_REF] Carre-Pierrat | The SLO-1 BK Channel of Caenorhabditis elegans is Critical for Muscle Function and is Involved in Dystrophin-dependent Muscle Dystrophy[END_REF][START_REF] Gieseler | Development, structure, and maintenance of C. elegans body wall muscle[END_REF].

However, in vertebrates γ-SG and δ-SG there are many differences as for example in the patterns of expression: γ-SG is expressed exclusively in cardiac and skeletal muscle [START_REF] Noguchi | Mutations in the Dystrophin-Associated Protein [IMAGE]-Sarcoglycan in Chromosome 13 Muscular Dystrophy[END_REF] while δ-SG is expressed, in addition to striated muscle, in smooth muscle (Nigro et al., 1996a). In C. elegans, the tissues expressing sgn-1 are not yet defined, although RNAseq data show expression mainly in body wall muscle and slightly in neurons [START_REF] Cao | Comprehensive single-cell transcriptional profiling of a multicellular organism[END_REF]. Additionally, in vertebrates, during the synthesis of sarcoglycans, β and δ-SG are initially assembled and then, γ and α-SG are recruited [START_REF] Holt | Assembly of the Sarcoglycan Complex: INSIGHTS FOR MUSCULAR DYSTROPHY[END_REF][START_REF] Shi | Specific assembly pathway of sarcoglycans is dependent on beta-and delta-sarcoglycan[END_REF]. Let us assume that SGN-1 represents the γ-SG (and not δ-SG) subunit in the worm: we can hypothesize that SGCB-1/β-sarcoglycan first binds to SGCA-1/α-sarcoglycan and then, SGN-1/γ-SG is recruited. So, SGCA-1 and SGCB-1 would interact with each other and SGN-1 would only bind to SGCA-1. This would explain why sgn-1 mutants would only have an effect on the location of SGCA-1 and not that of SGCB-1. It would also explain how the SGCA-1 and SGCB-1 sub-units depend on each other.

In parallel, given the glycosylation of sarcoglycans, it has been considered that they could act as receptors for extracellular matrix proteins [START_REF] Chan | Molecular Organization of Sarcoglycan Complex in Mouse Myotubes in Culture[END_REF]. Based on this, we have tested whether there is a genetic interaction between the extracellular matrix component perlecan/UNC-52 and worms β-sarcoglycan. Indeed, we have demonstrated that β-sarcoglycan/SGCB-1 is strongly reduced in body wall muscle cells in unc-52 mutants (see results, part I, fig. 3 C), suggesting a possible interaction of sarcoglycans and extracellular matrix in C. elegans muscle.

Furthermore, it has been shown that sarcoglycans interact with the C-terminus domain of dystrophin [START_REF] Chen | Identification of functional domains in sarcoglycans essential for their interaction and plasma membrane targeting[END_REF]. Is this interaction preserved in C. elegans? Our results

show that a genetic interaction exists between dystrophin and sarcoglycans in worms, [START_REF] Oh | Interaction of α-Catulin with Dystrobrevin Contributes to Integrity of Dystrophin Complex in Muscle[END_REF], confirming an interaction between dystrophin and the sarcoglycan sub-complex in worms. In addition, in the same figure we also show a genetic interaction between dystrobrevin/dyb-1 and sgcb-1, which is also conserved in evolution, since αdystrobrevin is known to interact with the sarcoglycans subcomplex in vertebrates [START_REF] Yoshida | Biochemical evidence for association of dystrobrevin with the sarcoglycansarcospan complex as a basis for understanding sarcoglycanopathy[END_REF]. As a consequence, the hypothesis that the interactions in the DAPC of C. elegans are similar to those found in the DAPC of vertebrates becomes more plausible.

Finally, in the fig. 3 B of results part I, we see that the localization of DGN-1 is not altered in the absence of sgcb-1. So, although sarcoglycans are known to interact with dystroglycans after their assembly in vertebrates [START_REF] Noguchi | Formation of sarcoglycan complex with differentiation in cultured myocytes: Sarcoglycan complex formation process in cultured myocytes[END_REF], we have not been able to see this interdependence in the worm.

Also, even if all DAPC components tested had an effect on TWK-28 localization, our results show that sarcoglycans do not seem to be required (see results, part I, fig. S6).

So far, we have shown that several DAPC proteins, such as dystrophin and dystrobrevin, are necessary for the correct localization of the sarcoglycans in the BWM cell membrane.

However, we have not obtained any effect on the distribution of proteins like dystrophin, dystrobrevin, syntrophin, dystroglycans under sarcoglycan mutant conditions. This could indicate that sarcoglycans, despite their transmembrane location that one could attribute to a central role in DAPC, these proteins do not appear to be essential for the formation of DAPC and the location of most of its intracellular (dystrophin, syntrophin and dystrobrevin) and transmembrane (dystroglycans) proteins.

In vertebrates, the dystrophin-associated protein complex (DAPC) constitutes a crucial structural element in the muscle costamere, since it establishes a bridge between the cytoskeleton and the extracellular matrix. We have shown that multiple proteins of this 
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  SID: self-interacting domain). Adapted from Spúlveda et al., 2015 B: In K2P, channels the sequence GYG is conserved in the first pore-domain helix, forming a signature sequence specific for the potassium selectivity filter. Our published data in Ben Soussia et al., 2019.

Figure 2 K2P

 2 Figure 2 K2P potassium channels regulation. A: 15 K2P channels in humans are classified in different groups, depending on their regulation. The dimerization of two subunits compose a functional channel. Adapted from Djillani et al., 2019 B: Currentclamp recording showing no difference in action potential frequency in TASK-1 KO mice, compared with wild-type mice. Adapted from Aller et al., 2005.

Figure 5

 5 Figure 5 UNC44/Ankyrin regulates the K2P channel UNC-58. A: Ankyrin/UNC-44 is required for the UNC-58 K2P channel localization at muscle cell surface. B: UNC-44 structure showing the ZU5 domain, which is necessary for the correct localization of UNC-58.

Figure 6

 6 Figure 6 Numerous potassium channels coexist in muscle cells, exhibiting different distributions. A: List of calcium, chloride and potassium channels present in body wall muscle of worms. K2P channels are the most represented potassium channels (right). B: Representing images of six examples of K2P channels in body wall muscle. The distributions are different from one channel to another. All the strains are CRISPR/Cas9 knock-in lines. (Unpublished data).

Figure 7

 7 Figure 7 SUP-9 interacts and co-localizes with the regulatory proteins SUP-10 and UNC-93 in body wall muscle. Adapted from de la Cruz et al., 2003.

Figure 8

 8 Figure 8 TWK-18 is expressed in body wall muscle. A: twk-18::gfp gene reporter showing the expression of twk-18 in body wall muscle. Adapted from Kunkel et al., 2000. B: CRISPR/Cas9 protein fusion showing the subcellular localization of TWK-18 in body wall muscle in C. elegans. Our published data in El Mouridi et al., 2017.

  mutants for the remaining 43 K2P of C. elegans, would allow numerous studies to be carried out, including genetic screens, with the aim of identifying factors and cellular mechanisms involved in the regulation of these channels. This is exactly what we have done in the laboratory and published recently (Ben Soussia et al., 2019):

Figure 9

 9 Figure 9 The K2P channels TM2.6 residue is highly conserved in evolution. Our published data in Ben Soussia et al., 2019.

  Interestingly, this channel shows a very peculiar localization, which is unique in the muscular K2P potassium channels of C. elegans. The protein is located only in the anterior tip of each muscle cell (Figure10 B), generating a "comet" pattern that is repeated in each body wall muscle cell. The first question that came to our minds was what cellular and molecular mechanisms are involved in the distribution of this channel. Therefore, based on the results of our last study, we were able to create a new gain-of-function mutant for the TWK-28 (L210T) channel. TWK-28 L210T showed a strongly higher activity compared to wild-type in Xenopus oocytes (Figure10 D). Therefore, when we introduce the TWK-28 L210T mutation in vivo, mutant worms exhibit a strong paralysis phenotype, which is consistent with a gain-of-function muscular potassium channel mutation. The paralyzed TWK-28 L210T strain served as a starting point for a phenotypic suppressor genetic screen, whose objective was to look for regulatory factors of TWK-28 in a native context. Unlike other approaches, a genetic screen develops without preconceptions, since we target the entire genome with random mutations. Thus, we can find genes that participate in different regulatory pathways of TWK-28, from gene expression, posttranslational modifications, trafficking and maintenance at the cell membrane as well as modulation of the channel activity. One of the advantages of C. elegans in this way, is its clonal hermaphrodite reproduction (300 embryos per animal) and its relatively short reproduction cycle (3 days at 20°C).

