Dominique Legrand 
  
Ritaine Abigaël 
  
Shapovalov George 
  
Prevarskaya Natalia 
email: natacha.prevarskaya@univ-lille1.fr
  
George Shapovalov 
  
Natalia Prevarskaya 
  
Authorship A Ritaine 
  
Abigaël Ritaine12 
  
George Shapovalov12 
  
Gabriel Bidaux123 
  
Christian Slomianny12 
  
Anne-Sophie Borowiec123 
  
Dmitri Gordienko12 
  
Geert Bultynck4 
  
Roman Skryma125 
  
Natalia Prevarskaya125 
  
Ivanova Hristina 
  
Smedt H De 
  
Bultynck Geert 
  
Skryma Roman 
  
  
  
  
  
  
  
  
TRPM7: Transient Receptor Potential Melastatine 7 TRPM8: Transient Receptor Potential Melastatine 8 VDAC: Voltage Dependent Anion Channel WHO: World Health Organization

Keywords: Transient Receptor Potential Cation Channel Subfamily C member Calcium, IP3 R, SOCE, SOC channels, Migration, Invasion, Cancer calcium signaling, anti-apoptotic Bcl-2, trans-membrane domain, hydrophobic cleft, IP 3 receptor

On the mechanisms of regulation of the IP3R activity by its interaction with Bcl-2

Abigaël Ritaine

TITRE DE LA THÈSE:

Mécanismes de régulation de l'activité de l'IP 3 R par son interaction avec Bcl-2.

RÉSUME DE LA THÈSE:

Le calcium (Ca 2+ ) est un second messager clé qui régule de nombreux processus physiologiques et pathologiques tels que la motilité ou la mort cellulaire. L'homéostasie calcique est régulée par de nombreux canaux ioniques, parmi lesquels des canaux intracellulaires perméables au Ca 2+ , comme l'IP 3 R. L'IP 3 R est localisé au niveau du réticulum endoplasmique où il permet la sortie de Ca 2+ . Ce canal est impliqué dans la régulation de fonctions cellulaires importantes. Récemment, en plus de sa régulation par l'IP3, le calcium ou l'ATP, de nombreuses protéines, naturellement présentes, ont été montré comme régulant l'activité de l'IP 3 R. Parmi ces protéines, les protéines de la famille de Bcl-2 peuvent directement affecter l'activité de l'IP 3 R. L'étude de l'effet de Bcl-2 sur l'activité de l'IP 3 R ainsi que les mécanismes d'interaction de ces deux protéines ont été étudiés au sein de cette thèse.

L'étude des propriétés fonctionnelles des canaux ioniques intracellulaires n'est pas une procédure simple. En effet, la technique classique de patch-clamp est limitée aux canaux ioniques situés à la membrane plasmique et les deux techniques largement utilisées dans ces cas là -le patch d'organites ou l'enregistrement en bicouches lipidiques -ont des limites qui empêchent leur utilisation universelle. Ainsi, pour répondre à ces limitations, nous avons développé et mis en place une nouvelle technique : l'OMD patch clamp (Organelle membrane derived). Cette technique nous a permis d'enregistrer l'activité unitaire de l'IP 3 R, seul ou interagissant avec Bcl-2 de manière endogène, reconstitué dans des vésicules unilamellaires géantes (VUGs) par l'utilisation d'un poste de patch clamp classique ou automatisé. L'utilisation de cette nouvelle approche nous a permis de montrer que l'IP 3 R est inhibé par le domaine BH4 de Bcl-2 et que ce domaine est nécessaire et suffisant pour inhiber l'activité de l'IP 3 R. Nous avons également étudié le rôle de la poche hydrophobe de Bcl-2 dans cette interaction par l'ajout d'un BH3-mimétique, l'ABT-199, et trouvé que la liaison de l'ABT-199 à Bcl-2 atténue l'inhibition de l'activité de l'IP 3 R par Bcl-2 d'une manière complexe.

Plus précisément, la liaison de l'ABT-199 dans la poche hydrophobe de Bcl-2 conduit à un changement de structure du domaine BH4 (situé à l'opposé de la poche hydrophobe), ce qui conduit à la liaison de Bcl-2 avec une plus faible affinité et a une inhibition de l'activité de l'IP 3 R incomplète.

Finalement, nous avons regardé le niveau d'expression des différentes isoformes d'IP 3 R ainsi que des protéines Bcl-2 et Bcl-xL. Ainsi, l'expression du récepteur à l'IP 3 de type 3 (IP 3 R3) est augmentée en fonction de l'agressivité des lignées cancéreuses prostatiques. En effet, l'IP 3 R3 est exprimé préférentiellement dans les lignées cellulaires prostatiques les plus agressives (i.e. PC3-WT et PC3-M). De plus, nous pouvons observer un effet important de l'IP 3 R3 sur la migration et l'invasion des lignées humaines de cancer de la prostate. Notre étude a aussi révélé que l'IP 3 R3 n'est pas impliqué dans la viabilité ni la prolifération cellulaires. D'autre part, nous avons observé que la réduction de l'IP 3 R3 modifie significativement le profil calcique des cellules.

Globalement, ces données montrent que l'IP 3 R3 participe à l'augmentation du potentiel métastatique des cellules cancéreuses prostatiques. Par conséquent, l'IP 3 R3 peut être un marqueur diagnostic intéressant ainsi qu'une cible thérapeutique, notamment pour les stades avancés de cancer de la prostate.

TITLE OF THE THESIS:

On the mechanisms of regulation of the IP 3 R activity by its interaction with Bcl-2 ABSTRACT: Calcium is a key second messenger, regulating numerous physiological and pathological processes such as cell motility and death. Calcium homeostasis is regulated by various ion channels, among which intracellular Ca 2+ -permeable channels, such as IP 3 R. The IP 3 R is localized at the endoplasmic reticulum where it acts as Ca 2+ release channel and is known to regulate various important cellular functions. Lately, in addition to calcium, IP3 and small molecular factors such as ATP, many proteins naturally present in the cell have been shown to regulate its activity. Among them are the proteins of the Bcl-2 family that can directly affect the activity of the IP 3 R. Investigating effect of Bcl-2 on IP3R activity and mechanisms of interaction of these two proteins forms the principal subject of this thesis.

Studying the functional properties of intracellular ion channels is not a straightforward procedure. The classical patch clamp approach is limited by its applicability primarily to plasma membrane ion channels, and two common techniques that were historically used to study intracellular ion channels -patch of isolated intact organelles or lipid bilayer recordings, have limitations preventing their universal use. In order to alleviate these limitations we have developed and implemented a novel technique: the organelle membrane derived patch clamp (OMD). This technique permits us to record single channel activity of the IP 3 R alone or retaining its interaction with endogenous Bcl-2 in giant unilamellar vesicles (GUV) using traditional or automated patch clamp setup. Using this technique, we show that the IP 3 R is inhibited by Bcl-2 via its BH4 domain and that the BH4 domain of Bcl-2 can inhibit by itself the single channel activity of the IP 3 R. We also investigated the role of the hydrophobic cleft of Bcl-2 by the addition of a BH3 mimetic, the ABT-199 compound and found that the binding of ABT-199 modulates the inhibition of IP 3 R activity by Bcl-2 in a complex manner.

More precisely, the binding of the ABT-199 to the hydrophobic groove of Bcl-2 leads to structural changes in the BH4 domain on the opposite side, which in turn causes rebinding of Bcl-2 with lesser affinity and exhibiting an incomplete inhibitory action upon IP3R activity.

Finally, we studied how the expression levels of different types of IP 3 R as well as Bcl-2 and Bcl-xL protein change in cell lines representative of different stages of prostate cancer. Thus we found that IP 3 R type 3 (IP 3 R3) expression is increased in direct correlation with the aggressiveness of prostate cancer cell lines. Moreover, we can observe a significantly important effect of the IP 3 R3 on migration and invasion properties of human prostate cancer cell lines. On the other hand, IP 3 R3 was not involved in modulating viability or proliferation.

In addition, we could observe that silencing the IP 3 R3 significantly modifies calcium signaling profile.

Overall, these data provide evidence on IP 3 R3 contribution to the increased metastatic potential of human prostate cancer cells. Therefore, IP 3 R3 could provide a new perspective molecular target for the disease diagnostics or even suppression, in particular at its advances stages.
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Introduction

Partially based on the following publication:

Ritaine A, Shapovalov G, Entry in Cancer: Focus on IP3R-Mediated Ca2+ Release from Intracellular Stores and Its Role in Migration andInvasion. Adv. Exp. Med. Biol., vol. 993, 2017, p. 623-37. doi:10.1007/978-3-319-57732-6_31. Following up the Big Bang, 13.82 billions years ago, the universe components were created progressively, according the periodic table of the elements. Then, the molecules came along and at a given time of their complexification, would have gathered in a confined space, restricted by a cellular membrane formed by a lipid bilayer (called protocell). It is during this period that proteins and nucleic acids emerged (and it is still unknown which came first: proteins or nucleic acids? And what is the origin of these two macromolecules?).

Thereafter, about 3.85 billions years ago, life appears in the ocean, in the form of procaryotic cells. Subsequently, several big events have punctuated evolution. The first one was the emergence, 2 billions years ago, of unicellular bacteria owning a photosynthesis apparatus analogous to the one existing in higher plants. The second one was the appearance of eucaryotes from procaryotes. The third was apparition of cellular symbiosis between two cellular types. Finally, the last event was a supplementary endosymbiosis between a highly differentiated eukaryotic cell containing mitochondria and a cyanophyta able to undertake the entirety of photosynthesis [START_REF] Cooper | The Origin and Evolution of Cells[END_REF]. Life is delicate and susceptible to environmental hazards, such as climatic, tectonic, meteoritic events that have resulted at times in complete eradication of numerous species. Every time, however, life turned around by becoming more complex and leading to apparition of better adapted species, which have survived [START_REF] Darwin | On the Origin of Species by Means of Natural Selection, or the Preservation of Favoured Races in the Struggle for Life[END_REF]. And what about tomorrow?

I. Correspondence between and among cells

To conform with constant environmental change, cells must interact.

Communication requires messengers whose concentration varies along with time [START_REF] Clapham | Calcium signaling[END_REF].

The first cell was delimited by a membrane, which is, in the animal kingdom made of lipids, and hence, is poorly permeable to ions and hydrophilic molecules. Only hydrophobic ones can easily pass the lipid bilayer. Some of those firsts cells emerged in the primordial Ocean that contained mainly of Na + , Cl -, K + , Mg 2+ and Ca 2+ ions. As calcium (Ca 2+ ) has plenty of properties that are suitable for a signaling molecule (i.e. Ca 2+ can interact with a large variety of substrates, has a rapid binding kinetic and has high affinity for carboxylate oxygen, which is present in carboxylate-containing amino-acids, …) it came to play important role in cell signaling [START_REF] Jaiswal | Calcium -how and why?[END_REF].

1) Calcium: an universal second messenger

The life of Ca 2+ atom starts in the furnace heart of a star as big as our sun. The hydrogen fusion (which mainly composed a star) is the first step in the long chain of the nucleosynthetic reactions, following the Big Bang and star formation, that eventually leads to creation of calcium and other complex atoms [START_REF] Clapham | Calcium signaling[END_REF].

Ca 2+ is the most abundant mineral of the human body, with typical adult carrying about 1 to 1.2 kilos in its organism [START_REF] Zhou | Calciomics: integrative studies of Ca2+-binding proteins and their interactomes in biological systems[END_REF]. Close to 99% of that calcium participates in the formation and in the maintenance of bones and teeth. However, the remaining 1 percent is no less important! [START_REF] Ross | Overview of Calcium[END_REF] Ca 2+ operates in plenty of vital functions such as blood coagulation, muscle contraction, nerve conduction, release of hormones, cellular division, … [START_REF] Power | The role of calcium in health and disease[END_REF] High concentrations of Ca 2+ in the cytosol are incompatible with life. That is why the cell must permanently maintain intracellular Ca 2+ at low concentration -around 100 nM (which is about 20.000 times less than the extracellular concentration). During the evolution, Ca 2+ emerged as the most universal second messenger for regulating high diversity of cellular functions. In eukaryotes, the Ca 2+ arises from Ca 2+ release from intracellular stores and through Ca 2+ entry across the plasma membrane [START_REF] Clapham | Calcium signaling[END_REF] (Figure 1). In order to keep low Ca 2+ concentrations, the cell must have numerous of transporting molecules such as calcium pumps, transporters or ion channels in addition with Ca 2+ -binding proteins.

Each cell phenotype, healthy or pathological, is characterized by a particular calcium signature determined by its kinetics, amplitude and subcellular localization [START_REF] Parekh | Decoding cytosolic Ca2+ oscillations[END_REF].

Ca 2+ signals are tightly regulated simultaneously in terms of time, space and amplitude [START_REF] Berridge | Calcium-a life and death signal[END_REF]. The calciosome is defined as collection of players implicated in calcium homeostasis of each cell, depending of the global activity of that former calciosome.

Plenty of calciosome components are as of now identified and studied: transporters, ensuring the passive mediated transport or the active transport of Ca 2+ (Ca 2+ permeable channels and cell via Na + /Ca 2+ exchanger and the excess of Ca 2+ can be excreted by plasma membrane Ca 2+ ATPase (PMCA).

2) Ion channels

Ions channels are proteins that allow the high speed and passive (thermodynamically downhill, along the electrochemical gradient) passage of ions across biological membranes [START_REF] Gadsby | Ion channels versus ion pumps: the principal difference, in principle[END_REF]. The ion diffusion through ion channels is occurring at a high (relative to transporters) rate -at around 10 6 -10 8 ions/second (i.e. one ion every 1-100 ns) [START_REF] Alberts | Ion Channels and the Electrical Properties of Membranes[END_REF], with the typical channel pore being around 3-6 Å in diameter [START_REF] Cataldi | Differences in apparent pore sizes of low and high voltage-activated Ca2+ channels[END_REF].

Ion flow through ion channels produces transmembrane electrical currents.

Generally, ion channels are constituted of two or more transmembrane segments that are forming the pore [START_REF] Pohorille | The Origin and Early Evolution of Membrane Channels[END_REF].

Ion channels have been studied for a long time and have been classified in multiple ways. One of the direct classifications is by their permeability or selectivity. This gave rise to the early classification of ion channels as sodium, potassium, calcium or non selective. Another way to classify them is based on their function or mode of activation:

-Voltage gated ion channels whose are activated by changes in the resting membrane potential (for instance VDAC [START_REF] Zeth | Ten Years of High Resolution Structural Research on the Voltage Dependent Anion Channel (VDAC)-Recent Developments and Future Directions[END_REF] -Mechano-sensitive ion channels whose are activated by the membrane stretch (for example Transient Receptor Potential Melastatine 7 (TRPM7) [START_REF] Chubanov | Natural and Synthetic Modulators of the TRPM7 Channel[END_REF]).

-Store operated ion channels that are activated due to the Ca 2+ store depletion. The depletion of Ca 2+ store is sensed by STIM which bind ORAI1 channel at the plasma membrane and cause the Ca 2+ entry via this latter [START_REF] Putney | Forms and functions of store-operated calcium entry mediators, STIM and Orai[END_REF].

-Receptor operated ion channels whose activated by extra or intracellular ligand. It exists also a second messenger sensitive ion channels whose are activated by second messenger such as IP3 or DAG [START_REF] Hucho | Ligand-Gated Ion Channels[END_REF].

However in recent years with the development of robust sequencing techniques and detailed characterization of entire genome of multiple species, such classification have been superseded by IUPHAR nomenclature, which is based on amino acids sequence of channel proteins. Availability of all these sequences have often given rise to the situation when a particular ion channel finds itself in multiple earlier categories. For example, TRPM8 is known to be temperature sensitive, ligand gated (due to its sensitivity to menthol and icilin), and second messenger regulated (as requiring PiP 2 for its function).

Ion channels have classically been considered to be localized exclusively to the plasma membrane. However in recent years, many ion channels have been found to be localized to the membranes of various intracellular organelles, such as endoplasmic reticulum, mitochondria or the nuclear membrane.

II. Inositol-1,4,5-trisPhosphate Receptors calcium release channels

Among the intracellularly localized ion channel we found the IP 3 R which is situated at the ER and acts as Ca 2+ release channels.

1) Discovery and identification of the IP 3 R isoforms

Involvement of IP 3 R in intracellular Ca 2+ regulation was observed for the first time over 35 years ago, when [START_REF] Streb | Release of Ca2+ from a nonmitochondrial intracellular store in pancreatic acinar cells by inositol-1,4,5-trisphosphate[END_REF] found a second messenger that was able to increase the intracellular concentration of Ca 2+ ([Ca 2+ ] i ) from a non-mitochondrial store: the IP 3 . This discovery was followed by concentrated efforts of many researchers to discover the target of this second messenger. This goal was achieved simultaneously and independently confirmed by two different teams.

Thus K. Mikoshiba's team, which was working on a P400 protein, which was absent in Purkinje-neuron-degenerating mutant mice, found that this protein binds IP 3 (Furuichi et al., 1989a;[START_REF] Maeda | Purification and Characterization of P400 Protein , a Glycoprotein Characteristic of Purkinje Cell , from Mouse Cerebellum[END_REF], and established its complete primary sequence (Furuichi et al., 1989b;[START_REF] Maeda | A cerebellar Purkinje cell marker P400 is an inositol 1,4,5-trisphosphate (InsP3) receptor protein. Purification and characterization of InsP3 receptor complex[END_REF]. One year later the P400 protein was found to form a channel by incorporating it into a planar lipid bilayer and recording its activity and was renamed IP 3 R.

Moreover, in the same paper, it was shown that this channel exhibited a Ca 2+ conductance [START_REF] Maeda | Structural and Functional Characterization of Inositol 1 , 4 , 5-Trisphosphate Receptor Channel from Mouse Cerebellum[END_REF]. These findings were confirmed by the work of S. Snyder's team, which were able to purify a 3 [H]-IP 3 binding protein using a heparin-agarose column in rat brain [START_REF] Supattapone | Solubilization, purification, and characterization of an inositol trisphosphate receptor[END_REF][START_REF] Worley | Inositol triphosphate receptor localization in brain : variable stoichiometry with protein kinase C[END_REF].

The IP 3 R was discovered to be localized to the ER, nuclear envelope and portions of Golgi apparatus but not in mitochondria or plasma membrane by immunostaining of cerebelar Purkinje cells [START_REF] Ross | Inositol 1,4,5-trisphosphate receptor localized to endoplasmic reticulum in cerebellar Purkinje neurons[END_REF]. However, latest studies have found that the IP 3 R can also be localized to the plasma membrane in certain cell types [START_REF] Dellis | Ca2+ entry through plasma membrane IP3 receptors[END_REF][START_REF] Tanimura | Evidence that type I, II, and III inositol 1,4,5trisphosphate receptors can occur as integral plasma membrane proteins[END_REF].

Thereafter, three genes were established to encode for a family of IP 3 R in mammalian cells. The full-length cDNA of the IP 3 R-1 was cloned (gene : ITPR1) and encodes for a 2749 amino acids (a.a.) protein. Then, two more subtypes followed, specifically IP 3 R-2 (2701 a.a.) and IP 3 R-3 (2679 a.a.) encoded by their own gene (ITPR2 and ITPR3, respectively) [START_REF] Blondel | Sequence and Functional Characterization of a Third Inositol Trisphosphate Receptor Subtype, IP3R-3, Expressed in Pancreatic Islets, Kidney, Gastrointestinal Tract, and Other Tissues*[END_REF]Furuichi et al., 1989b;[START_REF] Marantos | Primary Structure, Ligand Binding, and Localization of the Human Type 3 Inositol 1,4,5=Trisphosphate Receptor Expressed in Intestinal Epithelium*[END_REF][START_REF] Mignery | Structure and expression of the rat Inositol 1,4,5-Trisphosphate Receptor[END_REF][START_REF] Sudhof | Structure of novel InsP3 receptor[END_REF].

Additionally, the reconstitution of the purified protein into lipid vesicles in presence of IP 3 showed Ca 2+ release [START_REF] Ferris | True constant-current stimulators for biomedical applications[END_REF][START_REF] Ferris | Purified inositol 1,4,5trisphosphate calcium flux in reconstituted lipid vesicles[END_REF][START_REF] Maeda | A cerebellar Purkinje cell marker P400 is an inositol 1,4,5-trisphosphate (InsP3) receptor protein. Purification and characterization of InsP3 receptor complex[END_REF] and its reconstitution onto planar bilayer led to the emergence of Ca 2+ permeable ion channels [START_REF] Maeda | Structural and Functional Characterization of Inositol 1 , 4 , 5-Trisphosphate Receptor Channel from Mouse Cerebellum[END_REF][START_REF] Mayrleitner | Purified IP3 receptor from smooth muscle forms an IP3 gated and heparin sensitive Ca2+ channel in planar bilayers[END_REF].

2) Diversity of the IP 3 R protein family

Invertebrates seem to express only one isoform of IP 3 R which is most closely related to the IP 3 R-1 [START_REF] Iwasaki | Molecular Characterization of the Starfish Inositol 1,4,5-Trisphosphate Receptor and Its Role during Oocyte Maturation and Fertilization*[END_REF]. In mammals, the IP 3 R is an ubiquitously expressed ion channel that seems to be present in every cell type {for review see (Ivanova et al., 2014;[START_REF] Taylor | Expression of inositol trisphosphate receptors[END_REF] ; [START_REF] Fujino | Differential expression of type 2 and type 3 inositol 1,4,5-trisphosphate receptor mRNAs in various mouse tissues: in situ hybridization study[END_REF][START_REF] Sharp | Differential cellular expression of isoforms of inositol 1,4,5-triphosphate receptors in neurons and glia in brain[END_REF][START_REF] Smedts | Determination of Relative Amounts of Inositol Trisphosphate Receptor mRNA Isoforms by Ratio Polymerase Chain Reaction*[END_REF]. Most cell types express more than one isoform (Ivanova et al., 2014), typically with one of these types being predominant. In that respect, IP 3 R-1 is prevailing in neuronal cells, IP 3 R-2 in muscle and liver cells, and IP 3 R-3 in pancreatic cells and in cultured cell lines. For instance, the IP 3 R-1 has an essential role in brain function since IP 3 R-1 Knockout (KO) mice either exhibit epileptic seizures and ataxia 9 days after birth and die before weaning or even die in utero (Foskett et al., 2007;[START_REF] Matsumoto | Ataxia and epileptic seizures in mice lacking type 1 inositol 1,4,5-trisphosphate receptor[END_REF]. IP 3 R-2 and IP 3 R-3 double-KO mice present severe deficiency of salivation that display the important role of IP 3 R-2 and IP 3 R-3 in exocrine secretion processes [START_REF] Futatsugi | IP3 Receptor Types 2 and 3 Mediate Exocrine Secretion Underlying Energy Metabolism[END_REF]. IP 3 R-1 and IP 3 R-2 double-KO mice die in utero mainly due to heart defects [START_REF] Bushdid | NFATc3 and NFATc4 Are Required for Cardiac Development and Mitochondrial Function[END_REF].

Several alternative splice variants were discovered, adding thus a level of diversity of IP 3 R isoforms. The IP 3 R-1 channel has three principal splice regions (designated SI, SII and SIII). The mouse IP 3 R-2 channel has two splice variants (SI m2 and TIPR) (for review see (Foskett et al., 2007)).

The IP 3 R expression level is modified throughout early stages of development and cell differentiation [START_REF] Taylor | Expression of inositol trisphosphate receptors[END_REF] and in response to multiple physiological or pathological stimuli [START_REF] Li | Bcl-XL affects Ca2+ homeostasis by altering expression of inositol 1,4,5-trisphosphate receptors[END_REF][START_REF] Mcgowan | Regulation of inositol 1,4,5-trisphosphate receptors by transforming growth factor-beta: implications for vascular dysfunction in diabetes[END_REF][START_REF] Taylor | Expression of inositol trisphosphate receptors[END_REF][START_REF] Wang | Role of Regulator of G Protein Signaling 2 (RGS2) in Ca2+ Oscillations and Adaptation of Ca2+ Signaling to Reduce Excitability of RGS2-/-Cells[END_REF].

3) Structure of the IP 3 R protein family

The channel is a tetramer, formed from monomers of 260 kDa in size [START_REF] Supattapone | Solubilization, purification, and characterization of an inositol trisphosphate receptor[END_REF]). An other level of channel diversity is created by heterotetrameric interactions within different isoforms [START_REF] Joseph | Heteroligomers of type-I and type-III inositol trisphosphate receptors in WB rat liver epithelial cells[END_REF][START_REF] Joseph | Membrane insertion, glycosylation, and oligomerization of inositol trisphosphate receptors in a cell-free translation system[END_REF][START_REF] Joseph | Factors Determining the Composition of Inositol Trisphosphate Receptor Hetero-oligomers Expressed in COS Cells[END_REF][START_REF] Maeda | Structural and Functional Characterization of Inositol 1 , 4 , 5-Trisphosphate Receptor Channel from Mouse Cerebellum[END_REF][START_REF] Mignery | Structure and expression of the rat Inositol 1,4,5-Trisphosphate Receptor[END_REF][START_REF] Monkawa | Heterotetrameric complex formation of inositol 1,4,5-trisphosphate receptor subunits[END_REF][START_REF] Supattapone | Solubilization, purification, and characterization of an inositol trisphosphate receptor[END_REF]. The IP 3 R channels diversity could thus be huge. Such a diversity imply functional implications and suggests an IP 3 R -isoform -specific regulation by ligands/interacting proteins, different gating properties, … Most recently, the full-length tetrameric structure of the IP 3 R-1 has been determined at 4.7 Å resolution from cryo-electron microscopy (Baker et al., 2017;Fan et al., 2015). The three different IP 3 R isoforms share 60-80% homology in their amino-acid sequences and are conventionally divided into four key functional domains (Foskett et al., 2007) the first 410 a.a. at the NH 2 terminus part of the protein completely abolished the IP 3 binding to IP 3 R-1. Thereafter, Mikoshiba and co-workers, via a vast deletion mutagenesis analysis, settled that the LBD border extend between a.a. 1-578 and could be split into a suppressor domain (composed of the first 225 a.a. -which are not required for the specific IP 3 binding but is necessary for normal channel activation [START_REF] Iwai | Molecular Basis of the Isoform-specific Ligand-binding Affinity of Inositol 1,4,5-Trisphosphate Receptors[END_REF]) and a ligand binding core composed of 353 a.a. (residues 226-578) that are sufficient for the IP 3 binding [START_REF] Yoshikawa | Mutational analysis of the ligand binding site of the inositol 1,4,5-trisphosphate receptor[END_REF]. The high resolution (1.8 Å) crystal structures of the two mouse IP 3 R-1 domains have been published and shows that the LBD is composed of two β-trefoil folds (βTF1 at residues 1-223 and βTF2 at residues 224-434) followed by the « armadillo »-like domain (ARM at residues 438-604) [START_REF] Bosanac | Structure of the inositol 1,4,5-trisphosphate receptor binding core in complex with its ligand[END_REF][START_REF] Bosanac | Crystal Structure of the Ligand Binding Suppressor Domain of Type 1 Inositol 1,4,5-Trisphosphate Receptor[END_REF]. The IP 3 binding core has been shown to be into the cleft that is formed between βTF2 and ARM domain.

ii) The regulatory / coupling domain and the COOH Terminal tail Two less conserved domains are flanking the transmembrane domain:

-a large 1700 a.a. region (residues 579-2276 in IP 3 R-1) called the regulatory and coupling domain.

-a COOH terminus tail that extend into the cytosol from the boundary of TM6 (last 160 residues). (Foskett et al., 2007) The regulatory/coupling domain has a major role in the regulation of the IP 3 R with numerous putative sites for regulation by different cellular factors including Ca 2+ [START_REF] Anyatonwu | Surface Accessibility and Conformational Changes in the N-terminal Domain of Type I Inositol Trisphosphate Receptors[END_REF][START_REF] Miyakawa | Ca2+-sensor region of IP3 receptor controls intracellular Ca2+ signaling[END_REF]; Adenosine TriPhosphate (ATP) [START_REF] Yule | Linking structure to function: Recent lessons from inositol 1,4,5-trisphosphate receptor mutagenesis[END_REF]; post-translational modifications (Protein Kinase A (PKA), cyclic Guanosine MonoPhosphate (cGMP)-dependent protein kinase (PKG), calmodulin-dependent protein kinase II (CaMKII) mediated phosphorylation) [START_REF] Bare | Cardiac Type 2 Inositol 1,4,5-Trisphosphate Receptor[END_REF][START_REF] Soulsby | The contribution of serine residues 1588 and 1755 to phosphorylation of the type I inositol 1,4,5-trisphosphate receptor by PKA and PKG[END_REF][START_REF] Wagner | Functional Consequences of Phosphomimetic Mutations at Key cAMP-dependent Protein Kinase Phosphorylation Sites in the Type 1 Inositol 1,4,5-Trisphosphate Receptor[END_REF] ; protein binding partners such as Receptor of activated protein C kinase 1 (RACK1) (residues 580-600) [START_REF] Patterson | Inositol 1,4,5-trisphosphate receptors as signal integrators[END_REF], Transient Receptor Potential Cation Channel Subfamily C member 3 (TRPC3) (residues 669-702 and 755-824) [START_REF] Boulay | Modulation of Ca 2+ entry by polypeptides of the inositol 1 , 4 , 5-trisphosphate receptor ( IP3R ) that bind transient receptor potential ( TRP ): Evidence for roles of TRP and IP3R in store depletion-activated Ca 2+ entry[END_REF][START_REF] Kiselyov | The N-Terminal Domain of the IP 3 Receptor Gates Store-Operated hTrp3 Channels[END_REF], Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (residues 981-1000) [START_REF] Patterson | Inositol 1,4,5-trisphosphate receptor/GAPDH complex augments Ca2+ release via locally derived NADH[END_REF], calmodulin (CaM) (residues 1565-1586) [START_REF] Balshaw | Modulation of Intracellular Calcium-Release Channels by Calmodulin[END_REF][START_REF] Maeda | Structural and Functional Characterization of Inositol 1 , 4 , 5-Trisphosphate Receptor Channel from Mouse Cerebellum[END_REF] or B-Cell Lymphoma-2 (Bcl-2) [START_REF] Chen | Bcl-2 functionally interacts with inositol 1,4,5-trisphosphate receptors to regulate calcium release from the ER in response to inositol 1,4,5-trisphosphate[END_REF]Rong et al., 2008) and B-Cell Lymphoma Extra Large (Bcl-xL) (White et al.;Yang et al., 2016) ; and protease cleavage sites (for example Caspase-3 (residues 1888-1891) [START_REF] Hirota | Inositol 1,4,5-trisphosphate receptor type 1 is a substrate for caspase-3 and is cleaved during apoptosis in a caspase-3-dependent manner[END_REF]) (Table 1).