Figure 10 TWK

 10 Figure 10 TWK-28 has a particular localization in body wall muscle. A: RNA-seq data showing that twk-28 is mostly expressed in body wall muscle. From Cao et al., 2017. B: CRISPR knock-in of TWK-28::mNeonGreen showing a comet-like localization of the channel at the anterior tip of each body wall muscle cell. Unpublished data. C: Strategy followed in the genetic screen performed on TWK-28 L210T gain-of-function paralyzed worms. After random mutagenesis with EMS, we looked for worms that were able to move again. D: In vitro Xenopus oocytes electrophysiological recordings show a higher current in TWK-28 L210T compared to wild-type TWK-28. E: Different alleles for four genes were isolated from the twk-28 genetic screen: dys-1/dystrophin, snf-6/acetylcholine

Figure 11 C

 11 Figure 11 C. elegans striated muscle corresponds to body wall muscle and is arranged in four quadrants. A: Schematic representation of body wall muscle organization in four longitudinal quadrants. B and C: C. elegans transparency allows the visualization of muscle quadrants from the worm's head to the tail (B) and the striations in each body wall muscle cell (C). D: Representation of the four muscle quadrants in L1 larval stage. E: In body wall muscle, myosin filaments are anchored the M line and the actin filaments to the dense bodies. Myofilaments form an obliquus striation. Adapted from Wormatlas®.

Figure 13

 13 Figure 13 In C. elegans, the muscle project muscle arms toward axons, where muscle can be excited (Ach) or inhibited (GABA). A: In C. elegans body wall muscle GABAergic and Cholinergic innervation coexist, and the balance between them lead to worm locomotion. Adapted from Thapliyal and Babu, 2018. B: For locomotion, muscle cells on one side contract (Ach) while the opposite cells are inhibited (GABA), originating a typical sinusoidal movement. Adapted from Han et al., 2015. C: Schematic representation of muscle arms development. Muscle arms are projections that muscle cells (red) send towards the axon or nerve chord(green) to stablish the neuromuscular junction. Adapted from[START_REF] Dixon | Muscle arm development in Caenorhabditis elegans[END_REF] 

Among the 47

 47 K2P channels present in C. elegans, only 4 of them have a direct human counterpart, they are: SUP-9, TWK-14, TWK-46 and TWK-20. SUP-9 presents high similarities with the TASK-1 and TASK-3 K2P human channels. In C. elegans, it is expressed mainly in the body wall muscle cells. One of the first research groups to study this K2P channel was the Horvitz team, who built a GFP reporter expressed under the control of the sup-9 promoter and demonstrated a muscle expression pattern (Figure15A) (de laCruz et al., 2003). Continuously, our laboratory used CRISPR/Cas9 to confirm the location of SUP-9 in the striated muscle of the worm (Figure15 B).

Figure 15 SUP

 15 Figure 15 SUP-9 is a K2P channel which is expressed in C. elegans body wall muscle. A: Gene reporter showing the sup-9 localization in muscle. Adapted from de La Cruz et al., 2003. B: CRISPR/Cas9 knock-in showing more clustered subcellular localization of SUP-9. Scale: 10 m.

Figure 16

 16 Figure 16 SLO-1 is a BK channels in C. elegans, involved in muscle excitability, through repolarization regulation. A: Electrophysiological recording of single channel currents of SLO-1 shows the sensitivity of the channel to both voltage and calcium concentration. Adapted from Wang et al., 2001. B: ePSC amplitude recorded

Figure 17

 17 Figure 17 Dystrophin-Associated Protein Complex (DAPC) in skeletal muscle.Adapted from[START_REF] Blake | Function and Genetics of Dystrophin and Dystrophin-Related Proteins in Muscle[END_REF] 

Figure 18

 18 Figure 18 Dystrophin gene and protein structure. A: Representation of the dystrophin gene localizing the promotors that give seven different protein isoforms. B: Structure of dystrophin representing the main functional domains in tissue-specific isoforms.

Figure 19 1 .

 191 Figure 19 Dystrophin/dys-1 in C. elegans is highly conserved and is expressed in muscle tissues. A: DYS-1 shows a high conservation in the functional domains compared to human dystrophin. B: Transgenic animals carrying dys-1 GFP gene reporter show expression in body wall muscle (1), vulva (2) and pharynx (3) muscles. Adapted from Bessou et al., 1998. C: CRISPR/Cas9 transcriptional fusion of wrmScarlet to dys-1 shows the expression pattern of dystrophin in body wall muscle (1'), weak signal in vulva muscles (2') and pharynx muscles (3'). Our unpublished data. D and E: Immunostaining revealing the subcellular localization of DYS-1 using antibodies against DYS-1 (D) or against GFP (E) fused to dys-1. Adapted from[START_REF] Brouilly | Ultra-structural time-course study in the C. elegans model for Duchenne muscular dystrophy highlights a crucial role for sarcomereanchoring structures and sarcolemma integrity in the earliest steps of the muscle degeneration process[END_REF] 

Figure 20

 20 Figure 20 dys-1 mutants in C. elegans present a "head-bending" phenotype but not muscular degeneration, unless combined with hlh-1 mutants. A: Dystrophin gene structure showing the location of the existent alleles. Adapted from Bessou et al., 1998. B: dys-1 mutants exhibit an exaggerated head-bending curvature when moving forward. Adapted from Kim et al., 2009. C: Polarized light do not show any difference in muscle striations in dys-1(cx18) mutants compared to wild-type. Adapted fromBessou et al., 1998. D: Actin staining (mCherry) show progressive degeneration over time in double dys-1(cx18);hlh-1(cc561) mutants. Adapted from[START_REF] Brouilly | Ultra-structural time-course study in the C. elegans model for Duchenne muscular dystrophy highlights a crucial role for sarcomereanchoring structures and sarcolemma integrity in the earliest steps of the muscle degeneration process[END_REF] 

Figure 21 A

 21 Figure 21 A single precursor give rise to α and β-dystroglycan. A: Precursor of α and β-dystroglycan proteins structure. B: Schema of the β-dystroglycan C-terminus sequence interaction with C-terminus domains (WW and EF) of dystrophin. A and B are adapted from Ishikawa-Sakurai et al. 2004.

Figure 22

 22 Figure 22 Dystroglycan/DGN-1 in C. elegans is conserved. A: Dystroglycan sequence alignment showing a great conservation of the proteins in C. elegans and humans. Adapted from Grisoni et al., 2002a. B: Schematic representation of the dystroglycan protein structure showing the conservation percentage in each functional domain. C: The analog to dystrophin binding-site (PPxY) in C. elegans DGN-1 C-terminus sequence is not conserved, compared with mouse and drosophila sequences. B and C are adapted from[START_REF] Johnson | C. elegans dystroglycan DGN-1 functions in epithelia and neurons, but not muscle, and independently of dystrophin[END_REF] 

Figure 23

 23 Figure 23 DGN-1 is expressed in body wall muscle of C. elegans, unlike previously reported. A: GFP gene reporter showing the expression of dgn-1 in embryos (a and b) and in L1 larvae stage (c).