The CT tail contributes to the protein stability since the presence of the CT tail enhanced the IP 3 R tetramerization [START_REF] Galvan | Carboxyl-terminal Sequences Critical for Inositol 1,4,5-Trisphosphate Receptor Subunit Assembly[END_REF][START_REF] Galvan | Subunit oligomerization, and topology of the inositol 1,4, 5-trisphosphate receptor[END_REF]. The CT tail contains two conserve cysteine residues (Cys 2610 and Cys 2613 ) [START_REF] Uchida | Critical Regions for Activation Gating of the Inositol 1,4,5-Trisphosphate Receptor[END_REF] that are essential to function and gating of the channel [START_REF] Uchida | Critical Regions for Activation Gating of the Inositol 1,4,5-Trisphosphate Receptor[END_REF]. At last, the tail has been shown to interact with regulatory proteins, including among others, Bcl-2 (Eckenrode et al., 2010), Bcl-xL (Li et al., 2007;White et al., 2005a;Yang et al., 2016), cytochrome C [START_REF] Boehning | Cytochrome c binds to inositol (1,4,5) trisphosphate receptors, amplifying calcium-dependent apoptosis[END_REF] and Huntington-associated protein 1A (HAP1) [START_REF] Tang | Huntingtin and huntingtin-associated protein 1 influence neuronal calcium signaling mediated by inositol-(1,4,5) triphosphate receptor type 1[END_REF].

iii) Hydrophobic region

The hydrophobic region is composed of six TM helices (TM1-TM6) [START_REF] Boehning | Single-Channel Recordings of Recombinant Inositol Trisphosphate Receptors in Mammalian Nuclear Envelope[END_REF]. Between the TM5 and the TM6 there is the pore region [START_REF] Ramos-Franco | Location of the permeation pathway in the recombinant type 1 inositol 1,4,5-trisphosphate receptor[END_REF].

The filter of selectivity is formed by the loop between TM5 and TM6 (GGVGD motif; (Foskett et al., 2007)). The IP 3 R channels are permeable to a variety of monovalent (i.e. K + , Na + , Cs + ) and divalent cations (i.e. Ca 2+ , Mg 2+ and Ba 2+ ) (Foskett et al., 2007). The estimated Ca 2+ /Cs + and Ba 2+ /K + permeability ratios are both near 6 [START_REF] Bezprozvanny | Inositol (1,4,5)-trisphosphate (InsP3)-gated Ca channels from cerebellum: conduction properties for divalent cations and regulation by intraluminal calcium[END_REF][START_REF] Ramos-Franco | Location of the permeation pathway in the recombinant type 1 inositol 1,4,5-trisphosphate receptor[END_REF]. It is, indeed, believed that the Ca 2+ selectivity of IP 3 Rs is determined by the highly selective Ca 2+ pump, SERCA, presents at the ER, establishing Ca 2+ as the most abundant ion in the ER [START_REF] Taylor | IP3 receptors: toward understanding their activation[END_REF].

The TM region is also known to be responsible for ER targeting. Indeed, any pair of contiguous TM helices by their luminal loop is sufficient to target to ER [START_REF] Pantazaka | Targeting of inositol 1,4,5-trisphosphate receptor to the endoplasmic reticulum by its first transmembrane domain[END_REF][START_REF] Parker | Targeting of Inositol 1,4,5-Trisphosphate Receptors to the Endoplasmic Reticulum by Multiple Signals within Their Transmembrane Domains[END_REF]. Finally, the tetramerization of IP 3 R is mediated by TM5/TM6 and a coiled-coil domain within the CT tail [START_REF] Galvan | Carboxyl-terminal Sequences Critical for Inositol 1,4,5-Trisphosphate Receptor Subunit Assembly[END_REF][START_REF] Joseph | Membrane insertion, glycosylation, and oligomerization of inositol trisphosphate receptors in a cell-free translation system[END_REF].

4) Diversity of IP 3 R mediated Ca 2+ signals

As a capital aspect in the generation and the modulation of intracellular Ca 2+ signals, the activity of each IP 3 R type is regulated by a large variety of modulators. The most important modulators include IP 3 , Ca 2+ , nucleotides and over 30 partner proteins and post-translational modifications. The regulation by the three key modulators of IP 3 R, i.e. IP 3 , Ca 2+ and ATP, are described below. The known partner proteins are listed in Table n°1.

Proteins

Effect Reference

Bcl 2L10

Inhibition [START_REF] Bonneau | IRBIT controls apoptosis by interacting with the Bcl-2 homolog, Bcl2l10, and by promoting ER-mitochondria contact[END_REF] Bcl-2 Inhibition and sensitization (Eckenrode et al., 2010 ;Rong et al., 2008) Bcl-xL Inhibition and sensitization [START_REF] Li | Apoptosis regulation by Bcl-x L modulation of mammalian inositol 1,4,5-trisphosphate receptor channel isoform gating[END_REF]White et al., 2005b)

Beclin1

Sensitization [START_REF] Decuypere | The IP(3) receptor-mitochondria connection in apoptosis and autophagy[END_REF] Bl-1 Sensitization [START_REF] Kiviluoto | Bax Inhibitor-1 is a novel IP3 receptor-interacting andsensitizing protein[END_REF] Bok Stabilization [START_REF] Schulman | The Bcl-2 Protein Family Member Bok Binds to the Coupling Domain of Inositol 1,4,5-Trisphosphate Receptors and Protects Them from Proteolytic Cleavage[END_REF] 

BRCA1

Activity increased [START_REF] Hedgepeth | The BRCA1 tumor suppressor binds to inositol 1,4,5-trisphosphate receptors to stimulate apoptotic calcium release[END_REF] CABP/CIB1 Activity increased [START_REF] Yang | Identification of a family of calcium sensors as protein ligands of inositol trisphosphate receptor Ca2+ release channels[END_REF] Calmoduline Inhibition [START_REF] Michikawa | Transmembrane topology and sites of N-glycosylation of inositol 1,4,5-trisphosphate receptor[END_REF] Calpains Degradation [START_REF] Kopil | Calpain-cleaved type 1 inositol 1,4,5-trisphosphate receptor impairs ER Ca 2+ buffering and causes neurodegeneration in primary cortical neurons[END_REF] Caspase 3 Decreased protein levels [START_REF] Assefa | Caspase-3-induced Truncation of Type 1 Inositol Trisphosphate Receptor Accelerates Apoptotic Cell Death and Induces Inositol Trisphosphate-independent Calcium Release during Apoptosis[END_REF] Chromogranins Activation [START_REF] Thrower | A functional interaction between chromogranin B and the inositol 1,4,5-trisphosphate receptor/Ca2+ channel[END_REF])

Cytochrome c

Activity increased [START_REF] Boehning | Cytochrome c binds to inositol (1,4,5) trisphosphate receptors, amplifying calcium-dependent apoptosis[END_REF] Erp44 Inhibition [START_REF] Higo | Subtype-specific and ER lumenal environment-dependent regulation of inositol 1,4,5trisphosphate receptor type 1 by ERp44[END_REF] 

FKBP12

Activity increased [START_REF] De Kort | Synthesis of potent agonists of the D-myo-inositol 1,4, 5-trisphosphate receptor based on clustered disaccharide polyphosphate analogues of adenophostin A[END_REF] GAPDH Activity increased [START_REF] Patterson | Inositol 1,4,5-trisphosphate receptor/GAPDH complex augments Ca2+ release via locally derived NADH[END_REF] 

Git1 and Git2

Inhibition [START_REF] Zhang | G-protein-coupled Receptor Kinase-interacting Proteins Inhibit Apoptosis by Inositol 1,4,5-Triphosphate Receptormediated Ca 2+ Signal Regulation[END_REF]) [START_REF] Rojas-Rivera | TMBIM3/GRINA is a novel unfolded protein response (UPR) target gene that controls apoptosis through the modulation of ER calcium homeostasis[END_REF] Grp78/Bip Stabilization [START_REF] Higo | Mechanism of ER stress-induced brain damage by IP(3) receptor[END_REF])

GRINA

Inhibition

Homer

Facilitate interaction between TRPC1 and mGluR1α [START_REF] Fagni | Homer as Both a Scaffold and Transduction Molecule[END_REF] Huntingtin expended Activity increased [START_REF] Tang | Huntingtin and huntingtin-associated protein 1 influence neuronal calcium signaling mediated by inositol-(1,4,5) triphosphate receptor type 1[END_REF])

IRBIT

Phosphorylated: inhibition

Dephosphorylated: activity increased [START_REF] Bonneau | IRBIT controls apoptosis by interacting with the Bcl-2 homolog, Bcl2l10, and by promoting ER-mitochondria contact[END_REF] Mcl- 

RACK1/Gβϒ

Activity increased [START_REF] Zeng | A new mode of Ca2+ signaling by G protein-coupled receptors: gating of IP3 receptor Ca2+ release channels by Gbetagamma[END_REF] TRPC1 IP 3 R stimulates TRPC1 [START_REF] Yuan | Homer binds TRPC family channels and is required for gating of TRPC1 by IP3 receptors[END_REF] TRPC3 IP 3 R suggested role for TRPC activation [START_REF] Kiselyov | The N-Terminal Domain of the IP 3 Receptor Gates Store-Operated hTrp3 Channels[END_REF] TRPC4 IP 3 R suggested role for [START_REF] Mery | Alternative splice variants of hTrp4 differentially interact with the C-terminal portion of the inositol 1,4,5trisphosphate receptors[END_REF] TRPC activation sigmaR1 [START_REF] Hayashi | Regulating ankyrin dynamics: Roles of sigma-1 receptors[END_REF][START_REF] Hayashi | Ca(2+) signaling via sigma(1)-receptors: novel regulatory mechanism affecting intracellular Ca(2+) concentration[END_REF] Table 1 List of the IP 3 R partner proteins.

Ouabain

i) Regulation by Ca 2+

The activation of the IP 3 R by Ca 2+ is extensively studied. Thus, IP 3 R is regulated in a bimodal manner by Ca 2+ itself -a high cytosolic concentration of Ca 2+ ([Ca 2+ ]) inhibits the release of Ca 2+ decreasing the P open (as a negative feedback loop) whereas a low cytosolic [Ca 2+ ] stimulates Ca 2+ release increasing the P open (Figure 3). This phenomenon is known as Ca 2+ -induced Ca 2+ release (CICR). This bimodal Ca 2+ regulation has been extensively confirmed by different studies over the course of the last 30 years [START_REF] Boehning | Single-Channel Recordings of Recombinant Inositol Trisphosphate Receptors in Mammalian Nuclear Envelope[END_REF][START_REF] Finch | Calcium as a coagonist of inositol 1,4,5trisphosphate-induced calcium release[END_REF]Foskett et al., 2007;[START_REF] Iino | Biphasic Ca2+ dependence of inositol 1,4,5-trisphosphate-induced Ca release in smooth muscle cells of the guinea pig taenia caeci[END_REF]Mak & Foskett, 1998;Wagner & Yule, 2012).

Similarly, in the presence of saturating concentration of IP3 communication (Figures 3,44 and 45).

Regarding the Ca 2+ inhibition of IP 3 R channels, it is widely considered to be a mechanism of calcium release control aimed at limiting the release of too much Ca 2+ . One proposed mechanism to regulate that Ca 2+ inhibition of IP 3 Rs is via the interaction with CaM

5) Electrophysiological properties of the IP 3 R

Among the electrophysiological properties of ion channels, the single channel conductance is one of characteristics uniquely describing a particular ion channel, together with verifying the known pharmacological profile of the channel and its gating kinetics.

Below, Table 2 shows the monovalent cation conductances of the IP 3 Rs depending on their type and the technique used to record their activity. The conductance of IP 3 R is affected by the presence of divalent cations. While the IP 3 R is localized at the ER, it is exposed to Mg 2+ at concentration of approximately 100 µM at the luminal side, and in such condition the IV curve becomes non linear, with conductance decreasing in the proximity of 0 mV due to pore occlusion by Mg 2+ [START_REF] Mak | Single-channel Inositol 1,4,5=Trisphosphate Receptor Currents Revealed by Patch Clamp of Isolated[END_REF]. 

IP 3 R

III. IP 3 R and cancer

Some people are afraid to fly, others are scared of sharks or lightning. Nonetheless, the actual risk to suffer one of these extraordinary events is extremely small compared to those directly associated with the day-to-day life activities. For instance, obese people have one million times more risk to die of complications associated with their excess weight than to die in a plane crash. We have also fifty thousand times more chance to be striken by cancer than by thunderbolt during our lifespan. Cancer is thus a real threat. [START_REF] Hanahan | Hallmarks of cancer: the next generation[END_REF] including the resistance to cell death, the deregulation of cellular energetics, the sustaining proliferative signaling, the evasion from growth suppressors, the avoidance of immune destruction, the replicative immortality, the tumour promoting inflammation, the activation of invasion and metastasis, the induction of angiogenesis and the genome instability and mutation [START_REF] Hanahan | The Hallmarks of Cancer Review University of California at San Francisco[END_REF], 2011) (Figure 5). These hallmarks can be used as therapeutic targets. Cancer progression typically follows three different steps:

initiation, promotion, and progression. The initiation is the step when one or more errors appear in the original DesoxiriboNucleic Acid (DNA) sequence, so-called driver mutations, by lesions due to endogenous or exogenous factors. These driver mutations lead to the transformation of the cells which thus become abnormal. The promotion is the identical multiplication of transformed cells. These cells form an abnormal mass called neoplasm or tumor. At the next stage we talk about cancer once transformed cells have acquired the capacity to trigger the formation of blood vessels (neo-angiogenesis) allowing, in particular, their feeding in nutrients and oxygen ensuring the tumor growth. The last stage is the progression during which cancer cells cross the blood vessel and lymphatic basal lamina in order to migrate to other tissues. Once the cells have arrived at the new tissue, they cross the vessels' basal lamina for the second time to insert themselves into the tissues. This process is called metastasis, and is the main cause of death by cancer [START_REF] Hanahan | Hallmarks of cancer: the next generation[END_REF][START_REF] Li | Molecular insights into tumour metastasis: tracing the dominant events[END_REF].

In the vast majority of cases, the prostatitis is arising from bacterial infection (most of the time by E. coli) and can be acute or chronic.

The BPH is a benign tumor occurring in 70% of men after age 60. The age and the hormonal control applied by testicular androgens are mainly implicated in that disease.

Prostate cancer (PCa) is the most common cancer among men in developed countries.

PCa is the first diagnosed cancer for men ahead of lung cancer, colon and rectal cancer. This form of cancer is the third leading cause of cancer death [START_REF] Ferlay | Cancer incidence and mortality patterns in Europe: Estimates for 40 countries in 2012[END_REF]. The major risk factors for PCa are: the age (65% of cancers diagnosed in patients between 55 and 75 of age [START_REF] Fleshner | Risk of Developing Prostate Cancer in the Future: Overview of Prognostic Biomarkers[END_REF])); the ethnic origin (there is a higher risk of prostate cancer for black men than for white men worldwide [START_REF] Kheirandish | Ethnic differences in prostate cancer[END_REF])); the heredity and family background ; the nutrition.

The early detection of PCa is based on the identification of risk factors, the rectal examination, and the dosage of PSA. Plenty of blood, urinary and tissue biomarkers has been developed in order to respond to the need of adapting the patient care and to distinguish within a population suffering of PCa the aggressive forms from the non-aggressive ones [START_REF] Rozet | Méjean A. Recommandations en oncourologie 2016-2018 du CCAFU : Cancer de la prostate[END_REF]. The prostate biopsy permits the examination of the microscopic prostate architecture and to establish a final diagnostic. That histological study, precise the aggressiveness of cancer cells according to a scale, named Gleason modified score.

Prostate cancer can be a serious disease, but most men diagnosed with prostate cancer do not die from it. Indeed, treatment advances have allowed to reduce its mortality.

The prostate cancer treatment depends notably of the extent of the pathology at the diagnostic time and of its potential evolution. There exist two forms of treatments:

-Curative treatments that target localized forms of prostate cancer (for instance, prostatectomy, radiotherapy, curietherapy, ultrasonic-therapy, cryo-therapy,…)

-Palliative treatments that target advanced forms of prostate cancer (for instance, chemical or surgical castration, anti-androgenics, …)

In some cases, however, despite an initial positive response to the anti-androgenics treatments, prostate cancer evolves to an androgeno-independent state. In order to improve quality of life and the survival of the patients, chemotherapy (by docetaxel or paclitaxel) is introduced. Chemoresistance is, however, still a significant challenge to doctors who can only propose palliative care in that case. One of the major ways by which cancer cells escape chemotherapy is their ability to inhibit apoptosis (Sarkar et al., 2013).

2) Link between metastatic disease and Ca 2+ signaling: implication of the IP 3 R Both Ca 2+ release and Ca 2+ influx, have been established to control the metastatic cancer behaviour, including epithelial-mesenchymal transition (EMT), cell migration, invasion and induction of angiogenesis [START_REF] Agle | Calcium Mobilization Triggered by the Chemokine CXCL12 Regulates Migration in Wounded Intestinal Epithelial Monolayers[END_REF][START_REF] Iamshanova | Molecular mechanisms of tumour invasion: regulation by calcium signals[END_REF][START_REF] Tsai | A polarized Ca2+, diacylglycerol, and STIM1 signling system regulates directed cell migration[END_REF][START_REF] Huang | Ca2+ influx through L-type Ca2+ channels controls the trailing tail contraction in growth factor-induced fibroblast cell migration[END_REF]. Indeed, during metastasis formation, the EMT is one of the key events. The EMT designates the passage of one group of epithelial cells (E-cadherin, claudin, occludin) to a phenotype of mesenchymal cells (N-cadherin, vimentin, integrin). Cells are losing their cellto-cell adhesion and acquire adhesive properties with respect to extracellular matrix (ECM).

The cells deteriorate the basal lamina which border the epithelium thanks to metalloproteinases secretion [START_REF] Iamshanova | Molecular mechanisms of tumour invasion: regulation by calcium signals[END_REF]. Besides this phenomenon, the migration of epithelial and endothelial cells is a key step leading to the propagation of the primary tumor and to the invasion of neighbouring tissues [START_REF] Hanahan | The Hallmarks of Cancer Review University of California at San Francisco[END_REF], 2011). The involvement of calcium in regulation of migration and invasion with a focus on the IP 3 R-Ca 2+ release implication in migration and invasion is discussed in the review "Metabolic disorders and cancer: Store-Operated Ca 2+ Entry in cancer -Focus on IP 3 Rmediated Ca 2+ release from intracellular stores and its role in migration and invasion" at the end of the Introduction (Ritaine et al., 2017).

IV. Bcl-2 family of proteins

For forty years, the Bcl-2 family of proteins has mesmerized researchers because of its complex functions in the control of apoptosis. The Bcl-2 family of proteins has, indeed, been

shown to be involved in a wide range of processes, from controlling embryonic development to diseases such as cancer. In adult mammals, it is crucial to maintain tissue integrity with a balance between cell proliferation and cell death. In that respect, apoptosis is an essential process in order to maintain homeostasis. In contrast, for cancer, this balance is shifted in favour of proliferation, often due to downregulation of apoptosis.

1) Architecture of Bcl-2 family of proteins

The Bcl-2 family of proteins is usually sub-divided into three categories: the pro-apoptotic members, the anti-apoptotic members and the BH3-only pro-apoptotic members [START_REF] Chipuk | The Bcl-2 family reunion[END_REF]. These proteins are described by the presence of at least one of four highly conserved α-helical motifs, named Bcl-2 homology (BH) domains. The anti-apoptotic family members whose Bcl- antagonist of cell death (Bad) and Bcl-2 interacting killer (Bik), and that can antagonize the anti-apoptotic members [START_REF] Adams | Bcl-2-regulated apoptosis : mechanism and therapeutic potential[END_REF]Czabotar et al., 2014).

Besides their BH domains, most of the Bcl-2 proteins own a C-terminal Trans-Membrane Domain (TMD). That TMD enables these proteins to be targeted to diverse intracellular membranes [START_REF] Leber | Embedded together: The life and death consequences of interaction of the Bcl-2 family with membranes[END_REF].

The majority of the Bcl-2 family members has more than one isoform due to alternative splicing of the same gene [START_REF] Bae | MCL-1S, a Splicing Variant of the Antiapoptotic BCL-2 Family Member MCL-1, Encodes a Proapoptotic Protein Possessing Only the BH3 Domain[END_REF]Fu et al., 2009;[START_REF] Hossini | A novel Bcl-x splice product, Bcl-xAK, triggers apoptosis in human melanoma cells without BH3 domain[END_REF]Tsujimoto & Croce, 1986;U et al., 2001). For example, Bcl-2 exists as Bcl-2 α and Bcl-2 β (Bcl-2 β is lacking the TMD).

2) Mechanism of interaction

The pro-apoptotic and anti-apoptotic members of the Bcl-2 family of proteins can interact with each other and whence the apoptosis is strongly controlled by this complex system of regulation. The interactions commonly involving the Bcl-2 family can be divided into « canonical » or « non-canonical » groups, based on the engagement or non-engagement of the BH3 domain.

The anti-apoptotic members can interact with the pro-apoptotic and the BH3-only members. The anti-apoptotic members via their hydrophobic cleft, canonically bind the BH3 regions of the pro-apoptotic proteins preventing Bax/Bak oligomerization and thus suppressing the apoptosis (Figure 8 C) (Adams & Cory, 1998;[START_REF] Chipuk | Mechanism of apoptosis induction by inhibition of the anti-apoptotic BCL-2 proteins[END_REF][START_REF] Moldoveanu | Many players in BCL-2 family affairs[END_REF][START_REF] Shamas-Din | Mechanisms of Action of Bcl-2 Family Proteins[END_REF]. The knowledge in the mechanism of interactions have been acquire thanks to the crystal structures of Bcl-2, Bcl-xL and Mcl-1 in complex with BH3 peptides from different pro-apoptotic members or full member [START_REF] Ku | Evidence that inhibition of BAX activation by BCL-2 involves its tight and preferential interaction with the BH3 domain of BAX[END_REF][START_REF] Liu | The Structure of a Bcl-x L /Bim Fragment Complex: Implications for Bim Function[END_REF]. The BH3 domains are strongly conserved in Bcl-2 family of proteins, however, it exists some differences that have drive in selective interactions between members [START_REF] Moldoveanu | Many players in BCL-2 family affairs[END_REF].

The BH4 domain of Bcl-2 and Bcl-xL proteins is found to be also important for their antiapoptotic role. Indeed, the deletion of the BH4 domains make Bcl-2 and Bcl-xL idle in their anti-apoptotic role [START_REF] Hirotani | NH2-terminal BH4 domain of Bcl-2 is functional for heterodimerization with Bax and inhibition of apoptosis[END_REF][START_REF] Huang | Bcl-2 blocks apoptotic signal of transforming growth factor-beta in human hepatoma cells[END_REF]. The BH4 domain of Bcl-2 was found to directly bind Bax protein leading to the prevention of Bax activation [START_REF] Barclay | Inhibition of Pro-apoptotic BAX by a noncanonical interaction mechanism[END_REF].

3) Calcium signalling regulation by Bcl-2 proteins

In addition to their well-established mitochondria canonical role, some Bcl-2 family members have been localized at other intracellular membranes [START_REF] Hoetelmans | Bcl-2 and Bax proteins are present in interphase nuclei of mammalian cells[END_REF][START_REF] Oakes | Regulation of endoplasmic reticulum Ca2+ dynamics by proapoptotic BCL-2 family members[END_REF][START_REF] Scorrano | BAX and BAK Regulation of Endoplasmic Reticulum Ca2+: A Control Point for Apoptosis[END_REF]. The anti-apoptotic Bcl-2 proteins can also modulate mitochondrial Ca 2+ uptake [START_REF] Alavian | Bcl-xL regulates metabolic efficiency of neurons through interaction with the mitochondrial F1FO ATP synthase[END_REF].

i) At the ER

Strong evidence has been presented over the years, for the control of Ca 2+ release from the ER by anti-apoptotic members of Bcl-2 family of proteins. For instance, it has been proposed that Bcl-2 and Bcl-xL directly impact the integrity of the ER membranes by forming ion poreslike structures [START_REF] Minn | Bcl-xL forms an ion channel in synthetic lipid membranes[END_REF][START_REF] Schendel | Channel formation by antiapoptotic protein Bcl-2[END_REF]. Then Bcl-2 and Bcl-xL were shown to be able to decrease the Ca 2+ concentration within the ER and have been proposed to form Ca 2+ leak channel at the ER [START_REF] Foyouzi-Youssefi | Bcl-2 decreases the free Ca 2+ concentration within the endoplasmic reticulum[END_REF][START_REF] Pinton | Reduced Loading of Intracellular Ca 2 ϩ Stores and Downregulation of Capacitative Ca 2 ϩ Influx In Bcl-2 -Overexpressing Cells[END_REF].

Still, the action of Bcl-2 and Bcl-xL at the ER is more elaborated than just supplying a Ca 2+ leak pathway. Primarily, Bcl-2 has been established to upregulate the SERCA pumps expression [START_REF] Kuo | Modulation of endoplasmic reticulum calcium pump by Bcl-2[END_REF], and can also inhibit it [START_REF] Dremina | Heat-shock proteins attenuate SERCA inactivation by the anti-apoptotic protein Bcl-2: possible implications for the ER Ca2+mediated apoptosis[END_REF]. Secondary, Bcl-2 anti apoptotic members can bind directly ion channels like IP 3 Rs [START_REF] Chen | Bcl-2 functionally interacts with inositol 1,4,5-trisphosphate receptors to regulate calcium release from the ER in response to inositol 1,4,5-trisphosphate[END_REF]Eckenrode et al., 2010;White et al., 2005a) or Ryanodine Receptors (RyRs) (Vervliet et al., 2014(Vervliet et al., , 2015)), a part that will be detailed below.

ii) At the mitochondria

Ca 2+ is an important regulator of mitochondrial homeostasis. Indeed, Ca 2+ is essential for mitochondrial activities such as regulation of bioenergetics. However, a mitochondrial Ca 2+ overload can be detrimental for the cell: this can lead to the mitochondrial depolarization (by the opening of the mitochondrial permeability transition pore (mPTP)). The Ca 2+ transfer from the ER to the mitochondria involves the IP 3 Rs, the VDAC linked together via the Grp75.

This help to the formation of ER/mitochondria contacts called mitochondrial associated membranes (MAMs).

V. Bcl-2 proteins regulates the IP 3 Rs

Many proteins have been shown to regulate ion channels activity. Among them are Bcl-2 and related proteins that modulate directly or indirectly the activity of intracellular ion channels like IP 3 R.

1) Effects of Bcl-2 protein on IP 3 Rs i) Bcl-2

The first evidence of the functional interaction between Bcl-2 and the IP 3 Rs was laid down in two different T lymphocyte cell lines [START_REF] Chen | Bcl-2 functionally interacts with inositol 1,4,5-trisphosphate receptors to regulate calcium release from the ER in response to inositol 1,4,5-trisphosphate[END_REF], the murine cell line WEHI7.2 (which express very low level of endogenous Bcl-2) and the S49.42 (which express Bcl-2 [START_REF] Wang | Microarray analysis uncovers the induction of the proapoptotic BH3-only protein Bim in multiple models of glucocorticoid-induced apoptosis[END_REF]). In that study, they have shown that this functional interaction between Bcl-2 and IP 3 R leads to the inhibition of the activity of the IP 3 R. That interaction was confirmed in additional cell models such as SUDHL4 (Akl et al., 2013), OCILY1 (Akl et al., 2013), HEK-293 [START_REF] Hanson | Bcl-2 suppresses Ca2+ release through inositol 1,4,5-trisphosphate receptors and inhibits Ca2+ uptake by mitochondria without affecting ER calcium store content[END_REF], COS-7 (Rong et al., 2008), Jurkat (Rong et al., 2008), MCF7 [START_REF] Xu | Suppression of IP3mediated calcium release and apoptosis by Bcl-2 involves the participation of protein phosphatase 1[END_REF]. Nonetheless, one study proposed that Bcl-2 doest not inhibit Ca 2+ response, and even suggest that it could sensitize IP 3 R in WEHI7.2, while this latter suggestion is based on insignificant statistics (Zhong et al., 2006). In DT40 cells, the expression of Bcl-2 was capable to promote IP 3 R activity and enhance spontaneous Ca 2+ oscillations (Eckenrode et al., 2010).

ii) Bcl-xL

Bcl-xL is known to bind the three IP 3 Rs (White et al., 2005a). The effect of Bcl-xL on the single channel activity of IP 3 R was investigated using the on nucleus patch clamp technique on nuclei from DT40 [START_REF] Li | Apoptosis regulation by Bcl-x L modulation of mammalian inositol 1,4,5-trisphosphate receptor channel isoform gating[END_REF] and Sf9 (White et al., 2005a (Yang et al., 2016).

2) Mechanism of interaction between Bcl-2 and IP 3 Rs

As was illustrated above, the regulation of the IP 3 Rs by Bcl-2 proteins has complex manner, thus suggesting the involvement of multiple sites of interactions, some of which have already been discovered.

Binding sites on IP 3 Rs sequence (Figure 9):

The Bcl-2 protein is known to directly interact with the following IP 3 Rs domains:

-Domain 3 of regulatory / coupling domain (a.a. 923-1581 in accordance with IP 3 R1 mouse sequence) was found to bind Bcl-2 by pull down experiments and more precisely the subdomain 1347-1426 (Rong et al., 2008). In the same study the authors have designed a 20 a.a. peptide (a.a. 1389-1408) which is highly conserved among the different isoforms of IP 3 Rs. This peptide was found to reverse the inhibitory effect of Bcl-2 on IP 3 R channel in planar lipid bilayer recordings. The peptide will be renamed as IP 3 R Derived Peptide (IDP).

-C-terminus domain with the 6 th TM domain of IP 3 R (a.a. 2570-2749 of the rat IP 3 R1) has also been demonstrated to be instrumental in increasing bind efficiency of Bcl-2 to IP 3 R (Eckenrode et al., 2010). The C-terminus domain of the mouse IP 3 R1 (a.a. 2590-2749) has also been found to bind in a weaker manner than for the rat IP 3 R1 the Bcl-2 protein (Rong et al., 2009).

Binding sites on the Bcl-2 sequence:

The Bcl-2 regions that have been established to bind the IP 3 R are (Figure 9):

-BH4 domain of Bcl-2 which was found to be necessary for the interaction with the IP 3 R (a.a. 1389-1408) (Rong et al., 2009). Indeed, Bcl-2 that is lacking its BH4 domain does not bind the domain 3 of IP 3 R. Moreover, a BH4-Bcl-2 mutant for which residues I14 and V15 has been replaced by two glycines neither bound nor inhibits IP 3 R (Monaco et al., 2013).