Figure 24 Four

 24 Figure 24 Four subunits compose the sarcoglycan sub-complex. A: Schematic representation showing the disposition of the four sarcoglycan (SG) subunits (α, β, γ and δ) in interaction with sarcospan forming the sarcoglycan-sarcospan subcomplex (left). Right: dystroglycan (DG) subcomplex disposition with the extracellular α subunit binding to the transmembrane β subunit. Adapted from Crosbie et al., 1999. B: During the formation of the sarcoglycan subcomplex, the

Figure 25

 25 Figure 25 Sarcoglycans are conserved in C. elegans and found in muscle. A: Protein structure of the three C. elegans sarcoglycans: SGCA-1/α-sarcoglycan, SGCB-1/β-sarcoglycan and SGN-1/γ-δ-sarcoglycan showing a small conservation with human sarcoglycans when looking at the functional domains. Adapted from Grisoni et al., 2002a. B: SGCA-1/α-sarcoglycan immunostaining reveals the subcellular localization of C. elegans SG (red) in contrast with the Myosin Heavy Chain-A

Figure 26 Four

 26 Figure 26 Four dystrobrevin isoforms are products of two genes: α and β dystrobrevin. A: Schematic representation of the dystrobrevin (DB) protein structure showing the different functional domains and its conservation in all dystrobrevin isoforms (α-1, α-2, α-3 and β-DB), that are similar to Cterminus domains of dystrophin/utrophin (top). Adapted from Rees et al., 2007. B: Dystrophin (Dys) and dystrobrevin (Dtn) sequence alignment. 3474-3603 aa and 436-551 aa fragments are shown, respectively. a-g: residues of coiled-coil domain. Underlines: dystrophin-binding site in dystrobrevin and vice versa.Adapted from[START_REF] Sadoulet-Puccio | Dystrobrevin and dystrophin: An interaction through coiled-coil motifs[END_REF] 

Figure 27

 27 Figure 27 Syntrophins present functional domains that are conserved. Muscular α and β-syntrophins (A) share the same functional domains with the non-muscular γ-syntrophin (B). Adapted from Bhat et al., 2019.

Figure 28

 28 Figure 28 Syntrophin/STN-1 is conserved in C. elegans muscle. A: Syntrophin sequence alignment showing a great conservation of C. elegans STN-1/syntrophin and the human one. Adapted from Grisoni et al, 2002b. B: Gene reporter showing the expression pattern of stn-1 in embryos (1), nerve chord (2), vulva muscles (3) and body wall muscle (4). 5: overview. Adapted from Grisoni et al., 2003. C: Epifluorescence of a GFP reporter showing the expression of the other C. elegans syntrophin, stn-2, in body wall muscle (1'), including muscle arms (arrowheads), ventral nerve chord (2')and commissural axons(3'). Scale: 20 m. Adapted from[START_REF] Zhou | unc-44 Ankyrin and stn-2 γ-Syntrophin Regulate sax-7 L1CAM Function in Maintaining Neuronal Positioning in Caenorhabditis elegans[END_REF] 

Figure 29 A

 29 Figure 29 A highly conserved dystrobrevin is expressed in worms' muscle and neurons. A: C. elegans (ce) and human (hs) dystrophin (DYS) and dystrobrevin (DYB) protein sequences alignment showing their conservation in helix 1 and 2, being greater in helix 2 for both proteins. Adapted from Gieseler et al., 1999b. B: GFP gene reporter showing the expression of C. elegans dystrobrevin/dyb-1 in pharyngeal and body wall muscle as well as in neurons. C: Polarized light showing no defect in muscle morphology in dys-1(cx36) mutants compared with wild-type (N2). B and C are adapted from Gieseler et al., 2001.

Figure 30

 30 Figure 30 Dystrophin, dystrobrevin and syntrophin interact with each other in muscle. A: Revelation of syntrophin binding-sequence in dystrophin (left) by GST pull-down analysis (right) performed in seven different fragments of the dystrophin C-terminus sequence. Adapted from Yang et al., 1995. B: Immunostaining shows a strong decrease od dystrobrevin (DB) and syntrophin (STN) signal in dystrophin deficient mdx mice muscle. Adapted from Li et al., 2009. C: Dystrobrevin (DB) expressiondoes not differ in utrophin null mice (Utr-/-) compared with wild-type (Utr+/+) in immunohistochemical analysis from mice skeletal muscle sections. Adapted from[START_REF] Grady | Subtle Neuromuscular Defects in Utrophin-deficient Mice[END_REF] 

Figure 31

 31 Figure 31 Dystroglycan is reduced in mdx mice. A: αand β-dystroglycans amounts are reduced in dystrophin deficient mdx, mice compared with wild-type (BL10) control mice in western blot analysis. B: Immunostaining showing a strong decrease of βdystroglycan in mdx skeletal muscle compared with wild-type mice. A and B are adapted from Li et al., 2009.

Figure 32

 32 Figure 32 Mutations in one sarcoglycan subunit lead to the total loss of the SG complex and other DAPC proteins. Most of sarcoglycan (SG) subcomplex subunits are reduced or even disappeared in skeletal muscle immunostaining analysis of KO mutants of α-sarcoglycan Sgca-/-(A) and β-sarcoglycan Sgcb-/-(B). Dystrophin (Dys) and α-dystroglycan (DG) localizations are altered in Sgca-/-but not in Sgcb-/-KOAdapted from Dulcos et al., 1998.

  B.2), which means that DAPC is required for the correct formation of the Nav but it only intervenes in posttranscriptional phases, probably for the localization or function of the proteins at cell membrane. Besides the protein level, they also found that the current associated to Nav channels was significantly reduced by using patch-clamp experiments (Figure33 C);

Figure 33 Muscular

 33 Figure 33 Muscular Nav channels localization and function depend on DAPC. A: GST pull-down experiments with different fragments of the Nav1.5 cardiac muscular voltage-sensitive sodium channel. Nav1.5 interaction with syntrophins and dystrophin requires the C-terminus SIV sequence of the channel. B: Western blot (top) analysis and RT-qPCR show a strong decrease of Nav1.5 protein

Figure 34

 34 Figure 34 Kir4.1 channels are associated to dystrophin and syntrophin in the DAPC. A: Western blot showing a co-association of the Kir4.1 potassium channel with α-syntrophin both in whole brain extract and in astrocytes cells culture. B: GST pull-down experiments reveal the requirement of the C-terminus regions of Kir4.1 for its interaction with α-syntrophin in vitro. Adapted from Connors et al., 2004.

Figure 35

 35 Figure 35 TRPC ion channels are associated with dystrophin and altered in mdx mice. A: Immunostaining co-localization of TRPC1 and dystrophin (Dys) at the sarcolemma of cultured myotubes. Bar: 10 m. B: Co-association of TRPC1 with dystrophin and α-syntrophin in wild-type mouse (C57B1/10) muscle (top) and with dystrophin in dystrophin-expressing myotubes (SolC57) culture (bottom). C: α-syntrophin and TRPC1 co-immunoprecipitation from mouse muscle lysates in wild-type and mdx conditions. D: GST pull-down experiments showing the implication of the α-syntrophin PDZ domain in its interaction with TRPC1 in cultured myotubes Adapted from[START_REF] Vandebrouck | Regulation of capacitative calcium entries by α1syntrophin: association of TRPC1 with dystrophin complex and the PDZ domain of α1syntrophin[END_REF] 

Figure 36

 36 Figure 36 SLO-1, a BK channel in C. elegans, interact with DAPC proteins for its localization and function. A: Phalloidin-rhodamine actin staining shows no muscle defect in the slo-1(cx29) single mutant but a clear degeneration when combining with the MyoD orthologue in the slo-1(cx29);hlh-1(cc561) double mutant. Adapted from Carre-Pierrat et al., 2006. B: An integrated translational fusion reporter showing the puncta distribution of SLO-1 in body wall muscle. SLO-1 expression is strongly reduced in dystrobrevin/dyb-1, dystrophin/dys-1 and syntrophin/stn-1 lof mutants. Adapted from Sancar et al., 2011. C: SLO-1 and dystrobrevin/DYB-1 co-localize at the dorsal nerve chord. D: SLO-1 localization is lost in body wall muscle, but not in neurons, in dyb-1 lof mutants. C and D are adapted from Chen et al., 2011.