-The only difference between the BH4 domain of Bcl-2 and the one of Bcl-xL is a single residue. In Bcl-xL we have a D11 instead of K17. This single difference is essential for the binding properties of either Bcl-2 or Bcl-xL. Indeed, the BH4 domain of Bcl-xL is known to bind poorly to the IP 3 R compared to that of Bcl-2 (Monaco et al., 2012).

In that respect, ABT-737 and ABT-263 (or navitoclax which is the orally available derivative of ABT-737) molecules have been developed by using the Structure-Activity

Relationships by Nuclear magnetic resonance (SAR by NMR) technique that allows the discovery of compounds with nanomolar affinities for a target protein [START_REF] Shuker | Discovering High-Affinity Ligands for Proteins: SAR by NMR[END_REF].

ABT-737 was selected by the laboratories Abbvie (previously Abbott) for its high affinity binding capability to the hydrophobic cleft of Bcl-2, Bcl-xL and Bcl-W (Oltersdorf et al., 2005;[START_REF] Tse | ABT-263: A Potent and Orally Bioavailable Bcl-2 Family Inhibitor[END_REF]. Navitoclax has been evaluated during phase I clinical trial in patients suffering from chronic lymphatic leukaemia (CLL) in relapse [START_REF] Roberts | Phase 1 study of the safety, pharmacokinetics, and antitumour activity of the BCL2 inhibitor navitoclax in combination with rituximab in patients with relapsed or refractory CD20+ lymphoid malignancies[END_REF]. The response rate and the duration of response are really favourable, however, it exhibited a platelet toxicity (linked to the inhibition of Bcl-xL) that led the pharmaceutical laboratories to focus on a clinical development of a Bcl-2 specific BH3 mimetic (Figure 10 A): the ABT-199 (Souers et al., 2013).

The structure of the ABT-199 (or Venetoclax) is very close to that of the ABT-263 and also allows this drug to be orally administered. Is has been approved by the Food and Drug Administration (FDA) for treatment of patients with CLL with 17p deletion who have received at least one prior treatment. The ABT-199 is projected to reach sales of 1.5$ billion by 2020 for that pathology according to Thomson Reuters Cortellis (Thomson Reuters 2/2016).

Venetoclax has demonstrated highly promising results in plenty of other haematological malignancies such as Non-Hodgkin Lymphoma, Myeloid malignancies, multiple myeloma [START_REF] Khan | Targeting BCL-2 in Hematologic Malignancies[END_REF]. In view of such its properties we have used ABT-199 to study the mechanism of interaction of Bcl-2 with IP 3 R via the Bcl-2-hydrophobic cleft, as presented in the Results bellow.

1) Planar lipid bilayer recordings

The Planar lipid bilayer (PLB) or Black Lipid Membrane (BLM) technique is well known, having been established even before the development of a classical patch-clamp. The first artificial lipid bilayer was by « painting » lipids on the aperture by [START_REF] Mueller | Reconstitution of cell membrane structure in vitro and its transformation into an excitable system[END_REF][START_REF] Mueller | Reconstitution of cell membrane structure in vitro and its transformation into an excitable system[END_REF]. Seven years later, bacterial toxin was added into a lipid bilayer membrane and changes in conductance were observed [START_REF] Bean | Discrete Conductance Fluctuations in Lipid Bilayer Protein Membranes[END_REF]. PLB has been extensively used to study many intracellular ion channels, such as IP 3 Rs (for instance: [START_REF] Ehrlich | Inositol 1,4,5-trisphosphate activates a channel from smooth muscle sarcoplasmic reticulum[END_REF]).

In conventional technique, the lipid bilayer is formed by one of the three techniques (Figure 11 A) (for review [START_REF] Kongsuphol | Lipid bilayer technologies in ion channel recordings and their potential in drug screening assay[END_REF] ):

-the "painting" technique: in which a thin hydrophobic septa (usually made of Teflon) with a small aperture (50-200μm of diameter) separates a chamber into two compartments. The two compartments are filled with aqueous solutions and a lipids/solvent mix is painted on both sides of the hole with a brush (a lipid monolayer is formed on each side). The two lipid monolayers attract themselves naturally by Van der Waals forces in a process called "thinning" and thus form a lipid bilayer.

-the "folded" technique: was developed by Montel and Mueller in order to overcome the presence of solvents in lipid bilayers [START_REF] Montal | Formation of Bimolecular Membranes from Lipid Monolayers and a Study of Their Electrical Properties[END_REF]. In this approach, the lipids/solvent mix is deposed on an air/liquid interface and allowed to evaporate.

Then, the batch solution is added to cover the aperture so that thee lipids monolayer is brought to the small hole forming a lipid bilayer.

-the "vesicle rupture" technique: in which solvent-free lipid vesicles are deposited onto a planar solid support. The vesicle naturally ruptures at the contact with the solid surface forming a planar bilayer.

Once the lipid bilayer is created, the next step is to incorporate purified ion channels. The easiest way consists of the addition of detergent-solubilized proteins in front of the lipid bilayer membrane. However, the addition of detergent cans perturb the bilayer. A gentler way to do this is to insert proteins into liposomes (to create proteoliposomes) and directly add the mix onto the bilayer. An other way to incorporate proteins into bilayer consists of the incorporation of protein into lipid vesicles that are spread onto an air/liquid interface (this forms a monolayer containing the proteins). The continuation uses the folding technique as described above [START_REF] Schindler | Matrix protein from Escherichia coli outer membranes forms voltage-controlled channels in lipid bilayers[END_REF]. For the investigator that is using the vesicle rupture technique, the proteins can be pre-incorporated. More recently, the « wicking » method was used in order to perfect the protein insertion to lipid bilayer (Costa et al., 2013).

The future in this area is maybe stand in newly lab-on-chip (LOC) technologies. Indeed, some studies have successfully achieved the recording of single channels in a ninety six wells planar lipid bilayer chip [START_REF] Suzuki | Ninety-six-well planar lipid bilayer chip for ion channel recording Fabricated by hybrid stereolithography[END_REF]. Showing the growing interest according to LOC technologies, the recording of ion channel single channel activity can also be recorded simultaneously with confocal images allowing the investigator to assess the lipid bilayer fluidity, as well as ion flux through each ion channel (Schulze [START_REF] Greiving | Integrated microfluidic biosensing platform for simultaneous confocal microscopy and electrophysiological measurements on bilayer lipid membranes and ion channels[END_REF]).

Yet, the PLB technique has limitations. There is a need for purification of the investigated channel protein that compromises the study of the regulation of ion channels by their native partner proteins. Moreover, this technique has to work with a large electrical capacitance of the bilayer resulting in low acquisition bandwidth.

2) Patching intracellular organelles

An alternative approach addressing the study of intracellular ion channels involved patching intact organelles, for which an isolation procedure had been established. However, after almost 30 years this research is still limited to the nuclei of the selected cell lines, mitochondria, enlarged lysosomes and a few plant organelles, such as vacuolar, thylakoid and chloroplast membranes [START_REF] Alexandra | Opening of Ca2+ channels in isolated red beet root vacuole membrane by inositol 1,4,5-trisphosphate[END_REF][START_REF] Chen | Patch-clamp technique to characterize ion channels in enlarged individual endolysosomes[END_REF][START_REF] Dong | The type IV mucolipidosis-associated protein TRPML1 is an endolysosomal iron release channel[END_REF][START_REF] Heiber | Ion channels in the chloroplast envelope membrane[END_REF]Pottosin & Schönknecht, 1995;Schieder et al., 2010;Sorgato et al., 1987;White et al., 2005a;[START_REF] Yabe | Patch Clamp Studies on V-type ATPase of Vacuolar Membrane of Haploid Saccharomyces cerevisiae[END_REF].

A surrogate method was employed by Jonas et al. [START_REF] Jonas | Giga-Ohm Seals on Intracellular Membranes: A Technique for Studying Intracellular Ion Channels in Intact Cells[END_REF] which consist in the "pipette in a pipette" method, that uses a double-seal formation -with the first electrode which protects the inner one during the plasma membrane penetration. This method is particularly difficult notably because the localization of the inner pipette within the cells is done with the use of a lipophilic fluorescence dyes, which stain the membrane of internal organelles, included in the patch-clamp pipette solution and a video-enhanced or confocal imaging. This method involves also two independent micromanipulators instead of one for the traditional patch-clamp technique.

The IP 3 R single channel activity has been recorded using the nuclear patch-clamp electrophysiology (Figure 11 B). This method has been used since the ER is continuous with the outer membrane of the nuclear envelope (Mak et al., 2013b). The IP 3 R activity of a large number of cell types has been successfully recorded on isolated nuclei, such as xenopus oocytes [START_REF] Mak | Single-channel Inositol 1,4,5=Trisphosphate Receptor Currents Revealed by Patch Clamp of Isolated[END_REF], Sf9 cells, DT40, N2a, human B lymphocytes, Mouse primary cortical neurons and mouse embryonic fibroblasts (Mak et al., 2013a).

However, while this technique allows the IP 3 R channel to be recorded in their native environment, its application is limited to the IP 3 R channels localised to the nuclear envelope and not to the arbitrary parts of the ER. Moreover this approach does not modulate the composition of lipids.

3) Other techniques

A series of publications, dating back 20-30 years, some even prior to the advent of the classical patch clamp, hinted at approaches that potentially could resolve the problem of limitations of the two previously presented techniques.

These publications presented a methods that combine the collection of different membrane fractions followed by fusion of this material with sufficiently large liposomes prepared via some pre-established routines, such as enlarging small unilamellar vesicles (SUVs) by subjecting them to freeze-thaw or dehydratation-rehydratation cycles (Jilka et al., 1975;Picaud et al., 1984) or by inducing blister formation in lipids deposited directly on the chamber floor (Correa & Agnew, 1988).

Separately we should note the use of in vitro transcription-translation system by Sukharev et al. (Sukharev et al., 1994), who first showed the possibility to incorporate fractionated membranes, containing bacterial mechano-sensitive channels of large conductance (MscL), into liposomes and then successfully patch them.

To note opto-physiological techniques has also been used to characterize the local Ca 2+ signal from the ER via the IP 3 R, such as total internal reflection fluorescence (TIRF) (for review [START_REF] Parker | Recording single-channel activity of inositol trisphosphate receptors in intact cells with a microscope, not a patch clamp[END_REF].

INTRODUCTION

Cancer is one of the most common terminal diseases in developed countries. It is among the main causes of death in the world with more than 100 different types of cancer identified at present, each represented by a specific genotype. Cancer progression development follows three typical steps: initiation, promotion, and progression. The initiation is the step when one or more errors appear in the original DNA sequence, so-called driver mutations, by lesions due to endogenous or exogenous factors. These driver mutations lead to the transformation of the cells which thus become abnormal. The promotion is the identical multiplication of transformed cells. These cells form an abnormal mass called neoplasm or tumor. We talk about cancer once transformed cells have acquired the capacity to trigger the formation of blood vessels (neo-angiogenesis) allowing, in particular, their feeding in nutrients and oxygen ensuring the tumor growth. The last stage is the progression during which cancer cells cross the blood vessel and lymphatic basal lamina in order to migrate to other tissues. Once the cells have arrived at the new tissue, they cross the vessels' basal lamina for the second time to insert themselves into the tissues. This process is called metastasis, and it is the main cause of death by cancer [START_REF] Hanahan | Hallmarks of cancer: the next generation[END_REF][START_REF] Li | Molecular insights into tumour metastasis: tracing the dominant events[END_REF]). Among the proteins of particular importance that can be targeted by genetic alterations, we find ion channels which are implicated in various carcinogenesis processes such as proliferation, migration, or cancer cell survival. This importance of ion channels stems from their role in maintaining the intracellular ion equilibrium which is crucial for most physiological functions. An imbalance in any of these processes, caused by modification of expression and/or functionality of an ion channel, is called a channelopathy and can be a root cause of a severe disease, such as cancer (Prevarskaya et al. 2010). One of the more important ions in cellular homeostasis is Ca2+ which is a key second messenger, regulating numerous physiological and pathological processes ranging from muscle contraction to much more fatally important ones such as cell motility and death. While, classically, ion channels have been considered to be localized to the plasma membrane (PM), many ion channels have recently been found in the membranes of various intracellular organelles, such as the endoplasmic reticulum (ER), mitochondria, or the nuclear membrane [START_REF] Leanza | Intracellular ion channels and cancer[END_REF]. Interestingly, while plasma membrane-localized ion channels are best known to participate in fast-paced cellular processes like muscle contraction or action potential propagation, the majority of intracellular ion channels are known to play important roles in regulating cellular function and fate. For instance, the IP3 Rs and the ryanodine receptors (RyRs), acting as Ca2+ release channels in the ER, were shown to regulate various important cellular functions, such as apoptosis, contraction, cell motility, proliferation and migration (Prevarskaya et al. 2011 ;[START_REF] Vervloessem | The type 2 inositol 1,4,5-trisphosphate receptor, emerging functions for an intriguing Ca(2+)-release channel[END_REF]. In general, ; Yoshida et al. 2003 ). In these studies, Orai1 and STIM1 have been found to be important for cellular migration. For example, suppression of these proteins by siRNA or inhibition of SOC currents by SKF96365 inhibited the migration of the human breast adenocarcinoma cell line MDA-MB-231 and decreased the formation of metastases in mice [START_REF] Foskett | Bcl-xL Regulation of InsP3 Receptor Gating Mediated by Dual Ca2+ Release Channel BH3 Domains[END_REF] ).

Thus, the importance of SOCE in various cellular processes, including such critical ones as migration and invasion, is well known. The role of STIM and ORAI proteins in hallmarks of cancer and in particular in tissue invasion or metastasis processes has also been extensively studied (Fiorio Pla et al. 2016 ). However, the majority of associated research focused on immediate players responsible for Ca2+ entry into the cells via the PM, with less evidence put forward on how other players, such as IP3 Rs, participate in this big picture. This review aims to close this gap by focusing on the recent findings of how IP3 R activity is regulated by different players and how changes of this activity affect the complex processes of migration and invasion of cancer cells.

Cellular migration and invasion

During metastasis formation, one of the six initial hallmarks of cancer, the migration of epithelial and endothelial cells is a key step leading to the propagation of the primary tumor and to the invasion of neighboring tissues (Hanahan andWeinberg 2000 , 2011 ). However, cell migration is also a central mechanism in homeostasis of healthy tissues. Important physiological processes such as embryogenesis, immune defense, angiogenesis, and wound healing are closely linked to the capability of cells to migrate. In general, cell migration is conceptualized as a cyclic process (Lauffenburger and Horwitz 1996 ). It consists of multiple steps, such as the formation of organized adhesive structures, or focal adhesion sites, containing receptors and integrins linked to the extremities of actin fibers (Westhoff et al.

) and membrane protrusions, such as lamellipodes or invadopodes, controlled by small

GTPases, Rac and Cdc42, with a finely controlled balance between detachment and adhesion at the focal adhesion sites (Ridley et al. 2003 ). The lamellipodes are surfaceattached structures that are found at the leading edge of migrating cells. In order to become invasive, tumor cells need to acquire abilities that allow increased migration through the extracellular matrix (ECM). In order to do this, tumor cells have specialized membrane protrusions, called invadopodia, that provide important functions for invasion. It should be noted that the term invadopodia is primarily used in conjunction with cancer cells, while the term podosome can often be found in the literature when talking about normal cells. Invadopodia are actin-rich plasma membrane protrusions at the ventral surface of the cell, often situated under the nucleus, that are proteolytically active and responsible for the focal degradation of ECM components through matrix metalloproteinases (MMP) (Nabeshima et al. 2002 ;Yoon et al. 2003 ). Both, Ca2+ release and Ca2+ influx, have been linked to cell migration depending on cell types and stimuli [START_REF] Agle | Calcium Mobilization Triggered by the Chemokine CXCL12 Regulates Migration in Wounded Intestinal Epithelial Monolayers[END_REF][START_REF] Tsai | A polarized Ca2+, diacylglycerol, and STIM1 signling system regulates directed cell migration[END_REF][START_REF] Huang | Ca2+ influx through L-type Ca2+ channels controls the trailing tail contraction in growth factor-induced fibroblast cell migration[END_REF]. Thus, migrating cells are polarized and exhibit a transient and steady gradient of intracellular Ca2+ .

That gradient increases from the front of the cell to the rear and is thought to be responsible for rear-end retraction (Brundage et al. 1991 ;Hahn et al. 1992 ). The increased cytosolic Ca2+ 

Intracellular Ca 2+ release channels: the IP 3 Rs

The Discovery of the IP 3 Rs

Involvement of IP3 R in intracellular Ca2+ regulation was observed for the first time over 30 years ago, when [START_REF] Streb | Release of Ca2+ from a nonmitochondrial intracellular store in pancreatic acinar cells by inositol-1,4,5-trisphosphate[END_REF] found a second messenger that was able to increase [Ca2+]i from a non-mitochondrial store: inositol 1,4,5-trisphosphate (IP3 ). This discovery was followed by concentrated efforts of many researchers to discover the target of this second messenger. This goal was achieved first by K. Mikoshiba's team, which was working on a P400 protein which was absent in Purkinje-neuron-degenerating mutant mice and found that this protein binds IP3 (Furuichi et al. 1989a ;[START_REF] Maeda | Purification and Characterization of P400 Protein , a Glycoprotein Characteristic of Purkinje Cell , from Mouse Cerebellum[END_REF], and established its complete primary sequence (Furuichi et al. 1989b ;[START_REF] Maeda | A cerebellar Purkinje cell marker P400 is an inositol 1,4,5-trisphosphate (InsP3) receptor protein. Purification and characterization of InsP3 receptor complex[END_REF] ). One year later the P400 protein was found to form a channel by incorporating it into a planar lipid bilayer and recording its activity and was renamed IP3R. Moreover, in the same paper, it was shown that this channel exhibited a Ca2+ conductance [START_REF] Maeda | Structural and Functional Characterization of Inositol 1 , 4 , 5-Trisphosphate Receptor Channel from Mouse Cerebellum[END_REF]. These findings were confirmed by the work of other teams that achieved similar results, establishing the identity of the IP3 R at the same time [START_REF] Sudhof | Structure of novel InsP3 receptor[END_REF][START_REF] Supattapone | Solubilization, purification, and characterization of an inositol trisphosphate receptor[END_REF]. The IP3 R is one of the first ion channels that were discovered to be localized in the ER [START_REF] Ross | Inositol 1,4,5-trisphosphate receptor localized to endoplasmic reticulum in cerebellar Purkinje neurons[END_REF] ). The channel is a tetramer, formed from monomers of 260 kDa in size. Each monomer contains binding sites for IP3 and Ca2+ in the N-terminal region, six transmembrane domains forming a pore region and the determinants for tetramer formation in the C-terminus (Fan et al. 2015 ;[START_REF] Taylor | IP 3 receptors : take four IP 3 to open[END_REF]. The IP3 R is a principal Ca2+ release channel from the internal stores in the majority of cells, participating in the regulation of intracellular Ca2+ in the cytosol and in Ca2+ transfer between ER and mitochondria (Rizzuto et al. 2009 ). Over the years, a lot of different studies have implicated the IP3 R in plenty of physiological and pathological mechanisms.

Indeed, an overexpression of the IP3 R is observed in numerous forms of cancer, typically in correlation with an increase in proliferation or migration (Ivanova et al. 2014 ). As mentioned earlier, the first identified physiological trigger for the activation of these channels is known to be IP3. However, further studies elucidated the specific mechanism of IP3 R activation by IP3 in a Ca2+ -sensitive manner. The IP3 R is regulated in a bimodal manner by Ca2+ itself-its activity increases with the increase of [Ca2+ ]i to a certain level, a phenomenon that is known as Ca2+ -induced Ca2+ release (CICR). However, IP3 R activity is inhibited at higher [Ca2+ ]i, with IP3 removing this inhibition of IP3 R activity at high [Ca2+ ]i (Foskett et al. 2007 ). IP3

itself is produced in the cells in response to stimulation of surface receptors such as receptor tyrosine kinases (RTK) and G-protein-coupled receptors (GPCR), leading to the activation of phospholipase C (PLC). The PLC is an enzyme that metabolizes phosphatidylinositol 4,5biphosphate (PiP2) into IP3 and diacylglycerol (DAG), both of which are second messengers, thus triggering various signaling cascades that can involve IP3 Rs and lead, for example, to cellular growth.

Role of the IP 3 Rs in regulating migration and invasion

While the identity of IP3 R channels and their role in Ca2+ release from internal stores have been known for a long time, the question of their involvement in regulating cellular migration and invasion has only recently became a topic of active studies. Publications covering this subject are few, but their number is steadily increasing in the last few years (see Table 31.1 ).

Treatment with caffeine was found to inhibit the IP3 R-mediated Ca2+ release by selectively 

Role of IP 3 Rs in SOCE

The principal pathways by which ion channels regulate cellular migration are associated with their primary functions, such as regulation of cellular adhesion, volume or migration speed, maintenance of cellular potential, and regulation of intra-and extracellular pH. Unfortunately, the link between the expression and function of IP3Rs and the mechanisms of their involvement in cancer cell migration, invasion, and metastasis is not yet well understood.

Nonetheless, there is general consensus that Ca2+ signaling alterations play a major role in 2010 ). Further studies on this interesting topic are needed to confirm these hypotheses.

Role of IP 3 Rs proteins partner in SOCE

It is well known that IP3 R activity is heavily modulated by various partner proteins. Among them are in particular the proteins of the Bcl-2 family that modulate the activity of IP3 Rs directly or indirectly. Multiple studies, such as Rong et al. (2008 ), have shown that Bcl-2 is present in the ER where it can interact directly with all three IP3 R isoforms, inhibiting their activity via multiple binding sites proposed to explain this interaction (Fouque et al. 2016 ;[START_REF] Ivanova | The trans-membrane domain of Bcl-2 a , but not its hydrophobic cleft , is a critical determinant for efficient IP 3 receptor inhibition[END_REF]. Other proteins of the Bcl-2 family such as Bcl-xL or Mcl-1 are also known to interact with the IP3 Rs and modulate its activity (Eckenrode et al. 2010 ;Monaco et al. 2012 ). Interestingly, Bcl-2 and Bcl-xL are found to be overexpressed in many cancers.

Overexpression of Bcl-2 is observed in 30-60% of androgen-dependent and nearly 100% of androgen-independent prostate cancers, with similar results observed for Bcl-xL.

Unfortunately, the studies carried out so far reported primarily on the changes in the expression levels, with little to no data on the possible impact of the modulation of IP3 R activity by Bcl-2/Bcl-xL on cancer cell migration/invasion. To find this likely link, it could be very interesting to test the effects of different drugs already known to specifically disrupt the interaction between Bcl-2 protein family members and the IP3 Rs, such as ABT-199, a BH3 mimetic that specifically binds Bcl-2's hydrophobic cleft (Vervloessem et al. 2016 ), on cancer cell migration and invasion properties. While the interaction between Bcl-2 family members and IP3 Rs has been known for a while, in the past few years scientists have shown that the IP3 Rs also interact with many other proteins, including the Sigma1 receptor which has also been found to modulate SOCE (Rosado 2016 ). Additionally, IP3 Rs have been suggested to interact with some of the channels belonging to the family of the TRP channels (Fiorio Pla and Gkika 2013 ). Thus, for example, TRPC3 was successfully coimmunoprecipitated with the IP3 Rs by glutathione S-transferase (GST) pulldown experiments [START_REF] Boulay | Modulation of Ca 2+ entry by polypeptides of the inositol 1 , 4 , 5-trisphosphate receptor ( IP3R ) that bind transient receptor potential ( TRP ): Evidence for roles of TRP and IP3R in store depletion-activated Ca 2+ entry[END_REF] ). Moreover, TRPC3 has been shown to be activated by IP3, whereby the N-terminal IP3 -binding domain of IP3 R was essential [START_REF] Kiselyov | The N-Terminal Domain of the IP 3 Receptor Gates Store-Operated hTrp3 Channels[END_REF]. Similar experiment permits allowed the identification of biochemical interactions between IP3 Rs and TRPC1 (Mehta et al. 2003 ). It is also interesting to note that there is now considerable evidence that STIM1 activates both, Orai1 and TRPC1, via distinct domains in its C-terminus (Ong et al. 2016 ).

CONCLUSION AND PERSPECTIVES

Ca2+ plays many important roles in regulating cellular health and migration properties with SOCE being one of the primary mechanisms regulating intracellular Ca2+ homeostasis. It is therefore natural that SOCE is at the core of many diseases, including such important ones as cancer, with many publications focusing on the mechanisms and dysregulations of SOCE.

This review has focused in particular on a less well-covered area of store-operated Ca2+ -the IP3 R channels responsible for the depletion of internal stores in a majority of cells and their Objectives and scope of the present study

I. Hypothesis

Prostate cancer is the most common and has the highest mortality rates among carcinomas diagnosed in men. In case of metastasis the hormone-based therapy is commonly used, however it often work only for a limited time and thus the cancer becomes difficult to treat. With an hormono-independant prostate cancer, the survival at 5 years is at 30% on average at present. Thus, there is unsatisfied need for novel molecular targets for the early detection of prostate cancer and to control the metastatic disease.

Tumoral cells have multiple dysfunctions due to genetic alterations and so far proteins.

Among these proteins we find ion channels which have been implicated in the main hallmarks of cancer (Prevarskaya et al., 2018) as the principal regulators of cellular ionic homeostasis and thus offer a promising perspectives in the cancer research field. Among these ion channels, the IP 3 Rs have also been implicated in the control of different hallmarks of cancer such as cell death and survival (Akl & Bultynck, 2013;[START_REF] Cui | Targeting calcium signaling in cancer therapy[END_REF]. The IP 3 Rs are also involved in the migration and invasion of cancer cells. However, there is not a lot known about the role of the IP 3 Rs in prostate cancer migration and invasion.

Recently, the mechanisms of regulation by which ion channels are governed has been expanded. Thus, the important involvement of partner proteins in regulating activity of ion channels has been recognized. For the IP 3 Rs this includes a major family of proteins including Bcl-2 protein as their central member. Studying the interaction of IP 3 R with Bcl-2 and its analogs has become a critical area of research. Understanding their binding will allow to control the interaction and thus the mechanisms controlled by such an interplay. The current research here is, however limited in the possibility to record single channel activity of ERlocalized IP 3 R while conserving its interaction with endogenous partner proteins. Classical patch clamp technique has become, in the last 30 years, the gold standard technique for studying ion channels properties. Despite the strength of that technique, ion channel localized to the intracellular organelles, which comprise on the order of 95% of membranes besides plasma membrane, are beyond the scope of application of this technique. Although some techniques have emerged in order to bypass that difficulty, they have, as well, limitations.

Thus, at the initial stages of this PhD project the situation was additionally complicated by the need for the adequate approach that could overcome limitations of existing techniques and provide a way to reliably study activity of intracellular ion channels in endogenous protein environment This PhD project is a pioneer study that provides a new perspective into studying how IP 3 R single channel activity is controlled by partner proteins and how it affects progression of prostate cancer towards aggressive stages. To our knowledge, it is the first study on the role of IP 3 Rs in prostate cancer progression.

II. Main objective and aims

The main objective of this project was to investigate how the activity of IP 3 R is modulated by its partner protein Bcl-2. Therefore, the specific goals were established as follows :

(1) To address the limitations of the available techniques, and develop an universal approach that would allow to study intracellular ion channels while preserving their interaction with partner proteins.

(2) Functionally characterize the modulation of the IP 3 R activity by their partner proteins i) Study how the dependence of IP 3 R activity on [Ca 2+ ] and [IP3] is affected in the presence of Bcl-2.

ii) Study how the IP 3 R/Bcl-2 interaction is modulated by different peptides or drugs, such as BH3 mimetics.

(3) Study the expression of the IP3R and RyR ion channels and their partner proteins in the different prostate cancer cell lines.

(4) Identify novel partner proteins of IP3R and RyR channels in prostate cancer cell lines (5) Evaluate the importance of the modulation of IP 3 R activity and expression on prostate cancer progression in vitro by studying its physiological effects.

Materials and methods

I. Stock solutions 1) Buffers and standard solutions

Buffers and standard solutions used throughout this study are listed in Table 3 

2) Antibiotics

Antibiotics used throughout this study were prepared at stock solutions in distilled water stored at -20°C and used as indicated in Table 4.

For mammalian cell culture

Antibiotic

Working concentration Source

Puromycin (Puro) 0.5µg/mL Sigma Geneticin (G418) 100µg/mL for PC3 and PC3-M 1µg/mL for WEHI7.2

Sigma

Table 4: List of antibiotics used throughout this study.

3) Antibodies

Primary antibodies for immunoblotting were prepared in 1% dry milk, TBS-T solution, stored at 4°C or -20°C and used as indicated in Table 5. Secondary antibodies for immunoblotting were prepared prior to usage at the final concentration of 1 :40000 for the anti-mouse and 

ITPR2 (A-5) Santa Cruz -sc-398434 ITPR3 Cusabio -CSB-PA852295
Table 5: List of antibodies used in this study.

4) Pharmacological agents

Pharmacological agents used in this study are listed in Table 6. 7: List of primers used in this study.

Name

2) Small interfering RNA

In order to study the implication of a particular protein, we need to be able to change the expression level of these proteins. As interfereing RNA approach was used (siRNA for small interfering RNA). To this end, we transfect the cells with siRNA against the protein of interest. These siRNA will form molecular complexes with the Ago protein of the RISC complex (RNA-induced silencing complex) inhibiting the translation of the target RNA. The different siRNA used in this study are listed in Table 8. 

Small interfering

4) Plasmids

Plasmids used in this study are given in Table 10. 

Constructed plasmids

Plasmid

III. Cell lines

Prostate cancer cell lines are listed in the Table 11. The prostate cancer cell lines and SUDHL4 cells were grown in RPMI 1640 medium (Gibco TM , Thermo Fischer Scientific) containing a final concentration of 10% decomplemented fetal bovine serum (FBS) (Gibco TM ) and 2mM L-Glutamine (Gibco TM ). These cells were routinely cultured at 37°C in a humidified atmosphere with 5% CO 2 in T75 flasks.

The other cell lines used during this thesis are listed in Table 12. The WEHI7. nm) with the acquisition software EXPO2 and analysis software WINCYCLE.