  such as dystrophin/DYS-1, syntrophin/STN-1 and dystrobrevin/DYB-1, and the muscular K2P channel TWK-28 in C. elegans muscle. Furthermore, we present a novel characterization of DAPC proteins whose pattern of expression and subcellular location were unknown, as is the case of sarcoglycans/SGCA-1 and SGCB-1. Interestingly, we also show that dystroglycan/DGN-1 is expressed in the body wall muscle of C. elegans, contrary to what was previously assumed. Finally, we demonstrate the involvement of WNT pathway proteins, such as Disheveled/DSH-1, as a regulatory mechanism for the polarity observed in TWK-28, providing an innovative example of planar cell polarity in C. elegans muscle. Part I: results (article in prepration) 1. DGN-1/DG/Dystroglycan is expressed in C. elegans muscle In vertebrates, dystroglycan (DG) is a central component of the dystrophin-associated protein complex (DAPC) with a predominant structural role in the muscle. In C. elegans,

  D), confirming a conserved genetic link between dystroglycans and perlecans in worms. The presence of dystroglycan/DGN-1 in C. elegans muscle prompted us to revisit the expression, localization and function of dystrophin-associated protein complex using state-of-the-art genetic approaches. Results Fig. 1 DGN-1/Dystroglycan is expressed in C. elegans muscle and requires unc-52/perlecan for its surface localization A: DGN-1 localizes to plasma-membrane domains devoid of integrins/PAT-2. Representative images of head muscle cells of DGN-1-wrmScarlet (in magenta) and PAT-2-GFP (in green) translational fusion knockin line. B: DGN-1 and PAT-2 occupy juxtaposed optically-separable microdomains. Enlargement of corresponding area in panel A (dashed box). Fluorescence profile of DGN-1 (purple) and PAT-2 (green). C: DGN-1 is expressed soon after hatching. Representative images of head muscle of DGN-1::wrmScarlet and PAT-2::GFP at the L1 stage. D: The mNeonGreen-tagged of dgn-1 (from CGC) was used to analyze the localization of DGN-1 in wild-type (WT) and unc-52(e444) animals, at the muscle cells of the head, mid-body (anterior) and mid-body (posterior). Mislocalization of DGN-1 in all the muscle cells, expect in the head, in the unc-52 mutant, in compare with the wild type.

  1 and SGCB-1 with fluorescent proteins by CRISPR/Cas9 gene editing. SGCA-1 and SGCB-1 were indeed expressed in body wall muscles (Figure2A and B). Both sarcoglycans localized to the outer face of muscle cells (facing the epidermis) and exhibited a striking asymmetrical distribution pattern. Sarcoglycans occupy distinct membrane domains at the extremities of individual muscle cells. At the anterior tip of muscle cells, they form a dense domain that has a comet-like appearance (Figure2 A).This narrow portion of the cell contains no integrins (Figure2A and B). It is followed by a gap that appears devoid of sarcoglycans, but SG are again visible in the posterior half of each cell. There, SG are organized in a linear pattern of regularly spaced punctate microdomains. Just as in the anterior domain, these puncta are clearly distinct from integrin-containing membrane domains. As for dystroglycan, this striking localization pattern was also visible in freshly-hatched first stage larvae (Figure2C and D), albeit somewhat less obvious for the posterior domain. The dense anterior domain was however already visible soon after hatching.

2 -

 2 containing membrane domains. Gap, absence of sarcoglycan. Posterior domain, clustered pattern aligned with but optically-separable from PAT-2-positive dense bodies. Numbered dashed white boxes indicate corresponding regions of interest. C, D: SGCA-1 and SGCB-1 are expressed in muscle at birth, and form clusters at the tip of muscle cells. L1 stage larva. E-H: SGCB-1 is a synaptic protein, that co-localizes with cholinergic (E) and GABAergic (F) post-synaptic domains, facing corresponding pre-synaptic termini (G, H). I: DYB-1/dystrobrevin is clustered at neuromuscular junctions, with SGCB-1. J: Altered surface expression of SGCA-1 and SGCB-1 in sarcoglycan null mutants. DNC, dorsal cord.

  D), we used this mutant background as a proxy to test the impact of loss of DGN-1. Disruption of perlecan lead to an overall alteration of SGCA-1 localization which was more prominent in the posterior portion of muscle cells. The precise effects of DGN-1 depletion will need to be further investigated in the future using targeted tissue-specific degradation strategies, since null mutants of dgn-1 are sterile[START_REF] Johnson | C. elegans dystroglycan DGN-1 functions in epithelia and neurons, but not muscle, and independently of dystrophin[END_REF]. Results Fig. 3 Partial overlap of dystroglycan and sarcoglycan membrane domains A: DGN-1 and SGCB-1 patterns partly coincide in the anterior and posterior regions of muscle cells. Numbered dashed white boxes indicate corresponding regions of interest. B: DGN-1 localization is similar in wild type and sgcb-1(bab9) null mutants. C: SGCA-1 localization is partly disrupted in unc-52(e444) perlecan mutants. SGCA-1 localization appears wild-type in head muscles likely because of incomplete depletion of perlecan in e444, an isoform-specific nonsense mutant.

  for DGN-1 and sarcoglycans, DAPC components displayed two distinct and clearly recognizable localization patterns. DYS-1 and STN-2 were visible along the muscle surface in a pattern that was highly reminiscent of DGN-1 (Figure 4 A). In contrast, DYB-1 and STN-1 reproduced the characteristic pattern of sarcoglycans with three subcompartments: a dense anterior domain, follow by a section without detectable fluorescence that transitioned into a posterior domain made of small punctate clusters (Figure 4 A). A detailed analysis of the colocalization of these proteins confirmed the clear correspondence between sarcoglycans and DYB-1/STN-1 (Figure 4 B and C) on the one hand, and DGN-1 and DYS-1 on the other (Figure 4 D). Furthermore, cross-comparison of DGN-1 with DYB-1, and SGCB-1 with DYS-1 revealed the same type of partial colocalization patterns as for DGN-1 and SGCB-1 (Figure 3 A and Figure 4 E and F). Thus, DAPC components appear to mainly partition into two, partly overlapping, but distinct groups. Results Fig. 4 DAPC components partition to DGN-1 or Sarcoglycan-containing domains A: DYS-1, STN-2, DYB-1, and STN-1 display two distinct localization patterns. B, C: SGCB-1 colocalizes precisely with STN-1 and DYB-1. D: DGN-1 and DYS-1 co-localize precisely in muscle cells. E, F: Partial overlap of DGN-1/DYB-1 and SGCB-1/DYS-1. Numbered dashed white boxes indicate corresponding regions of interest.

Fig. 5

 5 Sarcoglycan and Dystroglycan localization is dependent by the intracellular DAPC component A: Loss of DYB-1 and DYS-1 differentially disrupts SGCB-1 localization. B: Loss of DYS-1, but not DYB-1, leads to reduced overall surface expression, disruption of the dense anterior domain, and diffuse DGN-1 localization through the muscle surface. C: Loss of SGCB-1 does not affect DYB-1, STN-1, or DYS-1 localization and expression levels.