3) Proliferation

Cell proliferation was quantified by performing a direct cell count (as described previously in the Cell Count subsection) and also by the means of colorimetric assays. To investigate proliferation, we used a colorimetric assay based on the fluorescent dye, the Sulforhodamine B (SRB), that stains all cellular proteins. After replacing the medium by PBS, the cells were fixed with 10% trichloroacetic during 1 hour at 4°C. Afterwards, all wells were washed 5 times with dH 2 O in order to remove fixative and serum proteins. The fixed cells were left to stain for 10 minutes in 0.4% SRB (wt/vol) in 1% acetic acid solution and subsequently washed 4 times with 1% acetic acid to remove unbound dye. The cells were air-dried and the dye was dissolved due to the application of 100 µL 10mM unbuffered Tris Base solution, pH 10.5 for 5 min. The OD was read at 560 nm in a microtiter plate reader.

4) Mycoplasma assay

The mycoplasma presence was revealed by Hoechst staining. After the treatment was completed, all cells were pelleted by centrifugation ar 1000 rpm for 5 minutes and resuspended in PBS. Then 5×10 3 cells from suspension were loaded onto cytospin slides and centrifuged at 2000 rpm for 2 minutes by using Shandon 74000222 Cytospin 3 Centrifuge (Whittemore Entreprises). Afterwards, the slides were fixed in ice cold methanol (MetOH) for 15 minutes at -20°C and then stained in Hoechst 33258 solution for 30 minutes at room temperature. The slides were washed in dH 2 O, air-dried and assembled with coverslip by using a drop of the Mounting Medium (Sigma). The images were taken with 20× objective visualized at 435nm wavelength by using epifluorescent microscope (AxioImager, Zeiss). The apoptotic nuclei were considered as the one exhibiting chromatin condensation of fragmentation.

5) Wound-healing assay

The wound-healing assay was performed in culture-insert 24 wells plate. IbiTreat (Ibidi) according to the manufacturer's instructions. 25000 cells were plated into each compartment of the culture insert and left overnight at the standard growth conditions. The next day, culture insert was removed, dish was filled up with standard growth media and left in the imaging box of video microscope (Biostation, Nikon). Images of the wound area were acquired every 30 minutes for a time lapse of 24 hours (Figure 13 B).

6) Chemotaxis migration

75000 cells were plated into upper compartment of 8µm pore Transwell inserts (Corning TM ) in a serum-free media, whereas lower compartment of the well was filled with standard growth media, as a chemoattractant. After 16 hours at 37°C, 5% CO 2 cells were fixed in icecold methanol and stained with 1% crystal violet in 25% methanol. Inserts were then washed and the upper area of the filter was rubbed dry to eliminate the non-migrated cells. The data was obtained after counting five random fields of view under an inverted microscope DMIRE2 (Leica) at 5x magnification. At least two inserts for each condition were analyzed in each independent experiment (Figure 13 A).

7) Chemotaxis invasion

The invasiveness of cells was assessed in the same way as chemotaxis migration. The only difference is that Transwell inserts were pre-coated with 1.25 mg/ml Matrigel TM Basement Membrane Matrix (Becton Dickison) (Figure 13 A).

containing the required amount of genetic material. After suspension was put into special nucleofection cuvette and electroporated, 500 µL of standard growth media were applied and cells were left to recover in the incubator for 5 minutes. Then the whole cell suspension was plated into the dish of interest and left at the standard growth conditions overnight.

2) Lipofection-like transfection

Lipofection is a method of transfection based on the formation of liposome-embedded genetic material complex, which is transferred through plasma membrane and hense introduced to the cellular genome. To date, different viriations of lipofection methods were developed based on the similar principal. In this study, HiPerfect Transfection Reagent (Qiagen) was mostly used for siRNA transfections, whereas X-tremeGENE 9 Transfection Reagent (Roche) were used for plasmid introduction.

3) Soft agar colony assay

In order to obtain stable cell lines of suspension cells, we used the soft agar colony assay as described in (Rong et al., 2008) . After nucleofection, the cells were allowed to recover in 20mL of conditioned medium for 24h., after which the antibiotic (G418) was added. After 48h of selection in liquid culture, the cells were then plated in soft agar. A bottom layer of plating medium (50% preconditionned growth medium, 30% fresh DMEM, 10% serum, antibiotics, 0,5% agarose) was added and allowed to solidify at 4°C for 10 minutes and then for 10 minutes at room temperature. Then the upper layer of agar containing cells was added.

The cell/agar mixture was solidify at room temperature for 30 minutes before placing the mat 37°C. A layer of growth medium is added over the upper layer and changed every 2-3 days in order to prevent desiccation.

VI. Molecular biology techniques 1) Polymerase chain reaction (PCR) i) RNA extraction

Total cellular RNA was isolated using the High Pure RNA Isolation Kit (Roche, Basel, Switzerland, 11 828 665 001) or the NucleoSpin RNA Plus Kit (Macherey-Nagel). The quantity of extracted RNA was measured by BioPhotometer (Eppendorf) or Nanodrop 1000 (Thermo Scientific). I needed, samples were stored at -80°C.

ii) Reverse transcription

For cDNA synthesis, 1 µg of RNA was reverse transcribed with High Capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, CA, USA). In brief, the program for the RT reaction is : preheated lid 98°C, 25°C 10 min, 37°C 120min, 85°C 10 sec, 4°C

hold.

An other RT method was used as follow: 1 µg RNA were annealed with random hexamers at 70°C for 10min then we vortex and put on ice. After, we add 1X PCR Buffer II, 3mM MgCl2, 0,5 mM dNTP, 50 units of Moloney Murine Leukemia Virus (M-MuLV) reverse transcriptase and 20 units of RNase inhibitor per each reaction. Then, mixtures were incubated at room temperature for 15min and then at 42°C for 30 min. Finally, the enzymes were degraded by 70°C 10 min.

The cDNA can be strored at -20°C.

2) Quantitative real-time PCR

The cDNA was diluted 1 : 10 and the Taqman real-time qPCR analysis was performed with an Applied Biosystems 7900HT instrument using specific primers and fluorescent Taqman probes obtained from Integrated DNA Technology. The results were analyzed with SDS 2.3

and RQ manager software (Applied Biosystems). The data were collected from three separate experiments using triplicates. Sequences for qPCR primers and probes are in section II.1) of Material and methods.

VII. Macromolecule blotting 1) Protein extraction

The cells were lyzed in 1x RIPA buffer with protease and phosphatase inhibitors under agitation at +4°C for 30 minutes. Then the lysate was centrifuge at 13000g for 13 min in order to eliminate the nuclei fraction. The concentration of protein lysate was measured with Pierce BCA Protein Assay (Thermo Fisher Scientific) or with the bradford protein assay (Thermo Fisher Scientific).

2) Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

1x Sample reducing agent and 1x LDS Sample Buffer (Bolt 

3) Immunoblotting

Proteins from pre-cast gels were transferred onto methanol-activated 0.45 µm PVDF membrane (Immobilon). The liquid transfer 1h was done a transfer buffer containing 10% methonal, under constant voltage of 100V at +4°C. Afterwards, the blots were blocked with 5% milk 1X TBS-T buffer for 1hour, and then incubated with primary antibodies of interest (Table 3). Blots were developed using SuperSignal OptiPrep™ Density Gradient Medium (DGM) ranging from 10 to 30% of iodixanol prepared as explained on the datasheet. After centrifugation at 100,000 g for 2 h at 4 °C on a SW40 rotor, 4 fractions were isolated and further subjected to a 1 h centrifugation at 100,000 g at 4°C on a 50Ti rotor. Each final pellet was either re-suspended in a RIPA buffer (10 mM PO4Na2/K buffer, pH 7.2, 150 mM NaCl, 1 g/100 ml sodium deoxycholate, 1% Triton X-100, 1% NP40, a mixture of protease inhibitors (Sigma-Aldrich), and a phosphatase inhibitor (sodium orthovanadate; Sigma-Aldrich)), or briefly vacuum-dried to remove the aqueous component, followed by re-suspension in 5:1 CHCl3/MeOH (chloroform/methanol) solution

X. Lysosome enrichment

Lysosome fractionation was performed using the Lysosome enrichment kit for tissue and cultured cells (Thermo Fisher Scientific, #89839).

XI. Immunohistochemistry

Paraffinized human prostate anonymous tissue sections from 15 prostatectomies were obtained from the Department of Cell Pathology, Hôpital St Vincent de Lille. Paraffinembedded prostate sections were subjected to conventional deparaffinization followed by antigen retrieval using citrate buffer at 95 °C in a water bath. After saturation in a solution containing 1% BSA and 0.05% Triton X100 in PBS-gelatin, the prostate sections were incubated with the specific antibodies, overnight at 4 °C. Goat polyclonal anti-rabbit and antimouse peroxidase-conjugated secondary antibodies (Chemicon International; 1/200) were used. After revelation with diaminobenzidine (Sigma-Aldrich), images were analyzed using a Zeiss Axioskope microscope (Carl Zeiss) and Leica Image Manager software (Leica Geosystems). Details on antibodies, dilutions, and staining characteristics carried out in the Department of Cell Pathology are given in Table 3. Immunohistochemistry was performed automatically using a Benchmark XT automated slides stainer (Ventana Medical Systems)

following established protocols, and detection was performed using an IVIEW-DAB detection system (N760-500; Ventana Medical Systems).

XII. Calcium imaging

The calcium imaging technique is currently used to precisely measure the cytosolic Ca 2+

concentration. The cytosolic Ca 2+ concentrations were measured using the ratiometric dye Fura-2-acetoxymethylester(AM) (Interchim). The Fura-2AM was reconstituted in dimethyl sulfoxide (DMSO) and diluted in HBSS to the final concentration of 1 µM. The cells are loaded with Fura-2-AM for 40 min at 37°C, 5% CO 2 . The binding of calcium on Fura-2 leads to shift of the excitation spectrum without affecting the emission spectrum. The free-Fura-2 emits a fluorescence at 510nm when it is excited at 380nm while the calcium-Fura-2 emits a fluorescence at 510nm when it is excited at 340nm. The ratio between the two emitted intensity of fluorescence and thus determine the free calcium concentration into the cell, according to the Grynkiewicz equation [START_REF] Grynkiewicz | A new generation of Ca2+ indicators with greatly improved fluorescence properties[END_REF].

The setup is composed of an epifluorescence microscope (Olympus IX70), a xenon lamp, a monochromator Till Photonics, a digital CDD camera 12 bits (MicroMax 5 MHz, Princeton) and of a computer including a software (Metafluor 5.0 Universal Imaging). This sofware allows the stimulation, acquisition and analysis of the images. The different wave lengths fraction. In order to achieve a density of only a single channel per patch, a further dilution of the isolated fractions can be performed by adding more lipids. Typically, the mixtures with 1:2 -1:5 ratios were used (e.g. for material extracted from HEK293 and WEHI7.2 cells correspondingly), yielding activity of IP 3 R channels in approximately half of the patches.

The addition of essential lipid factors (e.g. PIP2, which is known to regulate many ion channels) is possible at this stage if the studied proteins require it. Proper uniform mixing of the proteins and lipids was ensured by rigorous vortexing (30 sec at maximum speed) and sonication of the glass vial with the mixture in a bath sonicator (600 W) for 15 min.

To prepare giant uni-lamellar vesicles (GUVs), 10 µl of the final mixture were dried on a clean ITO glass slide. Sometimes, an application of 10 µl of chloroform can be done in order to uniformly redistribute the protein-containing lipids on the ITO glass slides and another drying. This was followed by rehydration of the formed film with 250 µl of 300 mM sucrose or sorbitol solution in the space enclosed by the rubber o-ring and covered by another ITO glass slide. The completed chamber was positioned in a Vesicle Prep Pro apparatus (Nanion Technologies, Germany) and GUVs were produced utilizing the basal electroformation protocol, that applied 3 V with the frequency of 5 Hz for 110 min with 5 min periods before and after the main run, when the voltage was gradually increased and decreased from/to 0 V.

Produced GUVs were collected immediately after protocol completion (GUVs are unstable in contact with glass) and transferred into an eppendorf tube. Formed GUVs could be utilized for recordings immediately or stored for up to 1 week at 4 °C.

The activity of channel proteins reconstituted in such vesicles can then be studied using either a conventional patch-clamp setup, or using an automatic patch-clamp system (Figure 18).

-Amplifier: increase the electrical signal intensity detected by the microelctrode by converting the input current (in the range of pA) to electrical potential (in the range of V) in output.

-Low Pass filter: the noise of the acquired signal is approximately proportional to the signal bandwidth. The low pass filter allows to choose the bandwidth to limit the noise while maintaining the frequency of the recorded current.

-Digitizer: converts an analog signal into a numeric signal that can be fed into a computer.

-Acquisition card and an operating software (Clampex and Clampfit) and a computer.

-Horizontal pipette puller and a fire polish furnace: this material is required to make micropipettes.

-Anti-vibration table: necessary to mechanically isolate the experimental area and prevent seal disruption and provide general mechanical stability during experiments.

-Perfusion system: optional system which allows to change solutions.

-Pressure sensor: optional system, which allows to measure the applied pressure or suction, allowing to studyof mechanosensitivity effect.

Following this, the recording could be commenced at any point as in regular electrophysiological experiments in excised patch configuration. Recorded activity was quantified by performing a single-channel search analysis using the Clampfit- 

XIV. Co-immunoPrecipitation

In order to identify new partner proteins for the IP 3 R1 and IP 3 R3, co-immunoprecipitation was performed for the purpose of complexing with mass spectrometry (Figure 22). After the last wash, 700 µg in 500 µL of sample containing the antigen (i.e. cell lysate of PC3-M cells) and incubate at +4°C overnight.

For Western blot characterisation, the dynabeads-antobody-antigen complex was then washed two times using 200 µL CHAPS buffer. The Dynabeads-antibody-antigen complex was finally re-suspended in 100 µL CHAPS buffer and transfered to a clean tube (which is recommended to avoid co-elution of proteins bound to the tube wall).

The elution was done by removing the supernatant and then add 2X LDS and heating 10 minutes at 70°C. The supernatant was placed in a new collection tube and 10-15 µL were loaded onto a gel.

For mass spectrometry experiment, the dynabeads-antobody-antigen complex was then washed three times using 200 µL TBS buffer. The Dynabeads-antibody-antigen complex was finally re-suspended in 200 µL TBS buffer and transfered to a clean tube (which is recommended to avoid co-elution of proteins bound to the tube wall) which were bring to Prof. Rita Derua who performed the mass spectrometry.

XV. Mass spectrometry

For analysis by mass spectrometry, beads were incubated overnight with 1 µg trypsin (Roche) Only peptides with a score above the significance threshold were taken into account. Relative quantification of proteins from unique peptides after protein grouping was executed with Progenesis software (Nonlinear Dynamics).

XVI. Data analysis and software

Two different groups of programs were used for the analysis of single-channel data: (1) pCLAMP 10.2 (MDS Analytical Technologies), (2) QuB 2.0.0.8 [START_REF] Qin | Estimating single-channel kinetic parameters from idealized patch-clamp data containing missed events[END_REF][START_REF] Premkumar | Subconductance states of a mutant NMDA receptor channel kinetics, calcium, and voltage dependence[END_REF].

Origin 7.0 (OriginLab Corporation) was also used for some of the data fitting and plotting.

Traces suitable for single-channel analysis were selected by picking only recordings showing activity of a single channel. For example, while observing IP3-stimulated IP 3 R activity for at least 5 min and taking into account the observed mean open and closed dwell times of 7 ms and 637 ms, respectively, the probability that two identical channels would never exhibit a second simultaneous opening could be estimated at <∼10 -37 [START_REF] Baumgartner | Estimating the Number of Channels in Patch-Clamp Recordings: Application to Kinetic Analysis of Multichannel Data from Voltage-Operated Channels[END_REF], which demonstrates the validity of this rejection criterion.

Any baseline drift was manually corrected. Recorded activity was quantified by performing a single-channel search analysis using Clampfit-10 program (pClamp software suit, Molecular Devices) and QuB 2.0 programs as described previously (Qin and Li, 2004 ;Fernández et al., 2011). Single-channel conductance at the various voltages was measured by visually setting cursors at the baseline and open channel current level for computer measurement of those openings of sufficient duration such that filtering effects on amplitude should be minimal [START_REF] Colquhoun | Single-Channel Recording[END_REF]. The traces were idealized using two different methods: 50% half amplitude [START_REF] Colquhoun | Single-Channel Recording[END_REF] and segmented K means (Qin, 2004).

Data were compared using a 2-tailed Student's T Test. Statistics were calculated using Origin 

Introduction

Intracellularly localized ion channels are known to play important role in various cellular signaling pathways which are often directly involved in the regulation of cellular fate.

For example, the Ins (1,4,5)P3 and ryanodine receptor channels (IP3R and RyR), with their well-established localization in the ER, regulate various important cellular functions ranging from muscle contraction to the processes of cellular development, motility and death 1-3 . In recent years a growing number of the channel types embedded in the membranes of nucleus, endoplasmic reticulum (ER), mitochondria, mitochondria-associated membranes (MAM), endosomes and lysosomes 4-8 have been identified, including but not limited to the mitochondrial Ca2+ uniporter MCU, KV1.3 and 10.1, KATP, TRPM8, TRPML1, TWIK and TASK channels.

The high rate of discovery of intracellular ion channels and the fact that approximately 95% of the membranes are intracellular, have exposed these channels as an important class of proteins, more numerous than those expressed in the plasma membrane (PM). However, despite their abundance, intracellular ion channels remain poorly characterized at a single channel level. Contrary to the ion channels embedded in the plasma membrane, the intracellular localization of these proteins significantly complicates the application of classical electrophysiological techniques, such as patch clamp. The publications that report on electrophysiological properties of these channels often utilize planar lipid bilayer experiments.

Yet, this well established technique has certain limitations: large electrical capacitance of the bilayer resulting in low acquisition bandwidth and the nessesity of purification of the investigated channel protein, compromising the study of regulation of ion channels by their native protein partners 9,10 . In order to overcome the latter, some studies, as early as 1980s, employed fusion of small vesicles of a limited number of intracellular membranes with planar lipid bilayer (e.g. 11 ). Although this has not become a universal trouble-free approach, it prompted more recent attempts at perfecting the protein-insertion protocols, such as 12 .

Ironically, a series of much earlier publications, dating back 20-30 years, some even prior to the advent of the classical patch clamp, hinted at approaches that potentially could resolve the above issues: collecting different membrane fractions followed by fusion of this material with sufficiently large liposomes prepared via some pre-established routines, such as enlarging small unilamellar vesicles (SUVs) by subjecting them to freeze-thaw or dehydration-rehydration cycles 13,14 , or by inducing blister formation in lipids deposited directly on the chamber floor 15 . Separately we should note the use of in vitro transcriptiontranslation system by Sukharev et al. 16 , who first showed the possibility to incorporate fractionated membranes, containing bacterial mechano-sensitive channels of large conductance (MscL), into liposomes and then successfully patch them. These authors went on to expand this work to in vitro production of MscL. The publication by Jonas et al. 17 , employing a state of the art approach also merits a separate notice -the "pipette in a pipette" technique, that utilizes a double-seal formation with first, wider pipette clearing access for the 2 nd thinner pipette into intracellular compartments. The relatively tedious manipulations involved and the need for two independent micro-manipulators instead of one prevented, however, a wide adoption of this approach.

Summing up, these prior publications presented interesting protocols and encouraged the study of the intracellular channel activity, although often requiring tedious manipulations, mirrored by author's own experience 18,19 . These early studies set a stage for further development necessitating additional work to systematize them and formulate more universal

approaches.

An alternative approach addressing the study of intracellular ion channels involved patching intact organelles, for which an isolation procedure had been established. However, after almost 30 years this research is still limited to the nuclei of selected cell lines, mitochondria, enlarged lysosomes and a few plant organelles, such as vacuolar, thylakoid and chloroplast membranes 20-28 . Recent technical advances have allowed to streamline and standardize the manipulations relating to patching these organelles, as has recently been described, for example, by Schieder et al. 29 . However these advances have not yet encouraged patching of other organelle types.

Moreover, attempts to compare the activity of ion channels recorded in intact organelles and those purified and reconstituted in lipid bilayer, frequently show significant discrepancies. For example, a native IP3R channel in nuclear envelope typically exhibits drastically different gating properties, with significantly higher P open than that of the purified protein reconstituted in a planar lipid bilayer 10 . As it is pointed above, these differences can be attributed to the loss of protein-protein interactions in the lipid bilayer preparations, not to mention variations in the lipid composition as well as possible posttranslational modifications.

Thus, rigorous study of the arbitrarily localized intracellular ion channels and their regulation by partner proteins (such as in the case of the IP3R s and Bcl-2 in ER and MAMs; see above) is still beyond the scope of the approaches readily available to broad scientific community.

Here, we present a novel approach, organelle membrane derived (OMD) patch clamp, which allows electrical recording of the activity of a single ion channel localized in an arbitrary sub-cellular fraction, such as ER-, mitochondria-or liposome-enriched membranes, without compromising its interaction with endogenous partner proteins. The ability to preserve the endogenous protein environment in isolated intracellular membranes has the distinct advantage for study of protein-protein interactions in signaling cascades recruiting ion channels. Furthermore, this method does not require elaborate organelle extraction procedures and lab-specific know-how and, hence, is not limited to particular organelles. At the same time, it provides an opportunity to modify the channel micro-environment, if necessary, to assess diverse protein interaction models. To highlight the universality of our approach, we demonstrated the recordings of the activity of multiple ion channels derived from different organelles of various cell types, namely, the endogenous IP3R and RyR channels from the ER of HEK293 (human endocrine kidney), LNCaP (human prostate cancer) and WEHI7.2

(murine thymic lymphoma, an immature T-cell line) cells 30 , and TPC channels from lysosomal fraction of HEK293 cells. Finally, we showed the on-line modulation of the activity of the intracellular ion channel (IP3R) localized in the large amorphous and, hence, non-extractable organelle (ER) by the endogenous membrane-bound partner protein (Bcl-2).

Results

Description of the approach

At its core, the proposed approach combines established biochemical isolation methods of various organelles with the production of patchable vesicles containing endogenous proteins extracted from specific subcellular membrane fractions. The principal steps comprising this approach are outlined in Fig. 1. The technique employs as a first step the isolation of either a specific membrane fraction or a collection of cell membranes that are intended for further functional characterization. The collected fraction(s) are optionally combined with additional lipids, allowing one to achieve the suitable perpatch ion channel density and/or to provide certain degree of control over lipid environment. The introduction of additional proteins of interest, or performing steps towards purification or concentration of particular protein can also be carried out if necessary at this stage, thereby expanding the versatility of this approach. Next, the resulting mixtures are employed in the preparation of patchable substrates -giant unil-amellar vesicles (GUVs). The activity of channel proteins reconstituted in such vesicles can then be studied using either a conventional patch-clamp setup, or using an automatic patch-clamp system, such as PatchXpress systems by Molecular Devices or Port-a-Patch (that was used to acquire some of the data presented here), or

Patchliner by Nanion to name just a few. The biochemical manipulations necessary to isolate membrane fraction are described in more detail below, in the subsections devoted to validation of this technique on specific organelles, ER and lysosomes as presented here.

However any established and validated isolation protocol can be applied at this stage. It is important to note, that the isolation of intact organelles is not necessary, as only the pellet containing the lipid/protein mix corresponding to target organelle(s) is needed for further manipulations, which we describe in detail further on. This significantly expands the range of applicable extraction procedures, allowing the isolation of a much greater selection of intracellular organelles, as well as the use of simpler extraction protocols.

Following the isolation of specific membrane fraction, the collected pellet is split in two, with one part re-suspended in RIPA buffer for further biochemical control via Western blot, whilst another is set aside for the vesicle preparation. This part of the pellet selected for vesicle preparation is transferred to a glass vial and is vacuum-dried for a short period (typically 5-15 min), in order to remove any aqueous component. This is followed by the gradual addition of 5:1 CHCl3:MeOH mixture to yield a saturated solution of isolated fraction mixture. Typically, 1 ml of solvent is necessary to reliably solubilize the fraction mixture produced from a few million cells, depending on organelle ubiquity and isolation protocol efficiency. The isolated and solubilized fractions are then optionally combined with the suitable lipid combination, such as 5 mM DPhPC and 0.5 mM cholesterol, in order to dilute the fraction mix, should too many channels per patch be observed during data acquisition.

Typically, an initial combination is attempted at the 1:1 ratio of fraction and 5 mM lipid mixture in the case of cells over-expressing proteins of interest. This ratio can then be adjusted as necessary, until the desired perpatch channel density is observed during electrophysiological characterization.

The collection and solubilization of membrane fractions is followed by the preparation of giant unilamellar vesicles, using the electro-formation technique (see e.g. 31 for the protocol description using custom-made system and 32 for the use of commercial setup). Either a custom-made vesicle formation chamber or one of the commercially available setups that have recently appeared on market, such as Vesicle Prep Pro by Nanion Technologies (Germany), can be used. In short, the prepared fraction/protein mixture is dried on the ITO glass slide, enclosed in an o-ring and then rehydrated by the addition of a sucrose or sorbitolbased medium, with the total osmolarity matching that of the solutions used during patch clamping (typically 300 mM for further recordings in physiologically matching conditions).

This preparation is then covered by another ITO glass slide and loaded into either a commercial apparatus or a custom-made stimulation chamber and the GUVs are produced by applying an AC stimulation of 3 V at 5 Hz frequency and T=30 C for 2 hours. The GUVs produced are collected immediately after formation and can be used for patch clamping right away, or stored for up to a week at 4°C.

Classical ion channel solubilization protocols call for storing the proteins in detergent solutions (see e.g. 18,33,34 ). However, detergent-based solubilization requires additional steps to remove detergent following the lipid addition, thus complicating manipulations. In practice, no difference between different solubilization approaches (either using the approach presented here, or following the protocol used by one of the authors in the past, see 18 ) was observed during the acquisition of the functional data presented below. It should be noted though, that if detergent solubilization of the proteins is used, care should be taken to select appropriate detergents. Thus, RIPA buffer, commonly used to store proteins for further characterization via Western blot, is known to denature proteins. Instead a milder detergent, such as CHAPS is normally preferred to store purified or isolated channel proteins 18,34 .

Use case 1: activity in isolated ER membrane fractions.

To illustrate the application of this approach, we applied the steps outlined above to isolate, prepare vesicles and patch the ER containing fractions from the HEK293 and LNCaP (human prostate cancer) cells. The particular isolation protocol of the ER-containing membrane fraction was based on the wellestablished procedures for organelle enrichment 35 , outlined in Fig. 1. The top portion of Fig. 1 presents a flowchart of possible manipulations that lead to the collection of post-nuclear fractions, mitochondria, dense ER membranes, Golgi vesicles or light smooth ER membranes (microsomes). In short, HEK293 or LNCaP cells were collected in a phosphate buffer saline solution (PBS), pelleted in 50 ml tubes and homogenized in ice-cold buffer as described. The non-disrupted cells and post-nuclear fraction were sedimented and separated by the series of mild centrifugations. A further separation of mitochondria and associated membranes could be carried out by stronger centrifugation, separating the MAM fraction and the rest of the subcellular membranes, as described. Subsequent fractionation of vesicles and membranes was performed with an Iodixanol (OptiPrep TM ) gradient 36,37 with minimal physical disruption to limit degradation of organelle membranes, to allow us to collect specific organelles and vesicles for further processing 38 .

To demonstrate the subcellular origin of the isolated fractions and to attribute them to specific intracellular membranes, a small part of the material produced during the fractionation was separated and used to test for the presence of organelle-specific protein markers. The results of such characterization for this validation study, presenting a typical distribution in one out of 5 different procedures of protein fractionation, are shown in Fig. 2.

Fig. 2a shows a scheme of multiple gradient centrifugation steps, necessary to address the cross-contamination often observed following the most common version of the separation protocol (e.g. 36 ), as discussed in more detail below. Fig. 2b displays the results of Western blot analyses of the isolated fractions. The ER membranes were reported by the detection of calnexin, while mitochondria and Golgi apparatus were characterized by the detection of voltage-dependent anion channel 1 (VDAC1) and of golgin-97, respectively. Further, the presence of the intracellularly localized ion channel IP3R in isolated subcellular fractions was verified by Western blot experiments, using the Pan anti IP3R Rbt476 antibody recognizing all three IP3R types (a kind gift from Prof. J. Parys 39 ). Fig. 2d shows the typical distribution of the IP 3 R protein in the isolated fractions, confirming its presence in the ER-enriched fractions.

Next, we used the isolated material to create and patch GUVs following the procedure outlined above. Fraction-2 (Fig. 2b) was selected for vesicle creation, as better representative of the ER containing isolate. GUVs were prepared from the isolated fraction material combined with the 10:1 DPHPC/cholesterol lipid combination (5 mM). Initially the mixture with the 1:1 ratio of fraction material to additional lipids was tested. However, such preparations would often yield traces with multiple levels of IP 3 R activity universally present, necessitating further dilution of the isolated fractions. Typically, the mixtures with 1:2 -1:5 ratios were used, yielding activity of IP 3 R channels in approximately half of the patches. The IP3R activity could be readily and reversibly stimulated by the application of 10 µM IP3 at the Additionally, to demonstrate the universal character of this technique, which is not limited to observing activity of only a specific ion channel, we also attempted to record RyR activity in the same membrane fractions. The recording conditions were changed to emphasize RyR activity over that of IP3R, making use of the differential sensitivity of these channels to Mg 2+ , as described. Typical gating of RyR is shown in Fig. S2, demonstrating such characteristic features 41,42 as further stimulation of spontaneous activity by 3 mM caffeine, blocking of activity by 1 µM dantrolene and an increase in the channel P open by 1 nM dantrolene. Another illustration of the successful use of this technique can be seen in 6 , where we have characterized the activity of short TRPM8 channel isoforms, which are localized in the ER in prostate cancer cell lines.

Improving the purity of isolated fractions

Note, that while the procedure described above has allowed a separation of the intracellular material into the fractions that could be attributed to a particular organelle, a noticeable cross-contamination could still be observed, as evidenced by the presence of multiple traces markers in most fractions. Thus Fraction 2 in Fig. 2, that was the best representative of the ER membrane, and was thus used for further characterization, still contained traces of the mitochondria membranes, evidenced by the presence of the VDAC protein (Fig. 2b). Indeed, while patching the GUV preparations made from this fraction, we could observe not only IP3R and RyR activity described above. In approximately 11% of traces, we could observe VDAC-like activity 43 , as can be seen in the lower panel of Fig 2b.

While it was reasonably easy to differentiate activity of different ion channel species in this preparation, such contamination can significantly complicate the analysis of ion channels whose identity has yet to be firmly established.