Results Fig. 6

 6 Intricate localization of ion channels reveals remarkably complex organization of muscle plasma membranes A: Asymmetric localization of SLO-1 in posterior part of muscle cells. ISLO-1 localization in anterior tip of muscle cell. Co-localization of SLO-1 and ISLO-1 exclusively in posterior domain. B: Precise colocalization of SGCB-1 and SLO-1 exclusively in posterior domain. C: Distinct distribution patterns of two-pore domain potassium channels TWK-18, TWK-42, TWK-8, TWK-12, SUP-9, and UNC-58. Translational knockin reporter lines. D: Asymmetric localization of TWK-28 (anterior) and TWK-24 (central), relative to SLO-1 (posterior). E: Distinct membrane localization patterns of TWK-28-mNeonGreen, TWK-24-wrmScarlet and SLO-1-TagBFP revealed using spectrally-distinct fluorophores. Numbered dashed white boxes indicate corresponding regions of interest. F: Colocalization pattern analysis of TWK-28 with SGCB-1, STN-1, DYB-1, ISLO-1, DGN-1, DYS-1, and STN-2.

  phenotypes compared to the molecular null. While both alleles, lead to a clear reduction in SLO-1 fluorescence in muscles all along the body of the worm (Figure8C, Body), SLO-1 was differentially affected in the most anterior muscle cells. These muscles have a characteristic cell shape, as they do not have an anterior tapered tip, but rather a straight edge, that abuts the most anterior hypodermal cells. In these most anterior head muscles, SLO-1 is nevertheless located in the posterior half of the cell, leaving a clear anterior void(Figure 8 C, head, dashed box). In long-isoform mutants, SLO-1 was displaced more anteriorly, closer to the tip of the nose. While it such a displacement was not obvious in the null mutant. This argued that different DYS-1 isoforms may have distinct roles in some C. elegans muscle cells to regulate the precise distribution of SLO-1 channels.To investigate this question further, we engineered an early stop codon into the translational DYS-1 reporter gene. This mutation strongly reduced DYS-1 fluorescence but did not completely abolish it, arguing that the long isoform represents a major part of DYS-1 proteins in muscle (Figure8 D). However, we could also observe a residual punctate pattern in the head muscles, which may indicate that shorter DYS-1 isoforms are expressed in these cells and may account for the displaced SLO-1 channels in longisoform mutants. Results Fig. 8 Different functions of dys-1 isoforms for potassium channel localization A: TWK-28 localization is equally affected in long-isoform-specific (bln582) or molecular null (syb2174) alleles. B: SLO-1 localization is differentially affected in the most anterior muscle cells in long-isoformspecific (bln582) versus molecular null (syb2174) alleles. Dashed boxes indicate region of interest. SLO-1 is equally disrupted by both mutant alleles in more posterior muscle cells. C: Differential expression and localization of full-length DYS-1 (Wild-type) and non-full-length isoforms (W100*)9. A WNT pathway controls the asymmetric organization of TWK-28 channelsWhile our genetic screen allowed us to demonstrate a selective requirement of DAPC proteins for the surface expression of TWK-28 channels, it did not provide insights into the mechanisms that underlie the striking asymmetric distribution of the channel within each muscle cells. We thus considered a candidate gene approach to address this question.The 95 C. elegans body wall muscle cells are organized into four symmetric muscle quadrants. Each quadrant, is composed of two rows of diamond-shaped muscle cells that line almost the entire length of the animal. These cell mono-layers are conceptually similar to the cellular structure of epithelia. Different molecular pathways generate tissue polarity in different cellular contexts. Generally, these involve Wnt ligand/receptor systems and specific proteins belonging to the core planar cell polarity (PCP) pathway.

Finally,

  we tested two transmembrane proteins that bind Wnt ligands: the frizzled receptor LIN-17, and the tyrosine kinase CAM-1/Ror. LIN-17 (in combination with a mutant of the the lin-44 Wnt ligand) had no effect (Supplement to Figure9), while the canonical cam-1 allele gm122 clearly altered the subcellular localization of TWK-28 (Figure9A and B). Interestingly, cam-1 mutants phenocopy egl-20/Wnt mutant as they only alter TWK-28 comets in the posterior half of the animal. To confirm this result, we tested two additional cam-1 alleles that showed an identical phenotype to gm122 (supplement to Figure9 B). As for Wnt ligands, the remaining Frizzled orthologs and Wnt receptors, MOM-5, MIG-1, CFZ-2, and LIN-18/Ryk, could be involved in controlling TWK-28 distribution in the anterior part of the body.Taken together, these results reveal a series of factors that intervene in complex, and not fully resolved cellular mechanism to control the asymmetric distribution of TWK-28 in C. elegans body wall muscle cell. Further experiments will be needed to (i) test the possible implication of the core PCP component VANG-1/ Van Gogh/Strabismus, (ii) identify the ligands and receptors that control TWK-28 asymmetry in the muscle cells of the anterior half of the worm, (iii) determine the output of the EGL-20/CAM-1/DSH-1 signaling cascade, in particular whether it acts through a canonical Wnt/β-catenin pathway. Given the uniform localization of CAM-1 at cell surface (Figure9C), we will also determine the subcellular localization of DSH-1, as it may be the asymmetric component in this context.
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Fig. 2

 2 Fig.2TM2.6 mutation increases the basal activity of pH-sensitive K2P channels. Current-voltage relationships of a hTASK1 and b mTASK2 channels; wildtype (black) and TM2.6 mutant (red) at extracellular pH 7.4 (filled squares) and pH9.4 (open squares). Each data point represents the mean ± standard error of the mean, numbers in parentheses represent the number of oocytes tested for each condition. In (b), insets represent normalized current traces recorded at 0 mV. mTASK2 activation time was 91.07 ± 2.27 ms (n = 8) at pH 7.4 (black trace) and 44.98 ± 4.96 ms (n = 8) at pH 9.4 (orange trace). mTASK2 L127N activation time was 39.51 ± 2.25 ms (n = 8) at pH 7.4 (red trace) and 29.41 ± 5.35 ms (n = 5) at pH 9.4 (brown trace). Rightmost panels represent relative current increases, corresponding to the ratio between currents under pH 9.4 perfusion and currents under pH 7.4 perfusion at 0 mV. Mean relative current increases at 0 mV from pH 7.4 to 9.4 were 2.8 ± 0.2 and 1.4 ± 0.1 for wild-type and mutant hTASK1, respectively. Mean relative current increases were 9.8 ± 0.7 and 1.8 ± 0.1 for wild-type and mutant mTASK2, respectively. Currents were recorded 24 h after injection of cRNA (mTASK2 and mTASK2 L127N, 5 ng/oocyte; hTASK1, 2.28 ng/oocyte; hTASK1 L122N, 0.38 ng/oocyte). Each data point represents one oocyte; center lines, medians; open circles, means; box limits, 25th and 75th percentiles; whiskers, standard deviation. Mann-Whitney, **p < 0.01, ***p < 0.001

Fig. 4

 4 Fig. 4 TM2.6 mutations in TRAAK and TREK1 increase single-channel open probability. a, b Channel opening of TRAAK, TRAAK G133D, TREK1, and TREK1 G171D at -80 mV. Channel activity was determined by NPo analyzed at -80 and +80 mV. c, d Single-channel openings of TRAAK, TRAAK G133D, TREK1 and TREK1 G171D at two membrane potentials. Currents were recorded in cell-attached patches held at pipette potentials of +80 and -80 mV. Pipette and bath solutions contained 150 mM KCl. e, f Mean open time for TRAAK, TRAAK G133D, TREK1, and TREK1 G171D. Average unitary conductance for TRAAK, TRAAK G133D, TREK1, and TREK1 G171D. g, h Current-voltage relationships of single channels. Mean ± standard deviation. Source data are provided as a Source Data file. Each data point represents one recording; center lines, medians; open circles, means; box limits, 25th and 75th percentiles; whiskers, standard deviation. Mann-Whitney, n = 6, *p < 0.05

Fig. 5

 5 Fig. 5 Gradual activation of TREK1 and TASK2 by a series of TM2.6 mutations. a Response of different TREK1 TM2.6 mutants to rubidium/potassium ion substitution. Ratios of whole-cell currents recorded at -110 mV for [Rb + ] o 98 mM and [K + ] o 98 mM. b Gradual increase of TASK2 activation kinetics and response to pH challenge for different TM2.6 mutants. Normalized current traces recorded at +40 mV (left panel) and corresponding activation constants (Tau (ms), middle panel). Ratios of whole-cell current recorded at 0 mV with extracellular pH 9.4 and pH 7.4 (right panel). Currents were recorded 24 h after injection of cRNA at 1 ng/oocyte. Each data point represents one oocyte; center lines, medians; open circles, means; box limits, 25th and 75th percentiles; whiskers, standard deviation. ANOVA, Tukey's multiple comparison test, *p < 0.05