To alleviate this complication additional steps can be taken to better separate materials belonging to different intracellular organelles. In this case, to achieve better separation, we extended the protocol by performing multiple gradient centrifugation steps of increasing density resolution. Thus, as illustrated in Fig 2a, following the 1 st gradient centrifugation, the material belonging to Fraction 2 was collected and applied to a 2 nd Iodixanol gradient spanning the subrange of the original densities, chosen to include the mean density corresponding to the observed band. In this case, the 2 nd gradient of 10-16% was used, following the 1 st 10-30% gradient. As can be seen from these results, expanding the standard protocol to include additional steps allows the obtention of a better fraction separation. Thus one can observe a typical balance between effort spent, quantity of collected material and cleanliness of preparation. This presents a classic choice: while it is critical to obtain maximal separation of the intracellular membrane fractions when working with not yet well-characterized ion channels, it may be preferable to collect more material, whilst using a less tedious set of manipulations when working on ion channels whose identity is already wellestablished.

Use case 2: isolating and patching lysosomal fraction

To better illustrate the applicability of this approach to studying ion channels in arbitrary organelles, we isolated another organelle fraction, which would however require a different isolation protocol. Studies of lysosomal composition and associated ion channels have been performed for some time now and lysosomal isolation protocols are well established. Moreover, to illustrate the ease of combining various biochemical procedures with vesicle preparation, we opted to use a commercially available lysosome isolation kit, used in publications studying lysosomal ion channels 44 .

Lysosomes were isolated following the kit manufacturer's protocol. In short, HEK293 cells were tripsinated, collected, centrifuged to remove media and treated for 2 min with 800 µl of kit Solution A, transferred to a Dounce tissue grinder and lysed. The lysate was transferred to an eppendorf tube and 800 µl of kit Solution B were added and mixed gently.

The mix was centrifuged at 500 g for 10 min and the supernatant layered on top of a discontinuous gradient prepared as described, which was then centrifuged at 145,000 g for were significantly richer in lysosomal proteins and contained only trace amounts of ER and MAM-associated marker proteins, a sub-fractionation of the lysosomal band, following multigradient isolation, similar to that described above, may be advisable if the presence of such impurities is a major concern in the study attempted.

Next, activity in lysosomal fraction was characterized by preparing and patching GUVs, as above, from the isolated Fraction-3 material directly, without addition of extra lipids. Analysis of the single channel activity in collected traces has shown, among other things, a presence of the signature current of the two-pore segment channel 2 (TPC2) proteins, that are known to be endogenously expressed in HEK293 and localized in lysosomes 45 . TPC2 activity, observed in 4 out of 26 patches, could be identified by multiple factors: first, by its characteristically large conductance with observable multiple conductive substates, populated in a voltage-dependent manner (207 ± 16 pS slope conductance, Fig. 4c andd and further, its activity could be inhibited by removal of free calcium following the application of 5 mM EGTA and later re-established by the application of 100 nM NAADP (Fig. 4e), in close accordance with recent TPC2 characterizations carried out in nuclear patch and lipid bilayer recordings 46,47 .

Interaction of Bcl-2 and IP3R is preserved in the patchable

substrates.

Finally, we show that the proposed OMD patch-clamp approach preserves endogenous channel complexes in association with their endogenous accessory proteins present in specific intracellular membrane fractions. Here, we demonstrate that endogenous IP3R activity in isolated ER fractions is modulated by the IP3R-modulating protein, Bcl-2 48,49 .

The proteins of the Bcl-2 family are known as important players in oncogenic transformation, due to their ability to regulate the balance between cellular death and proliferation 50,51 . Besides their mitochondrial function related to the scaffolding and the inhibition of pro-apoptotic Bcl-2-family members 52 , anti-apoptotic Bcl-2 proteins execute part of their function in the ER through Ca2+-signaling modulation by directly targeting and inhibiting IP3Rs 53-55 . The molecular determinants underlying IP3R/Bcl-2-complex formation have been well characterized 49,56-58 . They are known to involve a Bcl-2-binding site located in the central modulatory domain of the channel 49 and the BH4 domain of Bcl-2, that is both necessary and sufficient for binding and inhibiting IP 3 R activity 56,57 . A peptide corresponding to the stretch of 20 amino acids of the IP 3 R at this binding site, here referred to as Pep2, is able to antagonize Bcl-2's inhibitory action on IP3Rs 49 .

To demonstrate that the presented technique preserves the interaction of intracellular ion channels with their partner proteins, we recorded activity in the GUVs prepared from the ER-containing membrane fractions from control and Bcl-2 ─ overexpressing WEHI7.2 cell lines 57 . The activity was compared between the control (i.e. those expressing only IP3R) and Bcl-2 overexpressing variants of these cell lines. As can be seen in Fig. 5a, robust IP3R activity could be observed in the GUVs prepared from the ER membrane fractions of the control cells, under the conditions stimulating IP 3 R (symmetric 1 μM Ca 2+ and 2 μM IP3).

However this activity was significantly less in the GUVs made from the WEHI7.2 cells ectopically expressing Bcl-2, thereby directly confirming the inhibitory effect of the endogenous Bcl-2 on the IP3R activity 49 . The average NP open representing levels of activity in the control and Bcl-2 expressing cells are presented in the barplot in Fig. 5b.

To further demonstrate that the interaction between endogenous IP3R and Bcl-2 is preserved by our method, we studied the effects of diffusible proteins affecting IP3R and Bcl-2 function. As evidenced in the upper panel of Fig. 5c, the IP3R activity in the GUVs made from control cell ER fractions could be acutely suppressed by the application of 10 μM BH4-Bcl-2 -a diffusible synthetic peptide representative of the IP3R-binding domain of Bcl-2 59 .

Finally, and most importantly, the inhibition of IP3R activity in the GUVs created from the ER fractions of the Bcl-2 expressing WEHI7.2 cells could be reversed online by the application of 10 μM Pep2 peptide, that targets Bcl-2's BH4 domain, thereby disrupting the interaction between Bcl-2 and IP3R 56,57 .

Discussion

Understanding the function of ion channels and the roles they play in cellular physiology has long been a subject of numerous studies. The first attempts to register their activity go as far back as 1939, when action potential was for the first time measured in the giant squid axon 60,61 . By the 1970s, even before the advent of the patch-clamp technique, the notion of ion channels as specialized proteins possessing a conductive pore and having the specific properties of ionic permeation, selectivity and gating was already well-established.

The same period saw the first observations of the activity of individual ion channels as discrete current levels measured in lipid bilayers upon the addition of "excitability-inducing material" from cellular lipid extracts (e.g., Ehrenstein et. al. 49 ). However, these initial studies were not very specific in targeting particular classes of ion channels and could study only the rudimentary characteristics of these proteins. The development of a patch-clamp technique soon thereafter 62 presented a robust and easily reproducible way to describe the properties of ion channels in much greater details, opening a slew of new possibilities to study extensively their function and physiological roles. It is, therefore, quite natural that the majority of ion channel studies quickly shifted towards using this technique, which then became a golden standard of ion channel investigation.

One drawback of the classic patch-clamp, though, is that it is primarily applicable to the ion channels localized in the plasma membrane. Nevertheless, considering the immense array of PM-bound ion channels that had yet to be characterized at the time, this issue was not perceived as a limitation for quite a while. In fact, even the idea that the intracellular ion channels could play important physiological role was not seriously considered up until the identification of IP3R and RyR channels. These channels are now known as "the classical intracellular Ca2+-release channels", serving as major Ca2+-release pathways from the ER and playing important roles in regulating apoptosis, autophagy 63-65 , excitation-contraction coupling 2,3 , etc.

Attempts to use biophysical preparations that would allow a study of intracellular ion channels were made as early as 1970s or 80s, even though at the time they were not specifically targeted at these channels. Commonly, such preparations would involve the fusion of the membrane material with small uni-lamellar vesicles of sub-μm diameter and their further processing via freeze-thaw or dehydration-rehydration cycles, sometimes including the induction of blister formation in order to produce substrates sufficiently large for patching 1 . However, these publications, including authors' own prior work (e.g. Clayton et.al. or Shapovalov et.al. 18,19,66 ), typically touched upon procedures to study a particular ion channel under specific condition, without proposing an approach that would be applicable routinely and universally. With the development of commercial electrophysiological instrumentation and patch-clamp becoming a de-facto standard technique, publications utilizing such strongly biophysical manipulations have been gradually displaced by approaches using either patchclamp for the PM-bound channels or by studies of the purified intracellular channel proteins (primarily IP3R and RyR) incorporated into planar lipid bilayer.

The latter, while allowing a study of intracellular ion channels in a universal way, usually relies on the prior ion channels purification, which translates into a need for large amounts of channel protein. This often requires the use of bacterial preparations and brings with it the associated risk of improper modifications occurring during protein production, especially in the case of eukaryotic channels. Even more importantly, the inherent loss of proteins naturally expressed in the membranes containing the investigated ion channels, makes it impossible to study their regulation by endogenous partner proteins and, thus, limits the applicability of this technique. Some attempts to alleviate this have been made over recent years, e.g. using isolated microsomes to introduce ion channels into the bilayer 19 . While this allows avoiding the protein purification and requires less material in general, this approach, relying on a specific isolation procedure, did not appear to be universaly applicable.

Another way to tackle this problem, which was developed in parallel and presented in scientific literature over time, is patching isolated intact organelles. Indeed, the ability to study ion channel activity under quasi-physiological conditions would yield the most reliable information. One arguably important but not critical limitation of this approach is inability to modify the composition of the studied membranes. A much more important issue, however, is that even now, after many years of intense research of intracellular ion channels, only the nuclear envelope, mitochondria, some plant vacouolar organelles and processed lysosomes have been successfully isolated and patched, largely due to the non-localized nature and fragility of the majority of the important intracellular organelles67-69. Thus, neither the regions of ER, apart from that immediately adjacent to the nuclear envelope, nor mitochondriaassociated membranes, Golgi, autophagosomes and many other intracellular membranes have been previously patched.

This situation has prompted us to develop a more universal and readily reproducible approach for electrical recording of the activity of intracellular ion channels at a single channel level.

This approach builds on a prior work of the first author using an earlier set of biophysical manipulations discussed above21,23-27,29_ and represents our effort over the years to critically analyze, synthesize, systematize and unify these manipulations. This has resulted in a universal framework of manipulations that a) are applicable universally to a variety of cellular membranes, b) preserve protein contents of investigated membrane(s), thus allowing an investigation of the roles of protein-protein interraction in various signaling cascades recruiting ion channels, c) are versatile, by allowing, if necessary, the modification of protein and/or lipid composition of investigated membrane(s) and d) are simple to implement. This approach has already been successfully used to study the activity of the intracellular isoform of the TRPM8 channel (see Bidaux et.al.18,19_ for the characterization of the channel gating, but not the detailed description of the method).

To highlight the universality of our approach, we acquired the activity of IP3R and RyR channels from the ER membrane6_ fractions of the HEK, LNCaP and WEHI7.2 cells, and patched lysosomal fraction of HEK293 cells, showing a characteristic activity of the TPC2 channels, known to be endogenously present in HEK293 cells and to be localized in lysosomal membranes1_ . Finally, we have demonstrated that our approach preserves not only the presence of the endogenous regulatory protein Bcl-245,47_ , but also its interaction with IP3R. Indeed, IP3R exhibited a significantly smaller open probability in the cells ectopically expressing Bcl-2 than in the cells void of Bcl-2. Moreover this low Popen of IP3R in the presence of Bcl-2 could be restored to control levels by acute application of the pep2 (renamed as IDP in more recent publications) -the peptide inhibiting interaction of Bcl-2 with IP3R56,57_ .

It is interesting to compare these results with previous publications reporting the direct effect of Bcl-2 on the IP3R activity. Unlike the Bcl-Xl protein that has been shown to sensitize IP3R to Ca2+ at low IP3 concentrations49_ , Bcl-2 has been shown previously to suppress IP3R activity70_ . These publications, however, did not report upon the regulation of IP3R by endogenous Bcl-2, demonstrating instead an effect of either a short soluble fragment of Bcl-249,71_ on the activity of IP3R in a nuclear envelope, or the effect of purified full-length Bcl-2 on IP3R reconstituted in planar lipid bilayer71_ . The former publication did not use a full-length Bcl-2 protein, while the latter exhibited a discrepancy commonly observed in studies of the activity of the purified IP3R isoforms in bilayer experiments, i.e. clearly different kinetic properties (namely, significantly smaller basal Popen in the same set of conditions49_ ) compared to the recordings of the IP3R activity in natural environment in nuclear envelope. In contrast, our approach allowed successful recording and characterization of the activity of IP3R in natural lipid/protein environment, as can be judged from high-Popen basal activity of IP3R. Furthermore, it revealed for the first time a significantly more complete and robust inhibition of this activity by an endogenous Bcl-2.

Another example of the preservation of protein-protein interactions in our experimental approach, albeit not as direct, is our recording of RyR activity and its sensitivity to dantrolene. In the literature, the effect of dantrolene is controversial. Some publications, primarily using Ca2+ imaging and physiological assays, report upon RyR being sensitive to dantrolene10,49_ , while others, in majority utilizing lipid bilayer recordings, report RyR currents to be insensitive to dantrolene72,73_ . Recent publications shed light on this controversy by demonstrating that RyR sensitivity to dantrolene depends on the presence of calmoduline, which is lost in lipid bilayer preparations68,74,75_ . In close correspondence to these data, our approach preserves endogenous protein bundles, thus retaining original protein-protein interaction and thus the effect of dantrolene on RyR activity.

The described procedure not only provides universal means for studying intracellular ion channels while preserving their regulation by partner proteins, but also exhibits a large degree of versatility. The investigator can employ cells overexpressing the ion channel of interest, maximizing the amount of the studied protein, or cell lines naturally expressing investigated proteins, thus enabling studies in cells belonging to physiologically relevant tissue types.

Furthermore, one of the principal advantages of this technique -the ability to study the interaction of intracellular ion channels with natural protein partners, can be further expanded by allowing an addition of the membrane-bound factors at the stage of vesicle preparation, or diffusible factors during the data acquisition. It should be noted, that neither retaining proteinprotein interaction nor such versatility come at the cost of more tedious manipulations. To the contrary, only the pellet containing the lipid/protein mix corresponding to target organelle(s),

and not the isolation of intact organelles, is needed. This allows the use of simpler extraction protocols, while significantly expanding the range of applicable extraction procedures. Any established protocol of (sub)cellular membrane isolation can be used as a part of this approach, allowing one to study a very large selection of organelles. On the other hand, such nature of the employed isolation methods does not provide an easy means to control the orientation of the ion channels in the prepared GUVs. While this may seem to be an essential limitation, in practice, the in-patch orientation of the channel proteins can easily be established in cases when it plays a significant role via the nature of its asymmetry e.g in the case of voltage or ligand-sensitive ion channels, by simply recording channel activity at series of different potentials, or by applying specific agonists to either side of the membrane.

Additionally, compared to the bilayer technique, the ability to use the regular patchclamp systems allows the acquisition of higher-resolution and lower-noise data, which is essential in building the detailed kinetic and molecular models of the regulation of intracellular ion channels. Finally, this procedure naturally combines with the use of the automated patch-clamp systems. Thus, a significant portion (approximately 40%) of the measurements reported in this publication were performed using the Port-a-Patch automated patch system by Nanion.

In conclusion, intracellular ion channels form a major class of ion channel proteins, likely even more numerous than the "classic" PM-localized channels, and regulating important processes such as the balance between cellular proliferation and death or cellular motility and cancerogenesis. However, in-detail functional studies of these ion channels, especially at single-channel level, are still not very common due to the disparity of the currently available experimental techniques. Especially lacking is the ability to study ion channels localized in arbitrary intracellular organelles while maintaining their interaction with endogenous partner proteins. Here, we present a streamlined universal approach, named organelle membrane derived (OMD) patch clamp that addresses these limitations, exposing the intracellular ion channels to routine functional studies and allowing extensive investigation of their regulation and role in cellular signaling.

Materials and Methods

Membrane proteins extraction

Cells were harvested with a rubber scraper in a phosphate buffer saline solution (PBS), pelleted in 50 ml tubes and homogenized in ice-cold buffer B (250 mM sucrose, 1 mM EDTA, 20 mM Hepes-NaOH pH 7.4 and a mixture of protease inhibitors (P8340 by Sigma-Aldritch)) using a glass potter homogenizer. Non-disrupted cells and the post-nuclear fraction were pelleted twice consecutively at 250 g for 15 min at 4°C, prior to being re-suspended in solution B and spun at 1,000 g for 15 min at 4°C in order to separate whole cells in the bottom pellet and the post-nuclear fraction in the top pellet. Crude mitochondria extract, the supernatant, was centrifuged at 17,000 g for 30 min at 4°C in order to pellet mitochondria and associated membranes. The supernatant was completed with 1 volume of Hepes buffer ( 20mM Hepes-NaOH pH 7.4, 1 mM EDTA and a mixture of protease inhibitors) and proteins were pelleted at 100,000 g for 1h at 4°C on a 50Ti rotor before re-suspension in 1 mL icecold solution B. The remaining supernatant, after microsome pelleting, was precipitated in 5 volumes of ethanol 100% overnight at -20°C. The crude mitochondria pellet was processed on an OptiPrep™ Density Gradient Medium (DGM) ranging from 10 to 30% of iodixanol prepared as explained on the datasheet. After centrifugation at 100,000 g for 2 h at 4°C on a SW40 rotor, 4 fractions were isolated and further subjected to a 1 h centrifugation at 100,000 g at 4°C on a 50Ti rotor.

Each final pellet was either re-suspended in a RIPA buffer (10 mM PO4Na2/K buffer, pH 7.2, 150 mM NaCl, 1 g/100 ml sodium deoxycholate, 1% Triton X-100, 1% NP40, a mixture of protease inhibitors (Sigma-Aldrich), and a phosphatase inhibitor (sodium orthovanadate; Sigma-Aldrich), or briefly vacuum-dried to remove the aqueous component, followed by re-suspension in 5:1 CHCl3/MeOH (chloroform/methanol) solution at saturating concentration (typically ~1 ml of CHCl3/MeOH per protein yield from 1000,000 cells).

Protein titration of RIPA-suspended extracts was performed with BCA protein assay (Pierce).

Preparation of patchable substrates (GUVs)

The isolated membrane fractions were combined with an appropriate collection of lipids dissolved in chloroform or 5:1 CHCl3/MeOH solution. Typically, a good yield of patchable vesicles could be produced when utilizing the combination of diphytanoylphosphatidylcholine (DPhPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and cholesterol with the ratios of 9:0:1 or 7:2:1. Lipids and fractions were diluted as necessary and mixed, with a straight 1:1 combination of 5 mM lipids and saturating suspension of subcellular membrane fraction commonly leading to the observation of multiple IP3 channels per patch upon stimulation with IP3. In order to achieve a density of only a single channel per patch, a further dilution of the isolated fractions can be performed by adding more lipids. Typically, the mixtures with 1:2 -1:5 ratios were used (e.g. for material extracted from HEK293 and WEHI7.2 cells correspondingly), yielding activity of IP3R channels in approximately half of the patches.

The addition of essential lipid factors (e.g. PIP2, which is known to regulate many ion channels) is possible at this stage if the studied proteins require it. Proper uniform mixing of the proteins and lipids was ensured by rigorous vortexing (30 sec at maximum speed) and sonication of the glass vial with the mixture in a bath sonicator (600 W) for 15 min. In the case of membrane fractions solubilized in a detergent-containing buffer, the decided-upon amount of lipids, conforming to the selected ratio, as discussed above (e.g. 10 μl of 5 mM lipids for each 10 μl of solubilized membrane fraction, corresponding to a 1:1 ratio) was deposited in an eppendorf tube and air-dried. The matching mount of membrane fraction material still in detergent buffer was deposited in the tube and the contents vortexted and sonicated (e.g., 600 W sonicator for 15 min). The detergent was then removed by adding 50% by volume of SM-2 resin Biobeads (Bio-Rad, Hercules, CA, USA) overnight on a rotary stage. This resulted in the formation of SUVs visible as a light nebulous substance formed upon detergent removal. The volume contained in this material was then collected for further processing, in order to form GUVs.

To prepare giant uni-lamellar vesicles (GUVs), 10 μl of the final mixture were dried on a clean ITO glass slide. In the case of the SUV deposit (when using the membrane fraction material solubilized in detergent-containing buffer), drying of the mixture was performing under house vacuum, followed by an application of 10 μl of chloroform in order to uniformly redistribute the protein-containing lipids on the ITO glass slides and another drying. This was followed by rehydration of the formed film with 250 μl of 300 mM sucrose or sorbitol solution in the space enclosed by the rubber o-ring and covered by another ITO glass slide.

The completed chamber was positioned in a Vesicle Prep Pro apparatus (Nanion Technologies, Germany) and GUVs were produced utilizing the basal electroformation protocol32_ , that applied 3 V with the frequency of 5 Hz for 110 min with 5 min periods before and after the main run, when the voltage was gradually increased and decreased from/to 0 V. Produced GUVs were collected immediately after protocol completion (GUVs are unstable in contact with glass) and transferred into an eppendorf tube. Formed GUVs could be utilized for recordings immediately or stored for up to 1 week at 4°C.

Western-blot.

25 µg of gradient-purified fractions were loaded onto a BoltTM 4-12% Bis-Tris Plus gels using a Mes buffer (Invitrogen), according to the manufacturer's instructions. After wet electrophoretic transfer onto a Polyvinylidene Difluoride (PVDF) membrane, the membrane was blocked in a PBS containing 0,1% Tween 20 (v/v) and 5% (w/v) non-fat dried milk for 1 hour at room temperature, then soaked in a primary antibody diluted in PBS + 0,1% Tween 20 + 1% milk for 1 hour at room temperature. After three washes in PBS + 0,1% Tween 20, membranes were soaked in a secondary antibody diluted in PBS + 0,1% Tween 20 + 1% milk

for 1 hour at room temperature. Membranes were processed for chemiluminescence detection using SuperSignalTM West Dura Extended Duration Substrate (Thermo Scientific), according to manufacturer's instructions. The immuno-reactive bands were visualized using the Amersham Imager 600 (GE Healthcare Life Sciences).

The primary antibodies were: mouse VDAC1, 1:200 (Santa Cruz Biotechnologies, Inc., SC-58649), mouse anti-Golgin-97, 1:1000 (Molecular Probes®, A21270) and mouse anti-Calnexin, 1:3000 (Millipore, MAB 3126) and 1:1000 polyclonal rabbit anti-IP3R Ab Rbt475 (recognizing all three IP 3 R isoforms; a kind gift of Dr J.B. Parys30_ ). Typically, approaching the GUV with a clean pipette and without applied pressure or suction led, upon touching the vesicle, to immediate gigaseal formation and bursting of the GUV. Following this, the recording could be commenced at any point as in regular The Trans-membrane domain of Bcl-2α, but not its hydrophobic cleft, is a critical determinant for the efficient IP3 receptor inhibition.

Patch clamping

INTRODUCTION

A hallmark of cancer cells is their ability to prolong cell survival by avoiding apoptosis. The family of B-cell lymphoma-2 (Bcl-2) proteins is a critical regulator of this process [1][2][3][4][5]. It consists of anti-apoptotic members, including Bcl-2 [6] and Bcl-Xl [7] and pro-apoptotic members like Bax [8]. All the members of the family share at least one of the four conserved α-helical motifs, known as Bcl-2 homology (BH1-4) domains [1,9]. Many of these proteins exist in more than one isoforms [7,[10][11][12][13] and Bcl-2 is not an exception. Two isoforms of Bcl-2, resulting from alternative splicing, were described: Bcl-2α and Bcl-2β [14]. Most of the work until now has been done with Bcl-2α, which is the long isoform and which in addition to the four BH domains contains a C-terminal extension with a putative transmembrane domain (TMD) (Figure (Figure1A).1A). In contrast, Bcl-2β has a much shorter Cterminus and lacks a TMD [14,15]. While Bcl-2β is mostly detected in cytosolic fractions, the TMD and a short preceding sequence target Bcl-2α to a variety of intracellular membranes including mitochondrial, endoplasmic reticulum (ER) and nuclear membranes [16][17][18]. Bcl-2α is the more abundant isoform in both healthy and cancer cells and it remains dominant in cancer cells up-regulating Bcl-2 protein [14,19]. In virtually all studies published to this date, Bcl-2 refers to Bcl-2α. The anti-apoptotic function of Bcl-2 oncogene was first characterized at the level of the mitochondria, particularly at the outer mitochondrial membrane, where it inhibits Bax/Bak-mediated apoptosis. The mechanism involves a BH3-dependent interaction,

where the hydrophobic cleft of Bcl-2 formed by the BH3-BH1-BH2 domains sequesters the BH3 domain of the pro-apoptotic members. This prevents Bax/Bak activation and oligomerization and inhibits the consequent mitochondrial permeabilization and cell death [2,3,20,21].

Ca 2+ signaling is another important modulator in cell-fate decisions, which can serve as a survivor factor promoting cell proliferation, but also as a cell-death inducer [22][23][24][25]. Bcl-2 was shown to execute its pro-survival function not only via direct inhibition of pro-apoptotic proteins but also via suppression of pro-apoptotic Ca 2+ signals. This occurs by direct interaction with inositol 1,4,5-trisphosphate (IP 3 ) receptors (IP 3 Rs) [26][27][28][29], the main intracellular Ca 2+ release channels, located at the ER [30][31][32][33][34]. IP 3 R inhibition by Bcl-2 appears to be an important mechanism that contributes to the oncogenic properties of Bcl-2.

Many cancer cells, including leukemia, lymphoma and lung cancer cells, are addicted to IP 3 R/Bcl-2-complex formation for their survival, since tools that disrupt this complex trigger cell death [35][36][37]. Over the last years, important insights in the regulation of IP 3 Rs by Bcl-2 (i.e. Bcl-2α) at the molecular level have been obtained. The suppression of IP 3 R-mediated Ca 2+ release by Bcl-2 was attributed to the interaction of the BH4 domain of Bcl-2 with a 20 amino acid region (a.a. 1389-1408) located in the central modulatory domain, more particularly in the Domain 3 (Dom 3) (a.a. 923-1581) of IP 3 R [38,39]. Previous studies, which exploited synthetic peptides covering the BH4 domain of Bcl-2 (BH4-Bcl-2), revealed that this domain is necessary and sufficient to bind to IP 3 R and to suppress its activity [26,27,39,40]. Nevertheless, the relatively low affinity of inhibition by the BH4 domain (measured in vitro IC 50 =30µM) [27,39] cannot explain the potent inhibitory effect of Bcl-2 full-length protein in physiological conditions. This Achilles' heel of the model suggests that additional domains in Bcl-2 could be responsible for an efficient in cellulo inhibition of IP 3 R.

Interestingly, the C-terminal domain, containing the last 6 th TMD of the IP 3 R (C-term Dom, a.a. 2512-2749), which is in close proximity of the channel pore is also targeted by Bcl-2 [41,42], but the mechanism and significance of this interaction are not completely solved. The same C-term Dom of IP 3 R also appeared to be responsible for interaction with other members of the family: Bcl-Xl and Mcl-1 [41].

Here, we aimed to identify the molecular determinants in Bcl-2α responsible for its interaction with the C-term Dom of IP 3 R and to assess their functional impact on Bcl-2α-mediated inhibition of the channel. We especially focused on two important functional domains in Bcl-2α, i.e. the hydrophobic cleft, involved in BH3-dependent interactions and the C-terminal region, containing the TMD, involved in hydrophobic interactions within the membrane environment (Figure (Figure1A).1A). Using genetic and pharmacological approaches, we could however exclude the hydrophobic cleft as a major player in the formation of the Bcl-2α/IP 3 R complex. In contrast, we found that Bcl-2α binding to the C-term Dom of IP 3 R1 depends on the presence of the C-terminus of Bcl-2α. This region of Bcl-2α is required for efficient inhibition of IP 3 Rs in a cellular context and for inhibition of staurosporine (STS)induced apoptosis. Furthermore, we demonstrated a direct interaction between a peptide corresponding to the TMD of Bcl-2α (TMD-Bcl-2) and the purified C-terminal fragment of IP 3 R1. The TMD-Bcl-2 was able to suppress IP 3 -induced Ca 2+ release (IICR) when applied at high concentrations. These results suggest that the C-terminal region, and particularly the TMD, of Bcl-2α not only serves as an anchor for tethering Bcl-2α in the membranes, but is also an important functional regulator of IP 3 R activity. Since the TMD is only present in Bcl-2α, but not in Bcl-2β, this study is the first one hinting towards important functional difference between the two isoforms with respect to Ca 2+ -signaling regulation.

RESULTS

Despite the presence of BH3-domain features in the IP 3 R sequence, the hydrophobic cleft of Bcl-2α is dispensable for interaction with the receptor

We performed a sequence alignment of the BH3 domains of different Bcl-2 proteins with the fragment of the central modulatory domain of IP 3 R1 (Dom 3), shown in previous studies to bind 38,42]. This analysis revealed the presence of a BH3 motif (a.a. 1332-1342) upstream of the previously described region in Dom 3 of IP 3 R targeted by the BH4 domain of Bcl-2 (a.a. 1389-1408) (Figure (Figure1A)1A) [43]. Figure Figure1B1B depicts the presence of the conserved LxxxGD/E motif [44] in the Dom 3 of IP 3 R and the α-helical secondary structure of this motif as predicted by I-TASSER web server. To determine whether a BH3dependent mechanism plays a direct role in the interaction between Bcl-2α and IP 3 R we used two different approaches to antagonize the hydrophobic cleft of Bcl-2α, genetic manipulation and pharmacological inhibition. The genetic approach is based on mutations in the BH1 domain (replacement of G145R146 by AA yielding Bcl-2 GR/AA ) (Figure (Figure1A),1A), which lead to disruption of the binding between Bcl-2α and Bax [45][46][47]. The second approach is based on the use of pharmacological inhibitors like the BH3-mimetic compounds [48,49], designed to occupy the hydrophobic cleft, thereby disrupting interactions between BH3 domain-containing proteins and anti-apoptotic Bcl-2 proteins [48,49]. Here, we applied ABT-199, a selective Bcl-2 inhibitor which does not target Bcl-Xl [50].

First, we validated that both, the GR/AA mutation or the incubation with ABT-199 (3 µM),

prevent Bcl-2α binding to Bax in co-immunoprecipitation experiments. The concentration of ABT-199 that we used in the experiments is well above the documented subnanomolar affinity of this compound for Bcl-2 (Ki < 0.01 nM) [50], thus maximizing the potential effect of ABT-199 on Bcl-2/IP 3 R interaction. 3xFLAG-tagged proteins (3xFLAG-Bcl-2 wt in presence and absence of ABT-199 or 3xFLAG-Bcl-2 GR/AA ) were overexpressed in COS-1 cells and immunoprecipitated from the cell lysates using anti-FLAG-loaded agarose beads.

Immunoblots were stained for FLAG and Bax (Figure (Figure2A2A).