Fig. 6

 6 Fig. 6 Tuning K2P channel activity in vivo using CRISPR/Cas9 gene editing in C. elegans. a (left panel) Current-voltage relationships obtained at pH 7.4 in X. laevis oocytes for TWK-18 wild-type (black squares), TWK-18 M260I (blue squares), and TWK-18 V158D mutant channels (red squares). Inset, current-voltage relationship for wild-type channel and non-injected oocytes at a reduced scale. a (right panel) Gradual increase of TWK-18 whole-cell current in a series of TM2.6 mutants. Currents at 0 mV were recorded 24 h after injection of cRNA at 30 ng/oocyte. Each data point represents one oocyte. b Representative micrographs of 1-day old adult UNC-58 L428F, UNC-58 F294N, UNC-58 F294S, c SUP-9 L122S, and d wild type, EGL-23 A383V, EGL-23 L229N, and EGL-23 L229S worms. Red brackets mark the central section of each animal where embryos accumulate. Scale bars, 10 μm. e Comparison of egg-laying rates of wild-type worms and egl-23 gain-of-function alleles. Each data point represents the number of embryos laid by a single animal over a 48-h period. n, number of animals tested. Center lines, medians; open circles, means; box limits, 25th and 75th percentiles; whiskers, standard deviation. Kruskal-Wallis, Dunn's multiple comparison test, *p < 0.01
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  pH 7.4 was adjusted with Trizma base. High potassium and high rubidium external solutions (in millimolar): 98 KCl or 98 RbCl, 1.8 CaCl 2 , 2 MgCl 2 , 5 HEPES. pH 7.4 was adjusted with Trizma base. For pH challenge experiments, Trizma base was used to buffer the solution for pH values over 8.0. Barium chloride (Sigma-Aldrich) was prepared as 1 M stock solution in H 2 O and used at 6 mM final concentration in ND96 solution.
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Figure 1

 1 Figure 1 Generation of d10-entry strains. (A) Insertion of the d10 sequence into sup-9, egl-23b, egl-23 (C-terminus), and twk-18 using a single-strand oligonucleotide repair template compatible with multiple sgRNAs. Genes and their intron/exon structure are displayed in the 59-39 orientation. The ssON repair templates are represented by black arrows (containing the d10 sequence in green) above the coding strand and translation of the target gene. Correspondence of homology regions between the ssON repair template and genomic locus is indicated in gray. sgRNA binding sites are indicated by blue open arrows. (B) unc-58 coconversion is used to detect the insertion of d10 sequences into a gene of interest. unc-58(e665) mutants are easily identified in the F1 progeny of injected P0 animals based on their straight body posture, lack of mobility, and characteristic rotation around the antero-posterior body axis. RT, repair template. (C) BanI, BssSI, and BsrBI restriction sites are present in the d10 protospacer sequence and are used for RFLP analysis. The Cas9 doublestrand break site is indicated by an arrowhead. (D) R12E2.15 contains the only predicted off-target site of the d10 sgRNA. Four base changes (in pink) distinguish both sites. A BsrBI site follows the Cas9 double-strand break site (indicated by an arrowhead), between the 23 and 24 bases relative to the protospacer adjacent motif (PAM).

  wrmScarlet, a brighter red fluorescent protein The development of improved blue (TagBFP; Chai et al. 2012), cyan (mTurquoise2; Goedhart et al. 2012), green (mNeonGreen; Shaner et al. 2013), and red fluorescent proteins (TagRFP-T; Shaner et al.

Figure 2

 2 Figure 2 Generation of multiple knock-in lines using a single d10-entry strain. (A) A single d10-entry strain is used to engineer N-terminal TagBFP, TagRFP-T, and wrmScarlet fusions in the twk-18 locus. Correspondence of homology regions between the plasmid repair template and twk-18 genomic locus is indicated in gray. RT, repair template. (B) Two to 3 days following injection of a d10-entry strain with a CRISPR/Cas9 mix, F1 progeny with Dpy-10 phenotypes (Rol or Dpy) can be easily recovered, and further screened in the F2 generation to identify the desired genome edits by PCR or phenotype.

Figure 3

 3 Figure 3 Comparison of TagBFP, TagRFP-T, and wrmScarlet using reliable editing of the twk-18 locus. (A) wrmScarlet::TWK-18 is visibly brighter than TagRFP-T::TWK-18. Side-by-side comparison of two young adult hermaphrodites. wrmScarlet-associated fluorescence is visible by eye in freely moving worms on NGM plates, while TagRFP-T is not detectable by eye in this context. (B) The two-pore domain potassium channel TWK-18 decorates the plasma membrane of body wall muscle cells. Representative images of head muscle cells labeled with N-terminal fusions of TWK-18 to TagBFP, TagRFP-T, and wrmScarlet. Head is left. Bar, 10 mm. (C) Quantification of fluorescence intensity shows an eightfold increase in fluorescence between TagRFP-T and wrmScarlet. Mean 6 SD. Student's t-test, Ã P , 0.0001.

  Worm locomotion consists of cycles of muscle contraction on one side (cholinergic excitation) and relaxation on the opposite side (GABAergic synapses present in the body wall muscle), creating alternating waves[START_REF] Thapliyal | elegans Locomotion: Finding Balance in Imbalance[END_REF] and, therefore, a typical sinusoidal movement (Figure37 A and B). In addition to an excitation/inhibition balance, this movement involves different sensory signals integrated by neurons in the locomotor circuit.

Figure 37

 37 Figure 37 Caenorhabditis elegans sinusoidal locomotion A: The contraction and relaxation cycles of opposite body wall muscle cells lead to a sinusoidal movement typical of C. elegans. Adapted from Thapliyal and Babu, 2018 B: To establish the neuromuscular junction, muscle cells send projections called "muscle arms" to the axon, where they receive either excitatory

Figure 38

 38 Figure 38 Principal tissues expressing K2P channels in C.elegansAs a result, in our case, we could imagine that the loss of a single K2P channel would have no effect on the functioning of the worm body wall muscle, as its role would be immediately compensated. From few examples observed in the laboratory, we can say that although the absence of some K2P channels has no effect, many other muscular lossof-function mutants are able to originate locomotor phenotypes, some of them easily identifiable, as is the case of UNC-58 (loopy phenotype). Besides, EGL-23 and TWK-24 are another two K2P channels expressed in the vulval muscles (figure38); the loss of only EGL-23 leads to an early egg-laying, where the embryos are still immature. So, the activity of EGL-23 is not compensated by the TWK-24 one.

Figure 39 K2PA:

 39 Figure 39 K2P channels distribution pattern in muscle. LEV-10 and MADD-4 are required for the AchRs clustering. A: Schematic representation of K2P channels distribution in body wall muscle. Each "rhomboid" represents a single cell. B: Representation of three muscle cells with the apical surface, lateral membrane and muscle arms. C: Distribution at the NMJ of the nicotine-sensitive cholinergic receptor subunit UNC-29 in wildtype condition. In absence of LEV-10, a transmembrane regulatory protein, UNC-29 is strongly reduced in the nerve ring (nr) and absent from both dorsal (dc) and ventral (vc) nerve cord. Adapted from Gally et al.,

Figure 40

 40 Figure 40 dys-1 isoforms and genetic screen alleles A: dystrophin/dys-1 presents eleven isoforms in C. elegans, all of them sharing the C-terminus region (right). B: dys-1 gene schematic representation. The black boxes represent exons and the lines introns. Red

  B). Furthermore, we interestingly have shown that the localization of DGN-1 in BWM looks declustered and more diffuse in the dys-1(bln582) W110* mutant (See results, part I, fig. 5 B), indicating a clear genetic interaction between dystroglycan and dystrophine in C. elegans muscle.