Next we performed two different sets of GST pull-down experiments, using the two purified As a second approach, we examined the interaction between Bcl-2 wt and the two GST-fused domains of IP 3 R in presence or absence of the BH3-mimetic compound .

Incubation with ABT-199 did not significantly affect the binding of 3xFLAG-Bcl-2 wt to the GST-Dom 3, nor to the GST-C-term Dom (Figure (Figure2C2C).

Taken together, these results suggest that the hydrophobic cleft of Bcl-2 is dispensable for its interaction with IP 3 R.

The hydrophobic cleft of Bcl-2α does not contribute to the inhibitory effect on IP 3 Rs

Bcl-2 overexpression results in dampened IP 3 R-mediated Ca 2+ release in intact cells [27,29,39,51], but whether this effect is mediated through the hydrophobic cleft of Bcl-2 is not known. To address this question, we monitored the change in cytosolic Ca 2+ levels in response to an IP 3 R agonist, ATP, using the ratiometric fluorescent Ca 2+ dye Fura-2-AM.

Similarly to the GST-pull down experiments, we used the mutation (Bcl-2 GR/AA ) or to antagonize the hydrophobic cleft of Bcl-2α. Intact COS-1 cells overexpressing 1) 3xFLAGempty vector, 3xFLAG-Bcl-2 wt or 3xFLAG-Bcl-2 GR/AA and 2) 3xFLAG-empty vector or 3xFLAG-Bcl-2 wt in presence or absence of , and co-transfected with mCherry plasmid were exposed to ATP (0.5 µM). The proper expression of the 3xFLAGproteins in the COS-1 cells was assessed via Western blotting using anti-FLAG antibody (Supplementary Figure S1A andS1B). Importantly, the expression levels of 3xFLAG-Bcl-2 wt and 3xFLAG-Bcl-2 GR/AA proteins were similar, although 3xFLAG-Bcl-2 GR/AA tended to be expressed at slightly higher levels. In addition, only cells with similar intensity of mCherry, thus similar levels of 3xFLAG-proteins were subjected to measurement. To chelate the free extracellular Ca 2+ , the experiments were performed in the presence of BAPTA (3 mM), an extracellular Ca 2+ buffer, ensuring that the ATP-induced [Ca 2+ ] rise is only due to Ca 2+ release from intracellular stores. The ER Ca 2+ -store content was also assessed by applying thapsigargin (Tg, 1 µM), an irreversible SERCA inhibitor, in the presence of BAPTA (Supplementary Figure S1A and Supplementary Figure S1B). Consistent with our previous studies, overexpression of 3xFLAG-Bcl-2 wt inhibited ATP-induced Ca 2+ release without affecting the ER Ca 2+ -stores content [27]. In line with our GST-pull down experiments, neither the overexpression of 3xFLAG-Bcl-2 GR/AA (Figure 3A Collectively, these functional experiments based on independent approaches exclude a major contribution of the hydrophobic cleft of Bcl-2α for inhibiting IP 3 R-mediated Ca 2+ flux.

The C-terminal region of Bcl-2α is critical for its interaction with the Cterm Dom, but not with the Dom 3 of IP 3 R1

After demonstrating that the hydrophobic cleft of Bcl-2α is not involved in the binding to and inhibition of IP 3 R, we investigated whether the C-terminal region containing the TMD of Bcl-2 could serve as an IP 3 R-interaction domain. We studied the binding of 3xFLAG-Bcl-2 lacking its C-terminal region (3xFLAG-Bcl-2 ΔC ) to purified GST-Dom 3 and GST-C-term Dom using GST-pull-down assays. In these experiments, consistent with our previous results, 3xFLAG-Bcl-2 wt bound with equal efficiency both IP 3 R GST-domains [42]. In line with previous data, showing that the BH4 domain of Bcl-2 is sufficient to bind to the Dom 3 [27,39], 3xFLAG-Bcl-2 ΔC remained capable to bind to this domain. Yet, the interaction with GST-C-term Dom was severely impaired (Figure 5A, 5B). These results suggest that while the C-terminal region of Bcl-2α is not crucial for interaction with the Dom 3, it is essential for binding to the C-term Dom of IP 3 R.

3xFLAG-Bcl-2 wt , 3xFLAG-Bcl-2 GR/AA and 3xFLAG-Bcl-2 ΔC bind to the fullsize IP 3 R 3xFLAG-Bcl-2 mutants seem to have differential binding properties for the different IP 3 R domains. However, the performed FLAG-co-immunoprecipitation experiments with lysates from COS-1 cells overexpressing 3xFLAG-empty vector, 3xFLAG-Bcl-2 wt , 3xFLAG-Bcl-2 GR/AA or 3xFLAG-Bcl-2 ΔC revealed that the wild type and both mutated proteins are able to interact with the endogenous IP 3 R1 (Supplementary Figure S2). These data are consistent with previous studies showing that the BH4 domain of Bcl-2 is the major determinant for binding to IP 3 Rs [27].

We also compared the binding properties of 3xFLAG-Bcl-2 wt , 3xFLAG-Bcl-2 GR/AA and 3xFLAG-Bcl-2 ΔC for endogenous pro-apoptotic Bax. As expected, 3xFLAG-Bcl-2 GR/AA failed to interact with Bax. The truncated Bcl-2 displayed equal efficiency for binding Bax as the wild type Bcl-2, confirming that the hydrophobic cleft is the major binding determinant in Bcl-2 interactions with pro-apoptotic proteins (Supplementary Figure S2).

The TMD of Bcl-2α directly interacts with the C-term Dom of IP 3 R1

As a next step we performed pull-down experiments using neutravidin-coated beads that captured the biotinylated peptides corresponding either to the TMD of Bcl-2 (biotin-TMD-Bcl-2) or to a control version in which several hydrophobic residues were substituted by charged amino acids (biotin-TMD-Bcl-2-CTR) in the presence of either purified parental GST or purified GST-C-term Dom of IP 3 R1. After incubation and washing steps, the resulting pulldown samples were analysed via immunoblotting using anti-GST antibody (Figure (Figure5C).5C). This analysis revealed a direct interaction between the GST-C-term Dom of IP 3 R1 and biotin-TMD-Bcl-2.

The lack of the C-terminus leads to loss of Bcl-2α's ability to suppress IP 3 Rmediated Ca 2+ release

Next, we studied the role of the C-terminus in Bcl-2α's inhibitory function on IP 3 R-mediated Ca 2+ signaling. Similar experiments were performed as described in Figure Figure4,4, comparing the effect of 3xFLAG-Bcl-2 wt versus 3xFLAG-Bcl-2 ΔC overexpression on ATPinduced IP 3 R-mediated Ca 2+ release. In contrast to 3xFLAG-Bcl-2 wt , which reduced Ca 2+ release in response to ATP (0.5 µM), 3xFLAG-Bcl-2 ΔC was not able to suppress IP 3 R-mediated Ca 2+ release (Figure (Figure6).6). The 3xFLAG-proteins displayed similar expression levels (Supplementary Figure S1C), indicating that the failure of 3xFLAG-Bcl-2 ΔC to inhibit IP 3 Rs is not due to a lower expression level compared to the 3xFLAG-Bcl-2 wt protein. The ER Ca 2+ -store content was not changed in either of the conditions, pointing that the difference in ATP-induced Ca 2+ rise is not due to a decreased ER Ca 2+ -store content (Supplementary Figure S1C).

The TMD of Bcl-2α suppresses IICR in permeabilized cells and in singlechannel recordings

We demonstrated that the TMD of Bcl-2α directly binds to the C-term Dom of IP 3 R and that Bcl-2 ΔC does not inhibit IP 3 R-mediated Ca 2+ release. Next, we assessed whether the TMD of Bcl-2α by itself could affect the Ca 2+ -flux properties of the IP 3 R. Therefore, we performed unidirectional 45 Ca 2+ flux assays in saponin-permeabilized mouse embryonic fibroblasts (MEFs), in which non-mitochondrial Ca 2+ stores were loaded with 45 Ca 2+ . After loading, the unidirectional Ca 2+ flux was measured in the presence of EGTA (1 mM) and in presence of Tg (4 µM). We quantified 45 striking difference in addition to the documented selective function of Bcl-2 versus Bcl-Xl in regulating IP 3 Rs at the level of their BH4 domains [27]. Of note, selective BH3-mimetic molecules that could occupy the hydrophobic cleft of Bcl-2, but not that of Bcl-Xl, have been developed, indicating important differences in the molecular determinants contributing to the hydrophobic cleft of Bcl-2 and Bcl-Xl [50]. Hence, the BH3 motifs present in the IP 3 R might be suited for binding the hydrophobic cleft of Bcl-Xl, but not the one of Bcl-2. In addition, the hydrophobic cleft of Bcl-2 was recently excluded as a major contributor in the inhibition of another family of intracellular Ca 2+ -release channels, namely ryanodine receptors (RyRs) [45].

Previously we reported that the absence of the 6 th TMD of IP 3 R results in impaired Bcl-2 binding to the C-terminus of the channel [42]. Here, we demonstrate that the TMD of Bcl-2α

is also required for this interaction, which likely occurs within the ER membrane. We propose that the TMD of Bcl-2α provides a concentration effect of Bcl-2 and its BH4 domain. This indicates that the membrane-dependent interaction between Bcl-2α and IP 3 R is critical for effective in cellulo inhibition of IP 3 R-mediated Ca 2+ signaling and subsequent protection against Ca 2+ -dependent apoptosis. Our results also hint towards an unappreciated function of the TMD of Bcl-2α beyond its anchoring role for protein insertion into the membranes.

Indeed, the TMD by itself is sufficient to inhibit IP 3 Rs as shown in unidirectional 45 Ca 2+ fluxes and single IP 3 R-channel recordings, correlating with previous findings that TMDs of other Bcl-2 family members play an important role in the protein functioning [56,57].

However, it should be noted that even 60 µM TMD-Bcl-2 only partially inhibited IP 3 Rmediated Ca 2+ release in permeabilized cells, indicating that also other Bcl-2 domains, particularly the BH4 domain, are required for efficient IP 3 R inhibition by Bcl-2α. Of note, the binding of Bcl-2α lacking its C-terminal region to the purified Dom 3 or to the full-length IP 3 Rs was not significantly disturbed, supporting the idea that the BH4 domain of Bcl-2 is sufficient for binding to the Dom 3 of IP 3 R and that this binding indeed occurs with relatively high affinity as documented via previous surface plasmon resonance analysis. We propose a model according to which the efficient IP 3 R inhibition relies on a complex multi-domain binding between Bcl-2α and IP 3 R, involving interactions between the BH4 domain of the former and the Dom 3 of the channel, and between the C-terminal regions of both proteins.

We propose that the C-terminus of Bcl-2α ( conditions impacting the accessibility of the 6 th TMD of the IP 3 R to proteins like Bcl-2. Vice versa, it is also possible that the structure of IP 3 Rs loaded with Bcl-2 is different from the structure of IP 3 Rs in the absence of Bcl-2, thereby impacting the structural environment of the 6 th TMD of IP 3 R. Finally, we also would like to note that the molecular foundation for this model is mainly based on binding studies, using IP 3 R1-expression constructs and the electrophysiological analysis of IP 3 R1 channels. However, some of the cell models used for the functional analysis mainly express IP 3 R3 and IP 3 R1 isoforms [59]. As such, we anticipate that the important role of Bcl-2's TMD for efficient IP 3 R inhibition is not limited to IP 3 R1 channels, but further detailed molecular and functional work would be needed to firmly proof this. Of note, the BH4-domain-binding site present in IP 3 R1 is completely conserved in IP 3 R2

and IP 3 R3 [60], consistent with Bcl-2's ability to bind to the central domain of all three IP 3 R isoforms [27].

The importance of the multi-domain interaction between IP 3 Rs and Bcl-2 is underpinned by the fact that peptides antagonizing Bcl-2 at its BH4 domain (like Bcl-2/IP 3 Receptor Disrupter-2; BIRD-2) are able to trigger pro-apoptotic Ca 2+ signaling in a variety of cancercell models, including lymphoma, leukemia and lung cancer cells [35,37,61]. Thus, development of inhibitors targeting Bcl-2's TMD and interfering with the IP 3 R/Bcl-2 complex at the level of the TMD/C-term Dom interaction might further potentiate BH4-domainantagonizing tools by helping to destabilize the Bcl-2/IP 3 R complex. Yet, given the hydrophobic nature of TMD/C-term Dom interactions, such small-molecule developments may prove to be very challenging.

We conclude that efficient IP 3 R regulation by Bcl-2α requires the TMD, a unique feature that discriminates Bcl-2α from Bcl-2β. Bcl-2α, via its TMD, likely "concentrates" its BH4 domain in the proximity of the central, modulatory domain of the IP 3 R, thereby facilitating its ability to efficiently suppress IP 3 R-mediated Ca 2+ signaling and subsequent apoptosis.

MATERIAL AND METHODS

Peptides

The following peptides, obtained from Life Tein (Hillsborough, NJ, USA) with purity ≥ 85%

were used: the peptide corresponding to the TMD of Bcl-2, Bcl-2-TMD: KTLLSLALVGACITLGAYLGHK (also used with biotin tag); the control peptide containing several mutations of hydrophobic residues, Bcl-2-TMD-CTR: KTRRSLADRGACRTRGAYDGHK (also used with biotin tag) and the peptide used to compete with the 3xFLAG tag, Anti-DYKDDDDK-tag peptide:

MDYKDHDGDYKDHDIDYKDDDDK.

Antibodies

The following antibodies were used: mouse monoclonal HRP-conjugated anti-FLAG M2

(1:1000; Sigma-Aldrich, Munich, Germany); mouse anti-FLAG M2 (1:1000, Sigma-Aldrich); mouse monoclonal HRP-conjugated anti-Bcl-2 (1:1000, Santa Cruz Biotechnology, Santa Cruz, CA, USA), mouse anti-GST (1:5000; Cell Signaling Technology, Danvers, Massachusetts, USA); mouse monoclonal anti-βActin (1:20 000, Sigma-Aldrich); rabbit anti-BAX (1:1000; Santa Cruz), rabbit anti-IP 3 R1 (1:1000; Rbt03 [62]); rabbit polyclonal anti-PARP-1 (1:1000, Alexis-Enzo Life Sciences, Farmingdale, NY, USA) as primary antibodies and secondary mouse and rabbit anti-IgG HRP conjugated antibodies (1:2500, Cell Signaling Technology).

Plasmids, constructs and protein purification

pCMV24-3xFLAG-Myc constructs for expression of 3xFLAG-Bcl-2 and 3xFLAG-Bcl-2 GR/AA were obtained as previously described [45]. The 3xFLAG-Bcl-2 ΔC mutant, in which a stop codon was introduced at amino acid W214, was developed via PCR site-directed (a.a. 2512-2749), which were obtained as previously described [42]. The expressed parental GST or GST-fusion proteins were purified as previously described [42] and dialysed against standard phosphate-buffered saline (PBS) without Ca 2+ and Mg 2+ (Invitrogen, Merelbeke, the effect of the BH3-mimetic compound, 3 µM ABT-199 (Active Biochem, Germany) or the vehicle control DMSO (Sigma-Aldrich, St Louis, MO) was added during the last hour of incubation. The beads were washed 5 times with the Triton X-100 buffer. The GSTcomplexes were eluted in 40 µl 2×LDS (Life Technologies) supplemented with 1:200 βmercaptoethanol by boiling for 5 min at 95°C. Samples (10 µl) were analyzed via SDS-PAGE and the quantification was performed as previously described [63].

Biotin-pull down assays

Equal amounts of the peptides (30 µg), biotin-TMD-Bcl-2 or biotin-TMD-Bcl-2-CTR, dissolved in 100% DMSO were incubated with 0.35 µM purified GST-C-term Dom of IP 3 R1

or parental GST (control) in interaction buffer (50 mM Tris-HCl, 200 mM NaCl, 0.1% NP-40, 1% BSA and protease inhibitor cocktail, pH 7.0) in a final volume of 400 µl. The incubation was performed over night at 4°C in a head-over-head rotator. The biotinylated peptides were immobilized on neutravidin agarose beads (Thermo Fisher Scientific, Pierce, Erembodegem, Belgium) and placed in a head-over-head rotator for 2 hours at 4°C. The beads were washed 7

times with the interaction buffer and the peptide-protein complexes were eluted by incubating the beads with 35 µl LDS supplemented with 1:200 β-mercaptoethanol for 3 min at 95°C. The eluates were collected after centrifuging at 2000 g for 1 min, using spin columns (Pierce) and 10 µl was analysed on NuPAGE 4-12% Bis/Tris SDS-polyacrylamide gels using MES/SDSrunning buffer (Invitrogen).

FLAG-co-immunoprecipitation assay

48 hours after transfection COS-1 cells overexpressing the control vector 3xFLAG-empty, 3xFLAG-Bcl-2 wt , 3xFLAG-Bcl-Bcl-2 GR/AA or 3xFLAG-Bcl-2 ΔC were harvested and lysed in buffer containing 10 mM Hepes (pH 7.5), 0.25% NP-40, 142 mM KCl, 5 mM MgCl 2 , 2 mM EDTA, 2 mM EGTA and protease inhibitor cocktail tablets (Roche) as described for the GSTpull down assay. 100 µg of lysate was mixed with 30 µl anti-DYKDDDDK-tag conjugated resin (Biolegend, San Diego, CA) in the lysis buffer in total volume of 400 µl. The samples were incubated for 2.5 hours using a head-over-head rotor at 4°C. The beads were washed 2 times with washing buffer (50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate and 0.1% SDS) via centrifugation for 1 min at 3000g using spin columns. The FLAG-complexes were eluted by competitive incubation with the Anti-DYKDDDDK-tag peptide (10 µg, dissolved in 50mM Tris-HCl and 150mM NaCl) for 30 min at 15°C. To the resulting eluates, collected via centrifugation for 1 min at 500g, 25 µl LDS supplemented with 1:200 β-mercaptoethanol was added. 15 µl of each sample was analysed on NuPAGE 4-12% Bis/Tris SDS-polyacrylamide gels using MES/SDS-running buffer.

Single-cell cytosolic Ca 2+ imaging

Fura-2-AM [Ca 2+ ] measurements in COS-1 cells were performed as previously described [27]. The effect of ABT-199 was studied by incubating the cells with 3 µM of the compound or DMSO for 1 hour (during the incubation procedure with Fura-2 AM). BAPTA (3 mM) was added for 1 minute prior to the stimulation with ATP or Tg to chelate all free extracellular Ca 2+ . Cytosolic Ca 2+ rises in response to 0.5 µM ATP or 2.5 µM Tg were measured in mCherry-positive (excitation 546 nm, emission 610 nm) and Fura-2-loaded cells. Intracellular cytoplasmic Ca 2+ concentrations were calculated as previously described [27].

Unidirectional 45 Ca 2+ -flux assay

The unidirectional 45 Ca 2+ -flux experiments were performed in permeabilized MEFs as previously described [27]. IICR was triggered during the unidirectional 45 Ca 2+ -efflux phase by the addition of 3 µM IP 3 for 2 min. Peptides were added 2 min before IP 3 till 2 min after IP 3 .

IICR was plotted as fractional loss, representing the amount of Ca 2+ leaving the store in a 2min time period divided by the total store Ca 2+ content at that time point as a function of time [64].

Preparation of GUVs and electrophysiological analysis

Isolation of the ER-containing membrane fractions from control and Bcl-2-expressing WEHI7.2 cells and preparation of the GUVs were carried out as described previously [65].

GUVs were prepared from the 1:5 mixtures of the ER-containing fraction with 10:1 diphytanoylphosphatidylcholine/cholesterol lipid combination ( 5 However, relatively low affinity of the BH4 domain (at ~30 µM IC 50 ), as well as multitude of identified binding domains on both Bcl-2 and IP 3 R has lead to suggestions of the possibility that their interaction may involve additional sites of contact. Thus, we have recently shown that the application of ABT-199 that targets the hydrophobic cleft of Bcl-2 (composed of the BH1-3 domains), preventing its anti-apoptotic effect in mitochondria, had little effect upon intracellular Ca 2+ release (see Article n°2 overhead). However, this observation of ABT-199 effect upon IP 3 R activity relied primarily on the Ca 2+ imaging approach, which is limited in it ability to address fine details of ion channel activity.

A continuation of the previous work, utilizing recently developed OMD patch clamp approach, complemented by molecular dynamic (MD) simulation studies has allowed us to investigate how the binding of ABT-199 to the hydrophobic cleft of Bcl-2 affects IP 3 R activity at single channel level.

We report here that ABT-199 binding to the BH3 hydrophobic cleft induces a small but essential rearrangement on the opposite side of Bcl-2 -the BH4 domain. The associated "tailflip" event induced by ABT-199 binding and the following stabilization of the loop region of the Bcl-2 molecule, leading to partial occlusion of the BH4 domain destabilizes the ongoing inhibitory interaction of Bcl-2 and IP 3 R, causing Bcl-2 rebinding with lower inhibitory action.

Beware of opposition: occlusion of the hydrophobic cleft of

Bcl-2 leads to significant rearrangement of the BH4 region on the opposite side, affecting its binding to IP 3 R.

Introduction

Inositol 1,4,5-trisphosphate receptor (IP 3 R) is an ubiquitously expressed intracellular ligandgated calcium (Ca 2+ ) channel mainly located at the endoplasmic reticulum (ER). It has a major role in intracellular Ca 2+ dynamics, and hence, is involved in a lot of cellular functions such as apoptosis, contraction, cell motility, proliferation, migration, etc. [1][2][3]. The IP 3 R is a tetrameric channel and each sub-unit is 260 kDa weight [4][5][6]. The three different types (1, 2 and 3) of IP3R and their splice variants are encoded by three different genes (ITPR1, ITPR2

and ITPR3) with 60-80% homology in their amino-acid sequences in vertebrates. IP 3 R is activated and opened by its ligand, the inositol 1,4,5-trisphosphate (IP 3 ) which is produced from phosphatidylinositol 4,5-bisphosphate (PIP2) by phospholipase C (PLC). The IP 3 R activity can also be modulated in a biphasic manner by Ca 2+ (activated by lower concentration of Ca 2+ and inhibited by high concentration). In the literature, there is a large diversity of the modulators of the IP 3 R. Indeed, it has been reported that it can be regulated by numerous heterotropic ligands (including IP3, Ca 2+ , ATP, H + , …) or by the phosphorylation and redox status. Furthermore, the remarkable richness of the IP3R regulation is achieved with the description of interaction with partner proteins [7].

Among, the IP3R-interacting proteins there is B-cell lymphoma 2 (Bcl-2), which is a protein that has itself been a focus of numerous studies due to its involvement in regulating mitochondrial pathways of apoptosis induction. Structurally, Bcl-2 protein contains four αhelical domains, also known as Bcl-2 homology (BH1-4) domains and a transmembrane domain (TMD) (present only in a full-length isoform Bcl-2α, but not in a shorter Bcl-2β) [8].

As an important therapeutical target, Bcl-2 has attracted attention of multiple pharmalocological companies prompting them to develop a set of BH3-mimetic compound with specific affinity to Bcl-2. One of these compounds, ABT-199 also known as venetoclax, has been found to have a specific action on Bcl-2 [9] and projected to reach sales of 1.5$ billion by 2020 according to Thomson Reuters Cortellis (Thomson Reuters 2/2016).

Multiple studies, such as, for instance, Rong et al. [10][11], have shown that a full-length Bcl-2α protein is present at the ER (in contrast to Bcl-2β, which is primarily targeted to mitochondria), where it can interact directly with all the three IP3R isoforms inhibiting their activity [12][13][14]. This interaction plays an important role in the regulation of cell fate of many cancer cell lines, such as lymphoma, lung and leukemia cancer cells [15]. Understanding that interaction has thus became a topic of interest for multiple studies, given that disrupting this interaction can overcome one of the hallmarks of cancer, namely, apoptosis avoidance [10].

The proposed models of how Bcl-2 suppresses Ca 2+ release from the ER via the IP3R involve direct interaction of the BH4 domain of Bcl-2 with a 20 amino acids region (a.a. [1389][1390][1391][1392][1393][1394][1395][1396][1397][1398][1399][1400][1401][1402][1403][1404][1405][1406][1407][1408] in the Domain 3 (Dom 3) of the central modulatory domain of IP 3 R (a.a. 923-1581).

However, relatively low affinity of BH4 domain (at ~30 µM IC 50 ), as well as multitude of identified binding domains on both Bcl-2 and IP3R has lead to suggestions of the possibility that their interaction may involve additional sites of contact [16]. Specifically, both TMD domain and BH3 hydrophobic cleft of Bcl-2 were implicated in this interaction, with recent studies addressing these possibilities. Thus, we have recently shown [17] that deletion of TMD in Bcl-2 leads to an impaired binding to the C-terminus and lower efficiency of Bcl-2 inhibitory effect on IP3R-mediated Ca 2+ release, while application of ABT-199 that targets the hydrophobic cleft of Bcl-2 (composed of the BH1-3 domains), preventing its antiapoptotic effect in mitochondria, had little effect upon intracellular Ca 2+ release. However, this observation of ABT-199 effect upon IP3R activity relied primarily on the Ca 2+ imaging approach, which is limited in it ability to address fine details of ion channel activity. A continuation of the previous work, utilizing recently developed OMD patch clamp approach [18], complemented by molecular dynamic (MD) simulation studies has allowed us to investigate how the binding of ABT-199 to the hydrophobic cleft of Bcl-2 affects IP3R

activity at single channel level. We report here that ABT-199 binding to the BH3 hydrophobic cleft induces a small but essential rearrangement on the opposite side of Bcl-2 -the BH4 domain. The associated "tail-flip" event induced by ABT-199 binding disrupts the ongoing inhibitory interaction of Bcl-2 and IP3R, causing Bcl-2 rebinding with lower inhibitory action, which can potentially play role in explaining various side effects of ABT-199 and other associated drugs.

Results

ABT-199 relieves inhibition of IP3R activity by Bcl-2 in a complex manner

To investigate the possibility of the involvement of the BH3 hydrophobic cleft of Bcl-2 in its interaction with IP3R activity we studied how application of ABT-199, a recently developed drug also known as venetoclax that specifically targets the hydrophobic cleft of Bcl-2, affects activity of IP3R. Single-channel IP3R activity was measured using the OMD (Organelle Membrane Derived) patch clamp technique using the WEHI7.2 cell line endogenously expressing IP3R and overexpressing Bcl-2 proteins [19]. First, basal singlechannel IP3R activity was acquired in the presence of 2 µM or 5 µM [IP3], followed by addition of 1 µM ABT-199, a concentration known to be sufficient to reliably bind Bcl-2 in a multitude of cancer cells (with LD 50 of about 10nM ; [20]).

Observation of the IP3R activity stimulated by 2 µM IP3 and following application of ABT-199 has revealed an interesting activity pattern (Fig. 1 and Scheme 1). First, the activity of IP3R receptor in the Bcl-2 expressing cells followed a pattern with very low Po of < ~10 -3 , when stimulated by 2 µM IP3 as was described by us previously in [17]. This period of basal low Po activity has been interrupted by the addition of ABT-199, by restoring IP3R activity to the level resembling that, which was previously observed by us in the WEHI7.2 cells lacking Bcl-2 [18], however only for a short duration (typically under 30 sec). This burst of activity was interspersed by another period of basal level of activity of the IP3R channel, followed finally by a prolonged period of steady-state activity with still small, but significantly higher than during basal period, Po. This sequence of events is illustrated on Scheme 1, by the corresponding zones 0 (basal) through 3 (steady-state).

Kinetic model of IP3R at different concentration of IP3 in presence of ABT-199

To further investigate how binding of ABT-199 to the hydrophobic cleft of Bcl-2 affected its binding to IP3R, we have performed kinetic analysis of IP3R activity before and after application of ABT-199. The acquired traces were scrutinized for the appearance of multiple conductance levels, and those of sufficient duration containing only single-channel activity with sufficient confidence (typically p<10 -10 ) [33] were individually analyzed (n = 4 for both IP3 concentrations) were individually analyzed, as described previously [21,22]. Analysis of open and closed dwell time distributions (Fig. 2) has shown a presence of at least 3 closed and 2 open states, confirming observations reported earlier, allowing to describe IP3R gating properties using a kinetic model based on the previously proposed multi-modal description of IP3R bursting behavior [23]. Fig. -20 J (Supplementary S4). This effect was, however, largely masked by a significantly higher basal and overall Po (0, 25739 ± 0,08764) and, correspondingly, lower difference in energies between closed and open states at 5 μM [IP3] (Fig. 2C).

These observations prompted us to consider the possibility that addition of ABT-199 and its binding to Bcl-2 causes a small but essential change to the Bcl-2 structure in the BH4 region.

This region is implicated in direct binding to IP3R, leading to inhibitory effect upon IP3R activity. This change to the structure of the BH4 region is significant enough to terminate an established binding of the Bcl-2 to IP3R, thus temporarily dis-inhibiting IP3R activity.

However, the change is not drastic enough to completely prevent further binding of ABT-199 -bound Bcl-2 to IP3R with somewhat lower affinity, thus reestablishing inhibitory effect upon IP3R activity, although to a lesser degree.

MD simulation of Bcl-2 and ABT-199 interaction reveals a tail-flip structural change in BH4 domain.

In order to investigate further the possibility of structural rearrangement in the BH4 domain of Bcl-2, known to inhibit IP3R activity upon binding to the channel [11], we have performed a with the increasing distance of 0.5 nm and 1 nm, as illustrated on Fig. 3A and Fig. S2. Next, the prepared protein structures of Bcl-2 protein alone or in complex with ABT-199 have been solvated in the dodecahedral box with margins of 2 nm and periodic boundary conditions, and the total electrical charge of the system has been neutralized by addition of 10 or 9 Na + ions for Bcl-2 alone or in complex with ABT-199 correspondingly [24]. The prepared systems have been equilibrated by performing steps of energy minimization, followed by reheating the system to 300K and pressurizing the system at 1 bar under NVT and NPT (with constant number (N) ; volume (V) ; temperature (T) ; pressure (P)) ensemble MD runs with restricted Bcl-2 and ABT-199 structures [25]. Next the production MD simulations were carried out on the prepared systems containing either Bcl-2 alone or in a complex with ABT-199 for the duration of 100 ns. All calculations were carried out using GROMOS96 54a7 force field [26].

The MD simulation runs (four for Bcl-2 alone, and five for Bcl-2 in complex with ABT-199 as described above, with independent (randomized) solvation and ionic neutralization) are summarized on the Fig. 3 and S2, illustrating initial and representative "final" configurations following the binding event (panels A and B). As can be seen (Fig. 3C), binding of to the Bcl-2 protein commenced within the 1 st ns for all three initial "close" configurations.

The "far" configurations took significantly more time to arrive at close contact between molecules, however still lacking signs of stabilization of interaction energy by the end of the run and were, thus, discarded. During the entirety of the performed MD runs, the simulated systems remained stable with Bcl-2 protein retaining its secondary and tertiary structures, as evidenced by stable gyration radius, root mean square deviation (rmsd) and system temperature (Fig. 3D). The representative configurations of Bcl-2 alone or in a complex with ABT-199 have been extracted from the trajectories following the binding event and binding energy equilibration (e.g. post 45 ns period in the illustration in Fig. 3) by performing clustering analysis with the cut-off rmsd of 1.5 nm on the collected set of structures [35]. For each run the median structure of the maximal size cluster has been selected to represent most common structure of free or ABT-199 bound Bcl-2, as illustrated on Fig. S2 or MD1 D.

Movies showing the dynamics of the representative MD runs for Bcl-2 alone or in a complex with ABT-199 are available as Supplementary Item 1.

Analysis of the extracted clusters for different MD runs has shown a consistent match between structures in matching conditions (equilibrated Bcl-2 alone or Bcl-2/ABT-199 complex post binding event) with rmsd 2.5nm within matching groups of clusters.

The synthesis of this clustering analysis can be seen on Fig. 4, which shows the structures of free or ABT-199 bound Bcl-2 that are most commonly observed during dynamic evolution of these molecule in a solution. As can be seen, dynamic structure of free Bcl-2 is stable,

preserving not just the relative positioning of all BH1-4 domains but even the separation of the open loop between BH4 and BH2 domains from the rest of the Bcl-2 molecule. In particular, the structure of the BH4 domain (highlighted in yellow) retains strong resemblance to that observed in crystal structure. It should be noted, however, that the structure of the loop region, while retaining the separation, exhibited a high degry of variability throughout the runs, as expected from the region lacking "rigid" secondary structures. Analysis of the ABT-199 bound BCL-2 structure shows that, while overall layout of the Bcl-2 protein retains major features, there is a significant variation in the inter-BH4/BH2 loop region, bringing the "top" (median structures of the corresponding clusters). As can be seen, the "top" of the BH4 region (residues [15][16][17][18][19][20][21][22][23][24][25][26][27][28][29][30] shows a limited displacement and reorientation of the residues, while the most striking difference can be observed in the C-terminal region of the BH4 domain. This difference can best be described as a turning of the tail of the BH4 domain, following ABT-199 binding. This tail-flip event follows the onset of ABT-199 binding, however is not immediate. As can be evidenced by the evolution of the rmsd of the BH4 regions in Bcl-2 alone and in a complex with ABT-199 relative to its original structure (Fig. 5B), the equilibration of the new Bcl-2 structure proceeds over the course of multiple ns past the onset of ABT-199 binding. This can be even more evidently illustrated by Fig. 5C, showing the sequence of frames of representative BH4 structures at different times during this evolution initiated by ABT-199 binding. The structure of the BH4 loop in the free Bcl-2 was significantly less stable, similarly to that of the loop region between BH4 and BH2, with occasional "tail wiggling". However such configurations were far less common and would likely not provide a significant rigidity impairing IP3R binding.

To 

Discussion

Dysregulation of intracellular calcium homeostasis plays an important role in various diseases, including such grave ones as cancer [27]. At the core of these dysregulations, affecting cellular proliferation or onset of apoptosis, often lie malignous alterations to the release patterns of Ca 2+ from intracellular stores mediated in the majority of tissues by IP3R

receptors. As with many other ion channels, activity of IP3R is known to be regulated by protein partners, with one family, composed of Bcl-2 and its analogs, standing out as important actors known to regulate apoptosis onset in multitude of cells [8]. Initial involvement of Bcl-2 and its analogs in this has been attributed purely to its action onto the mitochondrial apoptotic pathways. However recent findings of full length isoform Bcl-2α localizing primarily to ER, where it is known to directly bind IP3R via its BH4 domain, inhibiting IP3R activity and affecting cellular proliferation and apoptosis [10], have stimulated a significant interest in the interaction of these two proteins. In particular, the mechanics of IP3R/Bcl-2 interaction has been a focus of multiple recent studies, implicating not only BH4 domain, but also TMD domain and BH3 hydrophobic cleft of Bcl-2 in this interaction [17]. Here we continue these studies by characterizing in more detail the effects of the application of ABT-199, a recently developed drug, also known as venetoclax, that binds to the BH3 hydrophobic cleft of Bcl-2, blocking its action upon mitochondrial apoptosis pathways [20].

Previous studies have shown that it is the BH4 domain of Bcl-2 that binds IP3R directly, inhibiting its activity [11]. This action is helped by the TMD domain of full-length Bcl-2α via concentrating Bcl-2 in the proximity of IP3R in the ER membrane [17], while the role of BH3 hydrophobic cleft has been, in the past, primarily associated with the action of the short isoform lacking TMD, Bcl-2β, upon the mitochondrial apoptotic pathways. Moreover, the BH3 hydrophobic cleft of the Bcl-2 molecule is positioned on the opposite side from the BH4 domain, (see e.g. Fig. 3A/C or Fig. 4). For this reason, it is hard to expect a direct effect of ABT-199 or any of its analogs, known to bind specifically to BH1-3 cleft, upon Bcl-2/IP3R interaction.

Previous studies, however, (such as e.g. [17,18]) did not systematically use techniques with sufficiently high resolution that would allow to characterize details of IP3R activity in full.

Application of such techniques, in this study has allowed us to detect an unusual pattern of IP3R activity that strongly hints that occlusion of the BH3 hydrophobic cleft of Bcl-2 may have noticeable effects upon Bcl-2/IP3R binding. Specifically, application of ABT-199 at the concentration sufficient to bind majority of Bcl-2 molecules provoked a short period of unrestrained (by Bcl-2) IP3R activity with Po roughly matching that of IP3R under similar conditions but in the absence of Bcl-2 [7,18], followed by equilibrium steady-state zone of "partially inhibited" IP3R activity. Kinetic analysis of these traces have shown that activity in both basal and post ABT-199 steady state region could be described by the kinetic models having the same topology. The main effect of ABT-199 application has been to shift energies of closed kinetic states (see Fig. 2), decreasing the gap between open and closed states and thus hinting at the possibility that binding of ABT-199 to Bcl-2 affects its interaction energy with IP3R.

Further insight into the mechanism of interaction of Bcl-2 with IP3R and what may be the role of BH3 hydrophobic cleft in it comes from the MD simulation studies that we have performed in this study. MD runs simulating Bcl-2 alone in aqueous environment show that Bcl-2 preserves its overall structure in the form largely corresponding to that reported in the recently published crystal structure [29]. Namely, the loop between BH4 domain and the rest of the molecule remains mostly open, exposing a significant portion of the BH4 domain, thus allowing a tight binding of Bcl-2 with IP3R (Fig. 4A). It should also be noted, that the structure of the BH4 loop in the free Bcl-2 was not rigid, exhibiting a significant variation, similarly to that of the loop region between BH4 and BH2, with occasional "tail wiggling".

However such configurations were less common and would likely be sensitive to the presence of the IP3R in the proximity, thus revealing a much more elastic and adaptable surface of contact that could bind IP3R more reliably, likely leading to the stronger inhibitory effect characteristic of free Bcl-2 binding.

In contrast, binding of the ABT-199 to the hydrophobic cleft of Bcl-2 molecule induced rapid conformational change to the BH4 domain and its surroundings. First we can observe that the binding event causes a "tail-flip" change in the overall structure of the BH4 domain (Fig. 4B, Fig. 5) that can be perceived as a large rearrangement in the immediate proximity of IP3R channel. We can hypothesize that this tail-flip conformational change is the driving event that leads to the detachment of the initially-bound Bcl-2 from the IP3R receptor, thus disinhibiting its activity and leading to the observed "peak zone" in the single-channel current traces upon ABT-199 application. Another important observation is a collapse of the open space separating the uppers parts of the Bcl-2 loop and the BH4 domain (compare Fig. 5A andB, note how the loop residues immediately adjacent to BH4 domain follow along the α-helix).

This collapse of a stand-alone loop structure onto the rest of the Bcl-2 molecule obscures a part of BH4 domain thus decreasing an exposed area of the BH4 domain that is known to be in direct contact with IP3R. This, in turn, likely causes a restricted interaction following a rebinding of an ABT-199 bound Bcl-2 molecule to IP3R, leading to an incomplete inhibition of IP3R activity, as observed in the steady-state zone post ABT-199 application in singlechannel current traces.

It is important to note, that this is a subtle effect, evident only under conditions when Bcl-2 binding to IP3R has greater effect upon the channel than its stimulation by various factors such as IP3, Ca 2+ , ATP, etc. [7,30]. For example, elevation of [IP3] from 2 to 5 µM have increased average Po beyond that threshold, completely obscuring the observed effect of ABT-199 action. In other words, this effect may be observable, and thus play physiological role, primarily during basal periods of IP3R activity, namely in cells at rest, rather than during periods of excitation.

Material and methods

Cell Culture and Transfection

Bcl-2-overexpressing WEHI7.2 were cultured as described [19].Transfection and cloning of Bcl-2 in WEHI7.2 cells were reported previously [19].

Reagents and lipids

Venetoclax (purity >99,5%) was purchased from ChemieTek (Indianapolis, USA).

Venetoclax stock solutions were prepared at a final concentration of 10mM in 100% DMSO. 

Electrophysiology and solutions

Organelle Membrane Derived Patch-Clamp

Isolation of the ER-containing membrane fractions from Bcl-2-overexpressing WEHI7.2 cells and preparation of the GUVs were carried out as described previously [17]. GUVs were 

Data analysis

Two different groups of programs were used for the analysis of single-channel data: (1) pCLAMP 10.2 (MDS Analytical Technologies), (2) QuB 2.0.0.8 [31,32].Origin 7.0 (OriginLab Corporation) was also used for some of the data fitting and plotting. The analysis and simulation of single-channel recordings were performed as detailed in the following sections.

Number of channels, conductance, idealization and stability analysis

Traces suitable for single-channel analysis were selected by sorting only recordings showing activity of one channel. Observing IP3-stimulated activity for at least 5 min and taking mean open and closed dwell times to be 7 ms and 637 ms, respectively, the probablility that two identical channels would never exhibit multiple conductance levels was <∼10 -37 [33], which demonstrates the validity of this rejection criterion.

Any baseline drift was manually corrected. Recorded activity was quantified by performing a single-channel search analysis using Clampfit-10 program (pClamp software suit, Molecular Devices) and QuB 2.0 programs as described previously [21,22].

Single-channel conductance at the various voltages was measured by visually setting cursors at the baseline and open channel current level for computer measurement of those openings of sufficient duration such that filtering effects on amplitude should be minimal [START_REF] Colquhoun | Single-Channel Recording[END_REF]. The traces were idealized using two different methods: 50% half amplitude [34] and segmental K means [21].

Molecular dynamic (MD) simulation

The prepared protein structures of the Bcl-2 alone or in complex with ABT-199 have been solvated in the dodecahedral box with margins of 2 nm and periodic boundary conditions, and the total electrical charge of the system has been neutralized by addition of 10 or 9 Na + ions for Bcl-2 alone or in complex with ABT-199 correspondingly [24]. The prepared systems have been equilibrated by performing steps of energy minimization, followed by reheating the system to 300K and pressurizing the system at 1 bar under NVT and NPT ensemble MD runs with restricted Bcl-2 and ABT-199 structures [25]. Next the production MD simulations were carried out on the prepared systems enclosing Bcl-2 alone or in a complex with ABT-199 for the duration of 100 ns. All calculations were carried out using GROMOS96 54a7 force field [26]. The recording starts with the basal activity of the IP3R inhibited by Bcl-2 (0). After the addition of 2uM IP3 and 1uM ABT-199 there is a short region of peak activity (1) followed by a stable region (3) where activity appeared to be stable over a longer period. These two periods are separated by a period with very low level of activity reminiscent of that of basal activity level ( 2).

(black) or in a complex with to the median cluster structure of Bcl-2 alone for the loop regions limited by residue number as indicated on a plot. (B) similar comparison for the different lengths of loop region relative to the median cluster structure of Bcl-2 in a complex with ABT-199. [START_REF] Abdul | Ryanodine receptor expression correlates with tumor grade in breast cancer[END_REF]. Moreover, scientists identified changes in the expression levels of various RyR isoforms in prostate cancer cell lines (LNCaP, DU-145, PWR-1E) [START_REF] Kobylewski | Identification of ryanodine receptor isoforms in prostate DU-145, LNCaP, and PWR-1E cells[END_REF]. It has also been established that the functional RyR plays important role in apoptosis of prostate cancer cells (LNCaP) [START_REF] Mariot | Evidence of functional ryanodine receptor involved in apoptosis of prostate cancer (LNCaP) cells[END_REF]. However, very little was known about the functional expression and physiological roles of RyR in tumor tissues, and in prostate cancer cells in particular.

In this study, we have performed the characterization of the Ryanodine receptors expression utilizing Western blots analysis in parallel with q-RT-PCR (Figure 23). The following human prostate cancer cell lines with different metastatic potential were used: LNCaP and LNCaP-C4-2 that are considered to be weakly metastatic cell lines, DU-145 that have a moderate metastatic potential, and PC3 and PC3-M that are considered to be highly aggressive.

According to my Western blot results, there is no noticeable presence of the Ryanodine receptor protein in the characterized prostate cancer cell lines. Although the q-RT-PCR results

show presence of RyR type 1 and 2 mRNA at a very low level in some prostate cancer cell lines, one can notice that in these experiments a 3:10 diluted cDNA has been used, which utilizes a much more concentrated cDNA compared to the "usual" dilution of 1:10. 

iii) Bcl-2 and Bcl-xL expression levels in prostate cancer cells

Bcl-2 is found to be overexpressed in a large variety of cancer tissues and prostate cancer is not an exception. Thus, Bcl-2 expression has been found to be necessary for the progression of prostate cancer from an androgeno-dependant to androgeno-independent stage [START_REF] Lin | Up-regulation of Bcl-2 is required for the progression of prostate cancer cells from an androgen-dependent to an androgen-independent growth stage[END_REF][START_REF] Yoshino | Bcl-2 expression as a predictive marker of hormone-refractory prostate cancer treated with taxane-based chemotherapy[END_REF]. Bcl-xL is also found to be overexpressed in androgeno-resistant prostate cell line [START_REF] Castilla | Bcl-xL Is Overexpressed in Hormone-Resistant Prostate Cancer and Promotes Survival of LNCaP Cells via Interaction with Proapoptotic Bak[END_REF].

To confirm these observations we have performed the study of the expression of Bcl-2 and Bcl-xL by Western-Blots and q-RT-PCR in different prostate cancer cell lines (Figure 26 and 27).

Bcl-2 protein was found to be expressed two times more in PC3-M than in LNCaP, which is consistent with the literature. Although, a lower expression level of Bcl-2 was found in LNCaP-C4-2, DU-145 and PC3, all of which are androgeno-independent cell lines.

Bcl-xL protein expression levels followed a much simpler pattern, increasing in accordance with the prostate cancer cell line aggressiveness. prostatectomies of different revealed by immunohistochemistry in the normal prostate, the benign hyperplasia of the prostate (BHP) and in the adenocarcinomas with a Gleason score of 7 (ADC 7) (see Figure 28). Unfortunately, the results are not available yet. 2) Functional characterization of the modulation of the IP 3 R activity by Bcl-2.

The IP 3 R channel plays an important role in regulating Ca 2+ homeostasis with multiple reports connecting changes in its expression or activity with deregulations of cellular proliferation or survival. Moreover, as we show below, it plays significant role in regulating migration and invasion of prostate cancer cells. In addition to that, prostate cancer cells express a well-known partner protein of the IP 3 R, Bcl-2, that is known to inhibit IP 3 R activity in a manner directly correlated to the aggressiveness of the prostate cancer cell lines.

The IP 3 R activity dependency on both [Ca 2+ ] and [IP3] is well characterized in multiple cell lines and has been primarily studied by the nuclear patch clamp technique (Foskett et al., 2007). However similar data are lacking for the Bcl-2-bound IP 3 R activity. In view of the demonstrated importance of the IP3R and the presence of Bcl-2 dependent on the stage of cancer, it is important to address this shortcoming by obtaining the missing data and characterizing how IP3R activity depends on [Ca2+] and {IP3} in the presence of Bcl-2.

To address this, we have initiated a study on how the IP 3 R activity is modulated by [Ca 2+ ] and 

3) IP 3 R3 silencing decreases migration and invasion of the prostate cancer cells

In order to investigate the implication of the IP 3 R3 in cell migration and invasion, we used the wound healing test and the transwell test. We have performed these assays on cells transfected with siRNAs against IP 3 R3 mRNA as well as a control siRNA (which consists of a scrambled sequence) (Figure 30 E). Cell migration was assessed during a time frame which did not exceed 20h in order that the cell viability, assessed either by SRB or cytometry (Propidium Iodide -cell cycle), was not altered. This allows to control for the absence of effect of IP 3 R3

silencing on cell proliferation and to ensure that the observed effects are due solely to the migration/invasion capacities of prostate cancer cells. Cell migration/invasion and viability were thus tested 20h after seeding (which correspond to 48h post-transfection with respective siRNA), in the transwell chamber (Figure 30 A, B, C and D). IP 3 R3 gene silencing reduced cell migration and invasion of PC3 WT and PC3-M cells. In all conditions, the cell viability was not affected by siIP 3 R3 (Figure31A and B). The composition of solutions utilized in these experiments is presented below (Table 12) as well as the procedures. Note that the instruction "bio-beads" refers at the following procedure:

Add 50µL of lipids (cholesterol and DPhPC) and let evaporate the chloroform/methanol.

While it is evaporated, add the proteins invadopodia fraction in that tube. Add the beads (Biorad SM-2 Resin), vortex and incubate overnight. Take the supernatant and process at the 

General conclusions

The main objective of this project was to investigate how the activity of IP 3 R is modulated by its partner protein Bcl-2 and how this affects the motility and invasive properties of prostate cancer cells. In this study we have achieved our established aims as follows:

I. Development of a universal approach that would allow to study intracellular ion channels while preserving their interaction with partner proteins.

The novel technique that was established in our lab presents a universal framework of manipulations to study intracellular ion channels in their endogenous protein environment.

The OMD patch clamp combines together multiple positive features of the previously available techniques that together, allow to address common limitations is the following ways (Figure 37): o This approach has also been successfully used to study the activity of the intracellular isoforms of the TRPM8 channel (Bidaux et al., 2015) v The accumulated data at some combinations of [Ca 2+ ] and [IP3], shows that the IP 3 R activity is significantly inhibited in the range of IP3 and Ca 2+ concentrations that correspond to "stimulated activity" of isolated IP 3 R. There is IP 3 R activity at very low [IP3] and [Ca 2+ ] as well as at elevated [Ca 2+ ] (and varying [IP3]). The probable explanation of our partial data is that there is a shift of the « main activity window » of the IP 3 R towards higher [Ca 2+ ] instead of silencing it completely (Figure 38).

However it must be noted, that these results were obtained in WEHI7. We demonstrate that Bcl-2 interact with the IP 3 R via its BH4 domain, inhibiting IP 3 R activity and the addition of the BH4 domain of Bcl-2 can inhibit the IP 3 R activity (Figure 39).

Additionally, we display the effect of a peptide, the IDP (also known as pep2 or BIRD2) which represents the sequence of IP 3 R which is known to directly bind the BH4 domain of Bcl-2. This peptide leads to the desinhibition of the IP 3 R activity by Bcl-2 (Figure 39).

In the last few years, the mechanics of IP 3 R/Bcl-2 interaction have been a focus of multiple studies, implicating not only BH4 domain, but also TMD domain and BH3 hydrophobic cleft of Bcl-2 in this interaction. Among these, our data using genetic and pharmacological approaches [START_REF] Ivanova | The trans-membrane domain of Bcl-2 a , but not its hydrophobic cleft , is a critical determinant for efficient IP 3 receptor inhibition[END_REF] indicates that the hydrophobic cleft of Bcl-2 is not implicated in the direct interaction with the IP 3 R. Thus, the BH3-mimetic compounds, the ABT-199, which selectively antagonize Bcl-2, do not interfere with the functional regulation of IP 3 Rs by Bcl-2. The BH3 hydrophobic cleft of the Bcl-2 molecule is positioned on the opposite side from the BH4 domain, (see Fig. 4 of "Article in preparation n°3"). For Speaking of the Bcl-2 expression in prostate cancer cell lines, we found that it is present in all prostate cell lines except the DU-145 in which it has been found at very low levels (undetectable by WB).

The Bcl-xL expression was also correlated with the aggressiveness of prostate cancer cell lines (the higher is the aggressiveness of the cell line, the higher is the Bcl-xL expression).

IV. Identify novel partner proteins of IP3Rs and RyRs in prostate cancer cell lines

Another goal of my thesis was to identify novel partner proteins if IP 3 Rs and RyRs in prostate cancer cell lines. Since the RyR and IP 3 R2 were not expressed in the studied cells, I focused on the partner proteins of IP 3 R1 and IP 3 R3 in PC3-M cells. Unfortunately, due to the transmembrane nature of the channel proteins investigated, the classical mass spectrometry preparation did not yield reliable results, as was evidenced by the absence of more complex and especially those having transmembrane domain proteins, such as full length Bcl-2. Thus, we obtained in the majority a list of soluble proteins, for which a classical protein extraction procedure exhibits a known bias. In order to overcome this problem, the procedure would have to be extensively tuned in collaboration with the mass spectrometry specialists. For example one of the discussed options included replacement of detergent-based protein extraction procedure by that based on organic solvents. However, neither my French nor my Belgian lab have the necessary expertise with this technique or sufficient skilled mass spectrometry specialists who could help us with establishing more efficient protocols.

V. Evaluate the importance of the modulation of IP 3 Rs activity or expression on prostate cancer progression in vitro by studying its physiological effects.

The importance, for prostate progression, of the modulation of IP 3 Rs expression have been studied. We show that the decrease of the expression of the IP 3 R3 in highly aggressive prostate cancer cell lines (PC3 and PC3M) leads to the decrease of both cell migration and invasion of those cells (Figure 40).

We studied also the effect of the decrease of the expression of the IP 3 R3 on cytosolic calcium stimulated by the addition of serum. We found that calcium spikes were shorter in control than in condition with the IP 3 R3 expression suppressed which suggest a role of IP 3 R3 in the duration of the FBS-evoked oscillations.

Perspectives

I. Role of IP 3 R3 on prostate carcinogenesis and tumour progression and the molecular mechanisms and signalling pathways involved

During my thesis, the IP 3 R3 ion channel was found to be implicated in migration and invasion of prostate cancer cell lines. Unfortunately, we didn't go further in the detailed study of the molecular mechanisms and the signalling pathways involved in this.. For that purpose, further studies may be done in order to identify the particular pathways involved in IP 3 R3-dependant migration and invasion. In particular, it will be of interest to know if the calcium release from the ER via the IP 3 R3 is affecting mitochondrial Ca 2+ (as IP3R has been found in the MAM membrane fractions) and/or it affecting directly the calcium sensitive proteins implicated in migration and invasion.

Recently, cell migration was found to be dependant of the mitochondrial Ca 2+ uptake via the MCU which in turn controls the actin cytoskeleton dynamics [START_REF] Prudent | Mitochondrial Ca2+uptake controls actin cytoskeleton dynamics during cell migration[END_REF].

Mitochondrial calcium probes such as rhod-2, could be used in order to see if there is a difference in mitochondrial calcium uptake between cells with a decreased expression of IP 3 R3 and controlled cells following FBS stimulation.

Since the migration process in cancer is mainly based on the focal adhesion dynamics, the modulation of the different proteins already linked to the regulation of focal adhesions might be studied. Just to mention some of such possibilities, the changes in expression of calpain protein, a calcium sensitive protease, which is implicated in the focal adhesion proteins (such as integrins, talin, vinculin and focal adhesion kinases) cleavage, in response to IP3R3 downregulation could be investigated in further studies.

The invasion process happens via the degradation of ECM by ECM-degrading enzymes like MMPs secreting by the invasive cancer cells by the invadopodia structures. Thus, to address this question it would be necessary to determine if the expression of MMPs as well as a secretion of these MMPs depends on the expression of IP 3 R3 in prostate cancer cells. In addition, to clarify whether there is invadopodia formation. That is why we propose it would be necessary to use fluorescent gelatin degradation [START_REF] Anderl | Fluorescent Gelatin Degradation Assays for Investigating Invadopodia Formation[END_REF].

These experiments can be further supported by in vivo studies in order to assess the importance of IP 3 R3 in tumorigenesis. Mice can be injected with PC3 cells endogenously expressing IP 3 R3 or with the cells with stably downregulated IP 3 R3. The appearance of bone metastases, which are the primary target of prostate cancer metastasis, can be checked as a readout.

II. Invadopodes ion channels recordings

During my thesis, I tried to combine the fractionation of invadopodia-like structures with the OMD technique. However, I never succeeded in recording the IP 3 R single channel activity in these membrane fractions despite the presence of IP 3 R protein detected by WB. The problem emanates most likely from the use of detergent for the invadopodia extraction. However, even the use of beads that can remove detergent or the use of solution without detergents never allow us to reach our original goal.

Some other approaches may also be attempted. One of the proposed ideas included trying to avoid the use of detergent-based protein solubilization approach, instead collecting proteins into organic-solvent based solution, as was routinely done with OMD patch clamp technique.

This would necessitate a significant change in cell handling procedures, such as culturing cells in glass-instead of plastic-ware and experimenting with gelatin or Matrigel base used to grow the cells and stimulate invadopodia formation.

III. Isoform diversity of IP 3 R in prostate cancer cell lines

Earlier we discussed the diversity of IP 3 R forms expressed in various cell lines emerging from possibilities of alternative splicing and heterotetramerisation. One interesting question to address is the identification of the exact form of IP 3 R (whether this is a specific homomer, a IP3R1/R3 heteromer, composed of which isoforms) that is expressed in prostate cancer cell lines, and in tissues extracted from prostate cancer patients. Checking for IP 3 R mutations can also be a point to follow. Indeed, some articles reported the mutation of IP 3 R1 in some brain disease and diabetes [START_REF] Hisatsune | IP3 receptor mutations and brain diseases in human and rodents[END_REF][START_REF] Ye | Inositol 1,4,5-trisphosphate receptor 1 mutation perturbs glucose homeostasis and enhances susceptibility to diet-induced diabetes[END_REF].

In addition to traditional pharmacological tools, new strategies targeting Ca 2+ transport are based on siRNA and antisense oligonucleotide technologies. In this respect it is important to exactly pinpoint the specific isoforms or splice variants which may provide additional instrument to target specifically the tumour.

IV. Ryr mutations

RyR channel has been extensively studied in cardiac and neuronal tissues, where multitude of mutations have been identified and proposed to influence onset of various diseases. In human prostate cancer only a single publication so far identified the RyR1 single point mutation [START_REF] Kumar A | Exome sequencing identifies a spectrum of mutation frequencies in advanced and lethal prostate cancers[END_REF]. Such a lack of reports may be related to the absence or low level of expression of RyR in prostate cancer tissues, in line with our observations reported above.

However, it is possible that the lack of RyR presence in our work is due to our antibody and qRTPCR primers being insufficiently potent in order to recognize the mutated form of RyR. It could be interesting to sequence the genome of our prostate cell lines, to see if such a mutation can be found. sensitivity in the presence of Bcl-2 or other partner proteins.

V. Expression of one type of IP

VI. Stoichiometry of the Bcl-2 and IP 3 R interaction

It is now known that in order the IP 3 R to be activated, four IP3 must be present [START_REF] Taylor | IP 3 receptors : take four IP 3 to open[END_REF]. We also know that the inhibitory effect of Bcl-2 on IP 3 R activity is mainly held by BH4 domain of Bcl-2. However, at the moment, the exact number of Bcl-2 required for efficient inhibition of the IP 3 R activity is not known.

In order to answer that question, the same procedure can be use as in the Alzayady's [START_REF] Alzayady | Defining the Stoichiometry of Inositol 1,4,5-Trisphosphate Binding Required to Initiate Ca 2+ Release HHS Public Access[END_REF] paper. In that publication, the authors have created concatenated tetrameric IP 3 R1 by linking four subunits to form one reading frame encoding four IP 3 R subunits with 14-amino-acid linkers separating one subunit from the next. We can generate a single polypeptide construct containing three wild-type subunits conjugated to one Bcl-2 deficient subunit. Then two deficient subunits conjugated with two wild type and finally, three deficient subunits with one wild type. With such constructs it will be possible first to verify if the different structures have the same electrophysiological properties than the wild type IP 3 R. Second, if everything is ok with the electrophysiological characterization, test the different structures in cell lines overexpressing Bcl-2 or in cell lines completely devoid of Bcl-2. That last one can be supplemented by an online addition of the soluble BH4 domain of Bcl-2. That is known to bind IP 3 R and suppress its activity.

VII. Towards developing the treatment of prostate cancer

The development of nanotechnology in the medical field has attracted considerable interest in recent years, including the use of nanoparticles for drug delivery. 

II. Sampling various siRNA against IP 3 R1

One of the original goals of my thesis was to characterize how migration and invasion of prostate cancer cell lines is affected by expression level of IP 3 R1. We planned to use siRNA to knockdown the IP 3 R1 expression in various prostate cancer cell lines, thus leading to a question of selecting an efficient siRNA. Our first approach was to design 3 different siIP3R1 and to try these developed siRNAs either separately or in a mix of three. However our initial tests have yielded low efficiency of these siRNAs. Next, we tried to use a commercial siRNA from Santa Cruz and the result was the same. Finally, we tried with Dharmacon siRNA against IP 3 R1 which however, similarly did not allow us to successfully knock down the expression of the IP 3 R1. The summary of these results is presented in Figure 42. 43). We tried also to establish PC3 and PC3-M cell lines only expressing one type of IP 3 R. As for the WEHI7.2 cells, we never succeed in establishing such cell lines (Figure 43).