Figure 41

 41 Figure 41 Dystrophin and dystroglycan conservation in C. elegans A: C-terminus cytoplasmic region (blue) of human (DAG-1) and C. elegans dystroglycan sequence alignment. In C. elegans, the human dystroglycan PPxY binding sequence to dystrophin (red) is not conserved. B: Sequence of the dystroglycan binding-region in dystrophin. Residues required for this interaction are represented in red, of which some are conserved in C. elegans (blue) and others not.

  case in C. elegans. Indeed, we have consistently shown that the localization of DGN-1 in the muscle is altered in the absence of perlecan/UNC-52 (see results, part I, fig.1 D), suggesting a conserved role of DGN-1 in linking the sarcolemma to the extracellular matrix.

  since the localization of SGCB-1 is drastically altered showing a strong reduction (see results, part I, fig. 5 A) in the context of dys-1(syb2174) null molecular mutants. This is comparable to what was observed by Oh et al. when analyzing the amount of another sarcoglycan, SGCA-1, in the dys-1(eg33) mutants by western blot

  complex, such as dystrophin/DYS-1, sarcoglycans (SGCA-1 and SGCB-1), syntrophin/STN-1 and dystrobrevin/DYB-1 have a compartmentalized localization in the body wall muscle of C. elegans. We have also revealed that dystroglycan/DGN-1, whose presence in the striated muscle of the worm was excluded until today, also presents an asymmetric and dystrophin-like distribution in the body wall muscle cells. In addition, we have demonstrated that there is a genetic interdependence between C. elegans DAPC components, similar to vertebrates. As a complementary study, we plan to carry out soon biochemical interaction analyses of the DAPC proteins, especially of sarcoglycans and dystroglycans, since almost nothing is known in the literature about their role in C. elegans muscle. Furthermore, the dystrophin complex has been involved in the regulation of several transmembrane proteins, including ion channels. In my thesis project, one of the axes consisted in studying the association of worms DAPC and K2P channels family. First, we have shown that the localization of the muscular K2P channel TWK-28 depends on dystrophin and other associated proteins, such as syntrophin/STN-1 or dystrobrevin/DYB-1. We have also shown that this interaction is specific to TWK-28, since dystrophin does not seem to be required for the localization of other K2P channels co-expressed with TWK-28 in the body wall muscle. Finally, preliminary studies indicate that the PDZ-binding motif sequence present in the C-terminus region of TWK-28 is required for the localization of the channel in the sarcolemma. Accordingly, biochemical studies of the interaction of TWK-28 with syntrophin are envisaged in the future, in order to elucidate the molecular mechanisms behind the stabilization of TWK-28 in the body wall muscle cell membrane.Finally, given the asymmetrical comet-like distribution of TWK-28, which is located exclusively at the anterior tip of each body wall muscle cell, we hypothesized that this pattern could correspond to a novel planar cell polarity example in C. elegans. Therefore, in collaboration with Alice Peysson, another PhD student in the team, we have started the analysis of the effect on the compartmentalized distribution of TWK-28 of different components of the WNT pathway, such as Disheveled/DSH-1, ROR/CAM-1 or WNT ligand/EGL-20. Preliminary results indicate that WNT is involved in establishing the asymmetry observed in TWK-28. This project is currently being investigated by Alice Peysson.

  

  

  

  

  

  

  5)This current increase is also adjustable. Depending on the amino acid inserted in position TM2.6, it is possible to obtain more (if N or D used) or less (if S or T inserted)

channel activity, both of which are stronger than the wild-type activity. For more details, see our publication on results part 3.

To conclude, this study describes a new strategy that allows the systematic modulation of the activity of the whole K2P potassium channels family in different models. Also, an innovative facility to generate new gain-of-function mutants in vivo in C. elegans, which previously had to be simulated through a gene over-expression that did not preserve the native physiology of the cell or by performing genetic screens to look for this kind of mutants. Finally, these newly generated gof mutants open new doors for genetic studies to further characterize the K2P channels.

  Schematic representation of different levels of body wall muscle organization. BWM is separated from the external cuticle by first a basal lamina and a hypodermis tissue. The functional subunit of BWM is the sarcomere, delimited by two dense bodies (thin actin filaments anchor) containing an M line (thick myosin filaments anchor). Adapted fromMackinnon et al., 2002. B: Myofilaments in BWM form a 5,9 degrees angle with the muscle cell longitudinal axis, giving rise to an obliquely striated body wall muscle. Adapted from[START_REF] Ono | Regulation of Structure and Function of Sarcomeric Actin Filaments in Striated Muscle of the Nematode Caenorhabditis elegans: ACTIN REGULATION IN NEMATODE MUSCLE[END_REF] 

A:

  Table showing the expression level of the three dystroglycan genes (dgn-1,

	dgn-2 and dgn-3) in different tissues in C. elegans. dgn-1 is the most abundant and, so, considered the
	dystroglycan homolog in worms. Adapted from Cao et al., 2017. C: CRISPR/Cas9 dgn-1::mNeonGreen
	knock-in showing the subcellular localization of DGN-1 in body wall muscle cells (1) and vulva muscles
	(2). Unpublished data.

  Dashed white boxes indicate corresponding regions of interest magnified below. C: Uniform, nonasymmetric distribution of CAM-1/ROR at the surface of muscle cells.Ismail Ben Soussia 1 , Sonia El Mouridi 1 , Dawon Kang 2 , Alice Leclercq-Blondel 1 , Lamyaa Khoubza 3 , Philippe Tardy 1 , Nora Zariohi 1 , Marie Gendrel 1 , Florian Lesage 3 , Eun-Jin Kim 2 , Delphine Bichet 3 , Olga Andrini 1 & Thomas Boulin1 
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  1. d Inhibition of mTREK1 by 6 mM extracellular Ba 2+ in the presence of increasing concentrations of extracellular K + ([K + ] o ). Currents were recorded 24 h after injection of cRNA (mTREK1, black, 5 ng/oocyte; mTREK1 G171D, red, 1 ng/oocyte). Left and middle panels show normalized responses of one representative oocyte to barium challenge in the presence of [K + ]

o (0, 5, 20, and 40 mM). Right panel: ratio between currents under barium perfusion and currents under control perfusion at 0 mV. Each data point represents one oocyte; center lines, medians; open circles, means; box limits, 25th and 75th percentiles; whiskers, standard deviation. Student's unpaired t-test (except (b), Mann-Whitney), **p < 0.01, ***p < 0.001 ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-08710-3 6 NATURE COMMUNICATIONS | (2019)10:787 | https://doi.org/10.1038/s41467-019-08710-3 | www.nature.com/naturecommunications
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  Table 1 Insertion of d10 protospacer at four genomic loci

		Proportion of	Proportion of
		Unc-58-Marked	Wild-Type
	Gene (WormBase ID)	Progeny with d10 Site	Siblings with d10 Site (%)
	sup-9 II (WBGene00006318)	14/39 (35%)	3/14 (21)
	egl-23b IV (WBGene00001190)	9/13 (69%)	6/108 (6)
	egl-23 IV (WBGene00001190)	8/8 (100%)	
	twk-14 V (WBGene00006669)	0/13	
	twk-18 X (WBGene00006672	0/1	7/93 (7)

n

  Table 2 High CRISPR/Cas9 activity at transplanted d10 site

	Gene (WormBase ID)	Number of Marked F1 Progeny	Number of Clones Lacking BanI Site (%)	Number of Clones Lacking BsrBI [+BssSI] Site (%)	Combined Number of Clones Lacking Restriction Sites (%)
	tag-68 I (WBGene00006445)	45	11 (24%)	10 (22)	21 (47)
	egl-23 IV (WBGene00001190)	43	7 (16%)		
	twk-18 X (WBGene00006672)	36	5 (14%)		

  Summary of genome editing experiments

	Gene (WormBase ID)	Inserted Sequence	Proportion of P0 with Dpy-10 Progeny	Proportion of Dpy-10-Marked F1 Progeny with Edits	Percentage Edits per Dpy-10-Marked F1 Progeny (%)
	sup-9 II (WBGene00006318)	TagRFP-T	11/42	4/142	3
	twk-40 III (WBGene00006691)	TagRFP-T::ZF1	16/35	3/45	7
	egl-23 IV (WBGene00001190)	TagRFP-T	12/60	5/79	6
		SL2::TagRFP-T	9/63	3/37	8
		TagBFP	10/24	5/27	19
		TagBFP2	10/33	7/68	10
		wrmScarlet	19/35	14/190	7
		2xMyc	8/30	9/67	14
	twk-18 X (WBGene00006672)	TagRFP-T	5/27	5/77	6
		TagBFP	4/20	6/98	6
		wrmScarlet	11/29	6/123	5
			Volume 7 May 2017 | d10-Based Genome Engineering | 1435

[+3] [START_REF] Kindler | Amide local anesthetics potently inhibit the human tandem pore domain background K+ channel TASK-2 (KCNK5)[END_REF] 12[START_REF] Brenner | The genetics of Caenorhabditis elegans[END_REF] unc-58 X (WBGene00006792)
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Results Fig. 9 A Wnt pathway controls the asymmetric organization of TWK-28 channels A: Representative images of mNeonGreen-TWK-28 (u1049) localization in muscles of the head, and anterior and posterior mid-body of wild type, Dishevelled dsh-1(ok1445), ROR cam-1(gm122), Wnt egl-20(n585) and Wntless mig-14(ga62). Juxtaposed TWK-28 containing domains are visible along the body of worm in dsh-1(ok1445) and mig-14(ga62) mutants, but only in the posterior mid-body of cam- 1(gm122) and egl-20(n585). B: Muscle contours labeled by TWK-12-wrmScarlet translation fusion knockin strain.

The compartmentalized distribution of TWK-28 gave rise to my thesis project, where one of the main objectives was to identify and analyze the factors and molecular mechanisms responsible for this uncommon distribution. It should be noted that, as far as we know, the region where this channel is located does not correspond to any delimited anatomical domain in the muscle cell. The results of the TWK-28 study brought us to the dystrophin complex, establishing for the first time a link between this complex and a channel of the K2P potassium channels family (for more details, see Results, part I). C. elegans experiments. All strains described in this study were built using N2 (obtained from the CGC) as a wild-type starting strain. Strains were fed OP50 and grown at 20 °C unless otherwise noted. Strains generated for this study are listed in Supplementary Table 2.

ANNEXES

All TM2.6 mutants were generated using CRISPR/Cas9-based homologous recombination by injecting Cas9 ribonucleoprotein complexes into the syncytial gonad of 1-day old N2 hermaphrodites alongside single-strand DNA oligonucleotide repair templates. First, guide RNA duplexes were formed in vitro by incubating 3 μL of crRNA with 3 μL of tracrRNA (100 μM stock solution each, in Nuclease-Free Water, IDT) in Nuclease-Free Duplex Buffer (IDT) in a final volume of 10 μL. RNA duplexes were then incubated at 95 °C for 5 min, followed by 5 min incubation at room temperature. Next, 1.5 μL of crRNA:tracrRNA duplex was added to 15 μg of recombinant Cas9 protein (Alt-R S. p. Cas9 Nuclease 3NLS, IDT), followed by 125 pmol of single-strand DNA repair template and nucleasefree water up to a final volume of 10 μL. This mix was injected into adult hermaphrodites after centrifugation (10 min, 10,000g, 4 °C). Injected worms were raised at 25 °C for 2-3 days, after which mutant worms were identified in the F1 progeny based on expected phenotypes of known gain-of-function mutants. CRISPR/Cas9-induced molecular lesions were confirmed by Sanger sequencing for all alleles generated in this study. Genome engineering reagents are listed in Supplementary Table 3 and4. Microscopy. C. elegans images were acquired using brightfield illumination on a Zeiss Z1 AxioImager at ×5 magnification. Worms were immobilized using M9 buffer supplemented with 50 mM sodium azide.

Reporting summary. Further information on experimental design is available in the Nature Research Reporting Summary linked to this article.
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Supplementary Information

Building sgRNA expression vectors using pPT2

This protocol describes the steps and tools used to generate sgRNA expression vectors using the pPT2 vector backbone. See the materials and methods section for the required reagents (e.g. Gibson assembly reagents, sequencing primers). We recommend the online service benchling.com for sgRNA, oligo and vector design.

I. Identifying a suitable protospacer motif

• A protospacer is a 19-20 bp sequence flanked at its 3' end by an NGG PAM (protospacer adjacent motif). Different online tools are available to identify possible protospacers in a region of interest (crispr.mit.edu ; tefor.net/crispor/crispor.cgi ; benchling.com).

• When multiple protospacer sequences are possible, select the closest (to the site to engineer) and/or the most specific sequence (use the off-target prediction tool provided by benchling for example). In general, four non-matching bases should be enough to significantly reduce off-target cutting, especially if the mismatches are located in the 3' region of the protospacer [START_REF] Hsu | DNA targeting specificity of RNA-guided Cas9 nucleases[END_REF].

II. Building the sgRNA vector sequence in silico

• The pPT2 vector contains the U6 promoter and 3' UTR of K09B11.12 [START_REF] Friedland | Heritable genome editing in C. elegans via a CRISPR-Cas9 system[END_REF] and two restriction sites (PmeI and SexAI) to linearize the vector, followed by the invariant sgRNA scaffold sequence (see Figure 1A). • To generate the sgRNA expression vector sequence, insert the protospacer sequence (without the PAM, i.e. NGG) between the U6 promoter and the sgRNA scaffold as shown in figure 1B.

• If the selected protospacer sequence does not begin with a guanine residue, add this nucleotide manually to the 5' of the protospacer (i.e. resulting in a "19+1" bp insertion in pPT2, see figure 1B).

• Name this vector pXYn where XY are the initials of the person building the vector and n the number of the vector. Accordingly, the protospacer sequence is then labeled CRpXYn (generate a "feature" with the sequence, excluding the added G, to identify it easily in the genomic sequence).

• Generate one 60 bp oligonucleotide centered on the protospacer sequence as shown in figure 1C (forward or reverse). Gibson assembly can be performed with a single primer (see IIIa). Alternatively, generate two complementary 60 bp oligonucleotides centered on the protospacer sequence as shown in figure 1C (see IIIb).

F Figure 1 -Insertion of a protospacer sequence into the pPT2 sgRNA expression vector.

IIIa. Building the sgRNA vector using a single oligonucleotide

The protospacer sequence is incorporated into the pPT2 vector as follows:

1 | Linearize pPT2 using the PmeI and SexAI restriction enzymes.

2 | Purify the linearized pPT2 vector using gel extraction.

| Gibson assembly

• Thaw an aliquot of Gibson Master Mix and keep on ice.

• Mix 100 ng of linearized pPT2 vector with 1 µL of 100 µM (or 0.1 nmole) of single strand oligonucleotide and add water up to 5 µL if necessary.

• Add 15 µL of Gibson Master Mix to the DNA mix. • Incubate at 50°C for 15 to 60 minutes (60 minutes is optimum).

• Transform 5 µL of this reaction, and grow on LB+Ampicilin plates.

• Perform a control experiment (Gibson assembly without oligonucleotide) for each new batch of linearized pPT2 vector.

| Sequence validation

• Due to the high efficiency/specificity of Gibson assembly, colony PCR is not required. • Validate the resulting vector by sequencing with pJET1.2fwd or pJET1.2rev.

IIIb. Building the sgRNA vector using oligonucleotide dimers

• The protospacer sequence is incorporated into the pPT2 vector as follows.

1 | Linearize pPT2 using the PmeI and SexAI restriction enzymes.

| Purify the linearized pPT2 vector using gel extraction.

| Hybridize oligonucleotides (using a thermocycler) • Add 1 µL of each oligonucleotide (at 100 µM) to 18 µL of water.

• Run the program below on a thermal cycler to anneal primers. • Add 30 µL of water to the resulting sample. 

Materials and Methods

pPT2 sequence file

The annotated sequence file for the pPT2 vector can be downloaded as a Genbank format (readable in ApE and benchling.com) at the following link: http://www.excitingworms.eu/resources/pPT2.gb • Separate into 50 μL aliquots. Store at -20°C. The enzymes remain active after 10 cycles of freeze-thaw.

Homemade Gibson Assembly Reagents

Sequencing Primers pJET1.2fwd 5'-cgactcactatagggagagcggc-3' pJET1.2rev 5'-aagaacatcgattttccatggcag-3'