IV. Pattern of IP 3 R3 overexpression

In order to study the localization pattern of the IP3R we have transfected the PC3 cells with IP 3 R3-GFP plasmid. We could observe that IP 3 R3 was localized to the ER as well as to perinuclear region in our human prostate cancer cell line (Figure 44). 
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  ion channel whose are activated by temperature (for instance, Transient Receptor Potential Melastatine 8 (TRPM8) is activated by cold (Islas, 2017)) -pH-sensitive ion channels whose activated by changes in pH (for example Acid Sensing Ion Channels (ASICs)(Cristofori-Armstrong & Rash, 2017))

  (Figure 2): -A cytoplasmic NH 2 terminus (correspond to approximately 85% of the protein mass) composed of a: o Proximal IP 3 binding domain o Distal « regulatory » / « coupling » domain -A hydrophobic region composed of six transmembrane helices that are participating in the channel pore formation.-A short cytoplasmic COOH terminus (CT tail).

  increase of intracellular Ca2+ concentration happens by Ca2+ entering the cell via the Ca2+permeable ion channels of the plasma membrane or by the release of Ca2+ from internal stores, typically the endoplasmic or sarcoplasmic reticulum. The release of Ca2+ from the ER correspondingly requires the presence of Ca2+ -permeable ion channels with the two principal and best studied such protein classes being IP3 Rs and RyRs. The basal cytoplasmic Ca2+ concentration is regulated also by specialized transport proteins, such as PMCA (plasma membrane Ca2+ ATPase), responsible for the transport of excessive Ca2+ out of the cell through the plasma membrane, and SERCA, present in the ER membrane and responsible for Ca2+ reuptake by the internal stores. Additionally, store-operated channels (SOC) are known to be present in the plasma membrane, where they are responsible for Ca2+ entry into the cells when internal stores are exhausted, and implicate Orai and STIM (stromal interaction molecule) proteins(Yang et al. 2012 ). The mechanism of such replenishment of Ca2+ upon store depletion is called storeoperated Ca2+ entry (SOCE). In the majority of studies, SOC response is stimulated by blocking SERCA chemically (Michelangeli and East 2011 ). A classical irreversible SERCA inhibitor is thapsigargin, which blocks Ca2+ reuptake into the ER and leads to gradual decrease of its Ca2+ content and eventual opening of SOCs. Since their discovery at the beginning of the twenty-first century, a lot of studies have involved STIM and Orai in various cellular processes from immune cell activation, muscle contraction, and sperm chemotaxis to regulation of gene transcription and cell fate(Kahl and Means 2003 

  concentration ([Ca2+ ]i ) at the rear end is related among others to myosin II contraction and calpain-mediated release of focal adhesions leading to the retraction of the uropod (Eddy et al. 2000 ; Palecek et al. 1998 ). The retraction is accomplished via myosin II contraction, which is regulated by myosin light chain (MLC) phosphorylation through Ca2+ -dependent MLC kinase (MLCK) and by disassembly of adhesions at the rear of the cell owing to calpainmediated cleavage of focal adhesion proteins such as integrins, talin, vinculin, and focal adhesion kinase (FAK) (Ridley et al. 2003 ). However, the cyclic morphological and adherence changes that are observed during cell migration are also supported by repetitive Ca2+ signals, which take the form of Ca2+ spikes or oscillations (Pettit and Fay 1998 ). It is therefore natural that migration of the tumor, being strongly dependent on these Ca 2+ signals, is accompanied by changes in expression and activity of ion channels. Below we discuss how IP3 Rs participate in these processes, regulate intracellular Ca2+ , and work in ensemble with SOCs.

  targeting IP3 R3 in glioblastoma cell lines. Interestingly, the mRNA level of IP3 R3 was significantly increased in glioblastoma cells compared to normal cells(Kang et al. 2010 ). The inhibition of IP3 R3 by caffeine suppresses the migration and invasion of glioblastoma cell lines when assessed by scrape motility, matrigel invasion, soft agar, and mouse brain slice implantation. To show this, U87MG cells, a glioblastoma cell line known for its high tumorigenicity, were injected into the skin of nude mice, some of which were supplied with caffeine in drinking water. The supplementation with caffeine considerably increased the mean survival rate of mice, proposing IP3 R3 as a promising novel therapeutic target for glioblastoma treatment and showing that caffeine could be a useful adjunct therapy(Kang et al. 2010 ). Noteworthy, the final concentration of caffeine measured in the mice brain corresponded to levels of caffeine produced by drinking two to five cups of coffee per day by humans. Caffeine is a well-known activator of RyRs but has also been shown to inhibit IP3 R activity(Brown et al. 1992 ), although ryanodine, a known inhibitor of RyR activity, did not show any effect on migration and invasion of the transformed cells. The type 3 IP3 R was also implicated in peritoneal dissemination of gastric cancer(Sakakura et al. 2003 ). IP3 Rmediated Ca2+ release has also been linked to metastatic melanoma. Interestingly, Ca2+ release from the stores promoted the migration of metastatic epithelial breast adenocarcinoma (MDA-MB-231) and cervical carcinoma (HeLa) cell lines via the activation of S100A4 protein by Ca2+(Mueller et al. 1999 ). Indeed, the PLC/IP3 /IP3 R1 pathway has been shown to mediate EPAC (exchange protein activated by cyclic AMP)-induced Ca2+ elevation that in turn increases melanoma cell migration through the interaction between S100A4 and MHCIIA and the resultant actin assembly(Baljinnyam et al. 2010 ). This suggests that IP3 R can also be a potential target for the suppression of melanoma cell migration opening a perspective of treatments against the metastasis development (see Fig. 31.1 ). In addition, the use of the PLC inhibitor U73122 significantly decreased the Ca2+ release from the ER and decreased the migration of melanoma cell through monolayers of human umbilical vein endothelial cells (HUVECs) (Peng et al. 2009 ). A key constituent involved in the regulation of focal adhesion turnover is FAK. It is a non-receptor kinase that promotes cell migration by transferring signals between growth factor receptors and integrins. FAK is regulated by phosphorylation at tyrosine and serine residues. By using GPCR agonists such as bombesin, bradykinin, and vasopressin stimulates the PLC/IP3 /IP3 R pathway leading to Ca2+ mobilization from ER stores in Swiss 3T3 fibroblasts. This released Ca2+ associates with CaM, and, subsequentially, the Ca2+ /CaM complex regulates CaMKII (calmodulin-dependent protein kinase II) which then rapidly phosphorylates FAK at Ser-843. Once FAK is phosphorylated at this and three other locations (Ser-722, Ser-732 and Ser-910), it facilitates the formation of focal adhesion points (Fan et al. 2005 ) (see Fig. 31.1 ). Localized Ca2+ flickers at the leading lamella permit the decision-making for turning direction of the migrating cells: the cell turns in the direction of higher Ca2+ flicker activity. These flickering Ca2+ microdomains result in membrane tension via TRPM7 and chemoattractant signal transduction via IP3 R2. However, by themselves, these flickers only determine the turning direction but not the migration speed. Indeed, the use of EGTA to chelate intracellular Ca2+ slows the turning but not the migration speed in a dose-dependent manner, showing that spatiotemporal organization of Ca2+ microdomains is important in such convoluted cellular processes as cell migration (Wei et al. 2009 , 2010 ) (see Fig. 31.1 ). Recently, IP3 Rs have been shown to translocate from cell-cell contacts to the leading edge of migrating pancreatic ductal adenocarcinoma cells (PDAC) which was accompanied by the formation of ER-PM junctions and STIM1 puncta. Xestospongin B, a selective IP3 R inhibitor, and the STIM-Orai inhibitor GSK-79751 suppressed the migration of the cell line PANC-1. Taken together, these data emphasize that both, Ca2+ release and Ca2+ influx, are important for cell migration (Okeke et al. 2016 ).

  carcinogenesis(Parkash and Asotra 2011 ; Wei et al. 2012 ). Ion channel activity can essentially be described as a series of transitions between open and closed states, with a particular probability of being open (Popen ). The opening/closing of the IP3 Rs can be modulated by different factors such as Ca2+ , IP3 , and Mg2+ . For example, the IP3 R activity is regulated by Ca2+ in a bimodal manner. Popen of IP3 R, and thus Ca2+ release from ER, is very low at low Ca2+ levels, gradually increasing with the rise of [Ca2+ ]i , reaching a plateau at µ M concentrations, and finally being again inhibited at higher [Ca2+ ]i , thus also leading to a decrease in Ca2+ release. In the majority of publications, involvement of the IP3 Rs in migration and invasion was found through the use of its major agonist, IP3 . Once the IP3 R is activated, Ca2+ is released from the ER and can either stimulate Ca2+ -dependent proteins such as calpain or Ca2+ -activated ion channels (Fig.31.2 ). In that way, the mobilization of Ca2+ from the intracellular stores via IP3Rs can magnify the Ca2+ entry signal via SOCs and result in a strong response capable of inducing cell migration and invasion or even stimulate metastasis formation. The release of Ca2+ from the ER via IP3 Rs has also been shown to induce the SOC opening. The Ca2+ release induces Ca2+ entry via STIM1/ORAI1 resulting in Ras and Rac protein (small GTPases) activation[START_REF] Foskett | Bcl-xL Regulation of InsP3 Receptor Gating Mediated by Dual Ca2+ Release Channel BH3 Domains[END_REF] ) which in turn accelerates the turnover of focal adhesions and further increases migration. In support of these observations, there is now considerable evidence that STIM1 activates both, Orai1 and TRPC1, via distinct domains at its C-terminus(Ong et al. 2016 ). Concerning the invasion mechanism, there is no evidence that the IP3 Rs can directly affect the activation of metalloproteinases and, thus, the digestion of the extracellular matrix necessary for cell invasion. Otherwise, it has been shown that the induction of MMP2 and MMP9 can happen via Ca2+ flux through TRPV2(Monet et al. 2010 ). Moreover, S100A4 has been found to control the invasive potential of human prostate cancer cells through the regulation of MMP9 expression, contributing to the proteolysis of ECM by invadopodia(Saleem et al. 2006 ). It has been suggested that the link between IP3 Rs and ECM degradation can be S100A4 (also known as mts1) which is a Ca2+ -binding protein associated with invasion and metastasis of cancer cells and can, therefore, be activated by Ca2+ release via the IP3 Rs (Baljinnyam et al.

  various roles in modifying SOCE and affecting cellular motility and invasion. The role of IP3Rs in SOCE and associated diseases is a relatively novel topic. Recent publications only start to address the question of how IP3Rs modulate cancer progression in particular concerning the questions of migration and invasion. However, IP3R activity is known to be modulated by numerous protein partners. While multitude of studies have been devoted of the topics of this regulation itself, its involvement in SOCE regulation where cancer progression is concerned has not yet been properly addressed in scientific literature. Considering the increasing number of IP3 R protein partners discovered regularly in recent years, the importance of this angle should not be underestimated. However, as one can easily see, there is still a lot of research to be carried out in order to comprehensively understand the mechanisms by which these channels and SOCE regulate migration and invasion of cancer cells. Further research on any of these topics provides a great promise to develop treatments that could counteract or at least arrest progression of various forms of cancer toward metastatic stages.
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  2 cells were grown in DMEM medium containing a final concentration of 10% decomplemented FBS (Gibco TM ), 1mg/mL geneticin, 1X Peniciline/Streptomycine (Pen/Strep), 2mM L-Glutamine and 1X non-essential amino acides (NEAA). These cells were routinely cultured at 37°C in a humidified atmosphere with 10% CO 2 in T75 flasks. The OCILY1 cells were grown in iDMEM medium containing a final concentration of 10% decomplemented FB (Gibco TM ), 1X Pen/Strep, 2mM L-Glutamine. These cells were routinely cultured at 37°C in a humidified atmosphere with 5% CO 2 in T75 flasks. Culture medium is refreshed every two days. When adherent cells are at 80% confluence, they are detached by trypsinisation (1mL of Trypsine-EDTA) at 37°C for 5 minutes. The trypsin action is inhibited by the addition of 9mL of complete culture medium and the cells are separated by repeated pipetting. The cells are placed in a new flask.For the non-adherent cells, the passage is carried out without the use of trypsin. When the cells are at 2.5-3.10 6 cells/mL we transfer a fraction of these cells into a new flask with fresh complete medium.

  4 and a mixture of protease inhibitors (P8340 by Sigma-Aldritch)) using a glass potter homogenizer. Non-disrupted cells and the post-nuclear fraction were pelleted twice consecutively at 250 g for 15 min at 4 °C, prior to being re-suspended in solution B and spun at 1,000 g for 15 min at 4 °C in order to separate whole cells in the bottom pellet and the post-nuclear fraction in the top pellet. Crude mitochondria extract, the supernatant, was centrifuged at 17,000 g for 30 min at 4 °C in order to pellet mitochondria and associated membranes. The supernatant was completed with 1 volume of Hepes buffer (20 mM Hepes-NaOH pH 7.4, 1 mM EDTA and a mixture of protease inhibitors) and proteins were pelleted at 100,000 g for 1 h at 4 °C on a 50Ti rotor before re-suspension in 1 mL icecold solution B. The remaining supernatant, after microsome pelleting, was precipitated in 5 volumes of ethanol overnight at -20 °C. The crude mitochondria pellet was processed on an

  The magnetic Dynabeads Protein G (Novex 10003D) were resuspended in the vial (vortex >30 secondes). Then 40 µL of the Dynabeads were transferred to a tube (using a cut tip). The tube was placed on the magnet to separate the beads from the solution, and remove the supernatant. The Dynabeads were re-suspended in 200 µL TBS containing the antibody. Then the beads-antibody mix was incubated 1 hour under rotation at room temperature. The tube was then place on a magnet to remove the supernatant. The Dynabeads-antibody were washed in 200 µL TBS by gently pipetting.Afterwards, the Dynabeads-antibody complex was washed twice in conjugation buffer (20 mM Sodium Phosphate, 0,15 M NaCl) and then were resuspended in 250 µL of 5mM BS3 in conjugation buffer (5mM BS3, 20 mM Sodium Phosphate, 0,15 M NaCl) (note that BS3 and conjugation solution must be freshly made prior using). This mix was incubated 1 hour at room temperature. Then the cross-linked reaction was quenched by adding 12,5 µL quenching buffer(1 M Tris Hcl, pH 7.5) and incubated 15 minutes at room temperature. The crosslinked dynabeads-antibody was washed three times with 200 µL CHAPS buffer.

at 37 C

 37 . Next, the supernatant was transferred to a fresh tube and the beads were incubated again for 2h with 0.5 µ g trypsin in 150 µL ammonium bicarbonate. The supernatant was pooled with the first one. The beads were washed once more with 100 µ l H2O and the supernatant was pooled with the other elutes. Samples were dried in a speed-vacuum concentrator before being desalted on a C-18 MicroSpin Column (Harvard Apparatus). The resulting peptide mixture was submitted to high resolution LC-MS/MS using an Ultimate 3000 nano UPLC system interfaced with an Orbitrap Q-Exactive MS via an EASY-spray (C-18, 15cm) column (Thermo Fisher Scientific). The Q-Exactive MS was operated in datadependent mode selecting the top ten precursors for MS/MS. Protein identifications were obtained from the MASCOT (Matrix science, version 2.2.2) search engine using UniProt/SwissProt (Homo sapiens, 20339 entries) as a database and allowing up to three missed tryptic cleavages, oxidation of Met and biotinylation of Lys as variable modifications.
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  1991-2014 Origin Lab Corporation). The figures were created mostly usingOrigin 7.0 (1991-2014 OriginLab Corporation) or Libre Office Draw, version5.0.1.2 (The Document Foundation, 2000-2015 LibreOffice). Illustrations were produced in part using the content of Servier Medical Art image bank, made available under the terms of Creative Commons Attribution Licence 3.0 by Servier (France). Shapovalov George,Gabriel Bidaux, Slomianny Christian, Borowiec Anne- Sophie, Gordienko Dimitri, Bultynck Geert, Skryma Roman, Prevarskaya Natalia (Published, Scientific Report, 2017) The intracellularly localized ion channels are inaccessible to conventional patch clamp pipettes. Over the years, multiple strategies to study such ion channels have been proposed, however, a unified approach allowing not only to characterize their activity but also to study their regulation by partner proteins, analogous to the patch clamp "golden standard", is still lacking.This paper presents a description of an innovative universal approach to study activity of ion channels localized to intracellular organelle membranes while preserving their endogenous protein environment. It combines the extraction of intracellular membrane fractions with the preparation of patchable substrates that allows to retain endogenous protein complexes thus allowing to study their regulation by partner proteins. We validate this method by characterizing activity of multiple intracellular ion channels localized to different organelles (IP 3 R at the ER, TPC2 at the lysosome for instance) and by providing detailed electrophysiological characterization of the regulation of IP3R activity by endogenous Bcl-2.Thus, after synthesis and reshaping of the well-established approaches, organelle membrane derived patch clamp provides the means to assess ion channels from arbitrary cellular membranes at the single channel level and thus open the possibility of high quality recordings that are indispensable for the establishment of detailed kinetic models.
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  Ca2+] i of 1 µM, in close correspondence to the known properties of the IP3R channel10 . The acquisition of the IP 3 R activity at various potentials applied across the membrane (Fig 3a), revealed an IP3-sensitive activity with a mean conductance of 330 ± 11 pS in a symmetric 145 mM KCl solution and demonstrated a characteristic sensitivity10,22,40 of the single channel conductance to the presence of Mg 2+ , as shown in Fig.3b. This characteristic IP 3 R activity was observed in 37 out of 71 patches made of GUVs prepared from the 1:5 mixtures and included in the original analysis reported here(Fig 3c,d). However, later, we observed similar activity on a regular basis while carrying out other projects. Similar recordings carried out on GUVs prepared from fraction-1, which exhibited a much lower IP 3 R density, yielded such IP 3 R activity at least 10 times less frequently (only 3 out of 26 patches made of GUVs using 1:1 mixtures; data not shown).

  Fig. 2c compares gradient bands and Western blot characterization results obtained after single and double-gradient separation. Note that, as the 2 nd gradient contained significantly less per-fraction material, only the bands containing sufficient quantities of total protein are shown. As can be seen, double-gradient separation significantly improved fraction isolation purity by suppressing the cross-contamination observable after only a single-gradient separation. Furthermore, only IP3R and RyR, but no VDAC-like activity was observed in 26 patches made to the GUVs prepared from the band collected after the 2 nd gradient centrifugation, as illustrated in the lower panel of Fig 2c.

2

  hours. After the centrifugation, multiple band could be observed in the gradient, with the lysosomal fraction positioned in the top-most density band corresponding to the 17% Iodixanol density. As previously, multiple fractions were collected as indicated in Fig 4a, in individual eppendorf tubes and centrifuged at 18,000 g for 30 min. The resultant pellets were split, with small pieces of material set aside for biochemical characterization and the rest was vacuum-dried and solubilized in a chloroform/methanol mixture. As can be seen in Fig 4b, Fractions 2 and 3, which represent top and bottom halves of the lysosomal fraction band, both contained large amounts of the lysosomal marker protein LAMP-1. Fraction 2 still contained trace amounts of VDAC, probably due to the presence of residual fragments of the top-most fraction of light material, while Fraction 3 was reasonably free of such impurities, although still exhibiting a slight Golgin presence. While the isolated fractions (especially Fraction 3)

  Patch-clamp experiments were performed using an Axopatch 200B amplifier and pClamp 10.0 software (Molecular Devices, Union City, CA) for data acquisition and analysis.Patch pipettes were fabricated from borosilicate glass capillaries (World Precision Instr., Inc., Sarasota, FL) on a horizontal puller (Sutter Instruments Co., Novato, CA) and had a resistance in the range of 7-10 MΩ.Recordings were carried out in patches made of prepared GUVs. The eppendorf tube, where vesicles were kept, was slightly shaken to uniformly distribute GUVs and then vesicles were transferred to the bath containing, typically, KCl-based solution (in mM: 150 KCl, 5 glucose, 10 MOPS, pH 6.5, adjusted with KOH). Patch pipettes were, commonly, filled with an equivalent solution. This base solution could easily be changed to one based on a different cation or even a solution with a higher salt content, as long as the corresponding change to sucrose/sorbitol osmolarity is carried out during the GUV preparation. For the purpose of the described experiments, the changes in the base solution involved only control of Ca2+ and Mg2+ concentrations and the addition of 1 mM of K2ATP to the pipette. Specifically, to emphasize the activity of IP3R channels39_ , free Ca2+ was clamped at ~0.5 μM by supplementing the base solution with 50 μM CaCl2 and 1 mM EGTA. Further, 2 mM MgCl2 were added to suppress RyR activity. IP3R activity was stimulated by the addition of 10 μM IP3. During the recordings of the RyR activity, base solution was only supplemented by the CaCl2/EGTA (50/40 μM) combination to clamp free Ca2+ at ~30 μM, omitting MgCl2 addition. Spontaneous RyR activity, observed under such conditions, was further stimulated by the addition of 3 mM caffeine and blocked by 1 mM dantrolene, while 1 nM dantrolene increased the Popen of the channel10_ .

Figure 2 .Figure 2

 22 Figure 2. Bichemical characterization of the isolated fractions and localization of the IP 3 R protein. (a) A principal diagram of gradient centrifugations yielding crude and better isolated fractions following single and double-gradient centrifugation, showing fraction numbers. (b,c) Western blot characterization of organelle-specific markers in the isolated fractions following single-(b) and double-(c) gradient isolation of subcellular membrane fractions. ER membranes are reported by the detection of calnexin (upper panels), while Golgi apparatus and mitochondria are characterized by the detection of golgin-97 and voltage-dependent anion channel 1 (VDAC1) (middle and lower panels), respectively. Note that, following the double-gradient isolation, Fractions 8, 9 and 10 did not contain sufficient amounts of protein and were thus not characterized. Traces below Western blot images indicate presence (b) or absence (c) of VDAC-like activity in the patches made of GUVs produced from isolated fractions. (d)

Figure 3 .

 3 Figure 3. Characterization of IP3R activity in whole-membrane extracts from HEK293 and in ER fractions from LNCaP cells. (a) Typical basal (left) and stimulated by 10 µM IP3 (right) activity at the series of applied potentials indicated on the left. C, O1 and O2 on the right indicate closed, open states and double openings respectively. (b) Typical IV relationship. Note the bend indicating smaller single-channel conductance near zero, characteristic of IP3R activity in the presence of Mg2+. (c) Sample IP3R activity showing basal region, followed by increased activity in response to application of 10 µM IP3 and, finally, reduction of activity upon washout. (d) Average NPopen in basal, IP3 stimulated and wash regions is summarized in a barplot (mean ± s.e.m.; ** denotes significant difference with p<0.01; n=7). See also Fig. S2.
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Figure 4 .

 4 Figure 4. Isolation and single-channel activity in the lysosomal fraction. (a) Diagram illustrating the distribution of HEK293 lysate material following the procedure of the lysosome isolation kit protocol and the numbering of the isolated fractions. Lysosomal fraction is positioned in the top-most region of the gradient, directly below the narrow white band of light material that did not enter the Iodixanol gradient. The top edge of the gradient (17 %) is indicated by a dotted line and another dotted line below indicates the split of wide lysosomal band into Fractions 2 and 3. (b) Distribution of molecular markers in the isolated fractions. (c-e) Patch-clamp characterization of TPC2 activity in lysosomal fraction, showing sample IV activity (c), IV curve under symmetric 150 mM Kcl conditions, yielding
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IP 3 R

 3 domains targeted byBcl-2, GST-Dom 3 (a.a. 923-1581) andGST-C-term Dom (a.a. 2512-2749). To compare the binding properties of the wild-type Bcl-2 protein versus the mutant for these IP 3 R fragments we overexpressed 3xFLAG-Bcl-2 wt or 3xFLAG-Bcl-2 GR/AA in COS-1 cells. The binding of 3xFLAG-Bcl-2 wt to GST-Dom 3 was used as reference and all binding values were normalized to this control. Our results show that 3xFLAG-Bcl-2 GR/AA remained fully capable of binding to both GST-Dom 3 and GST-C-term Dom to a similar extent as 3xFLAG-Bcl-2 wt (Figure (Figure2B2B).

  -3C), nor the presence of prevented this effect. The quantitative analysis indicated that 3xFLAG-Bcl-2 wt , 3xFLAG-Bcl-2 GR/AA (Figure (Figure3D)3D) and 3xFLAG-Bcl-2 wt in presence of were equally potent in inhibiting IP 3 R-mediated Ca 2+ release.Finally, to underpin that IP 3 R inhibition by Bcl-2α is not affected by ABT-199, we performed direct IP 3 R single-channel measurements by using patch-clamp recordings on giant unilamellar vesicles (GUVs) prepared from the ER membrane fractions of native WEHI7.2 cells, which do not express any of the Bcl-2 isoforms (WEHI7.2 control) or Bcl-2αoverexpressing WEHI7.2 cells (WEHI7.2 Bcl-2). Figure4F, 4G presents a comparison of the measured IP 3 R-mediated channel current after application of IP 3 (5 µM) and Ca 2+ (1 µM). The results demonstrate a significant inhibition of IP 3 R activity in the presence of Bcl-2α, measured as the open probability (NP o ). The NP o value of 0.89 ± 0.07 for the WEHI7.2control cells decreased to 0.26 ± 0.09 for WEHI7.2 Bcl-2 cells. Application of ABT-199 (1 µM) could not alleviate the inhibitory effect of Bcl-2α on IP 3 R single-channel opening (NP o 0.08 ± 0.05).

  Ca 2+ release triggered by IP 3(3 µM) in presence or absence of different concentrations of the synthetic peptides corresponding to the TMD of Bcl-2 or its mutated version. Peptides were applied 2 min before till 2 min after IP 3 application. All conditions were matched to the vehicle control (DMSO). Data are plotted as the fractional loss (%/2 min) over time. These experiments indicated that high concentrations of TMD-Bcl-2 (30 µM and higher), but not of TMD-Bcl-2-CTR, suppress IICR without affecting ER Ca 2+ level (Figure7A, 7B). To further underpin these observations, IP 3 R1 single-channel recordings were performed using the nuclear-membrane patch-clamp technique on isolated nuclei obtained of triple-IP 3 R-knockout DT40 cells ectopically expressing IP 3 R1[52]. This approach allows a direct measurement of the activity of the IP 3 R1 channel. IP 3 R1 singlechannel activity was recorded in response to submaximal concentrations of IP 3(1 µM) in the presence of ATP (5 mM) and Ca 2+ (200 nM). FigureFigure7C7Cshows different representative traces of IP 3 R1 single-channel openings at a pipette holding potential of -100 mV in control conditions or in the presence of TMD-Bcl-2 or TMD-Bcl-2-CTR peptides, both at 60 µM final concentrations. TMD-Bcl-2 decreased the P o of the IP 3 R1 channel from about 0.25 in the control conditions to about 0.15, whereas the TMD-Bcl-2-CTR peptide did not have any significant impact.

  Figure (Figure9C),9C), but not the one of the Bcl-2β (Figure (Figure9B),9B), mediates the inhibitory effect of the BH4 domain by increasing its local concentration in the proximity of the Dom 3 of IP 3 R. In addition, the dual targeting of IP 3 Rs by Bcl-2α via its C-terminus and its BH4 domain might affect the conformational flexibility of the IP 3 R, by locking it in a rigid conformation and limiting the opening of the Ca 2+ -channel pore in response to IP 3 (Figure (Figure9).9). A particularly challenging aspect of our model is that, based on the most recent cryo-electron microscopy high-resolution structure of the IP 3 R1 [58], the 6 th TMD of the IP 3 R may not be readily available for interaction with other proteins. Yet, the published structure is in the absence of IP 3 and thus likely represents the closed state. Hence, changes in the IP 3 R structure might arise in different IP 3 /Ca 2+

  Escherichia coli cells were transformed with pGEX-6p2 constructs containing cDNAs of parental GST, GST-Dom 3 of IP 3 R1 (a.a. 923-1581) or GST-C-term Dom of IP 3 R1

  mM). The Patch-clamp experiments were carried out using Axopatch 200B amplifier and pClamp 10.0 software (Molecular Devices, Union City, CA) for data acquisition and analysis. Patch pipettes were fabricated from borosilicate glass capillaries (World Precision Instr., Inc., Sarasota, FL) on a horizontal puller (Sutter Instruments Co., Novato, CA) and had a resistance in the range of 7-10 MΩ. Prepared vesicles were immersed in a bath solution containing 150 mM KCl, 10 mM Hepes, 5 mM glucose, pH 7.2. Patch pipettes were filled with the same solution. against FLAG and Bax. 0.1 µg and 0.5 µg of total COS-1 lysates were used as input for the 3xFLAG-proteins and Bax respectively. The experiments were performed 3 times utilizing each time independently transfected cells and freshly prepared lysates. B. Representative GST-pull down experiments with COS-1 cell lysates for comparing the binding of overexpressed 3xFLAG-Bcl-2 wt and 3xFLAG-Bcl-2 GR/AA to the GST-Dom 3 and GST-C-term Dom are shown. The samples were analyzed via Western blot and stained with anti-FLAG antibody. The binding to the GST was used as a negative control. 0.1 µg of total COS-1 lysates was used as input. C. The immunoreactive bands from 3 independent experiments, utilizing each time independently transfected cells and freshly prepared lysates, were quantified and normalized to the binding of 3xFLAG-Bcl-2 wt to GST-Dom 3, which was set as 1. The data are plotted as mean ± S.E.M. D. Representative GST-pull down experiments with COS-1 cell lysates for comparing the binding of overexpressed 3xFLAG-Bcl-2 wt in absence and presence of 3 µM ABT-199 to the GST-Dom 3 and GST-C-term Dom are shown. The samples were analyzed via Western blot and stained with anti-FLAG antibody. The binding to the GST was used as a negative control. 0.1 µg of total COS-1 lysates was used as input. E. The immunoreactive bands from 3 independent experiments, utilizing each time independently transfected cells and freshly prepared lysates, were quantified and normalized to the binding of 3xFLAG-Bcl-2 wt to GST-Dom 3, which was set as 1. The data are plotted as mean ± S.E.M. of how Bcl-2 suppresses Ca 2+ release from the ER via the IP 3 R involve direct interaction of the BH4 domain of Bcl-2 with a 20 amino acids region (a.a. 1389-1408) in the Domain 3 (Dom 3) of the central modulatory domain of IP 3 R (a.a. 923-1581).

  series of Molecular Dynamics (MD) simulations of the Bcl-2 protein alone and in complex with the ABT-199 compound. Solution Nuclear Magnetic Resonance (NMR) spectroscopy structure of the Human Bcl-2, isoform 1 (PDB entry 1G5M) has been used as the initial structure most representative of the full-length Bcl-2 among available structures. The initial structure of the ABT-199 has been based on the closest analogue for which crystallographic data has been available 4-[4-({4'chloro-3-[2-(dimethylamino)ethoxy]biphenyl-2-yl}methyl)piperazin-1-yl]-2-(1H-indol-5yloxy)-N-({3-nitro-4-[(tetrahydro-2H-pyran-4-ylmethyl)amino]phenyl}sulfonyl)benzamide [9] (PDB entry 1Y1). This structure has been brought in correspondence with chemical structure of ABT-199 by replacing the O 63 group, linked to C 29 with two CH 3 groups linked to C 9 atom, to recreate the appropriate ABT-199 chemical structure, as illustrated on Fig. S1. In order to study the interaction of the ABT-199 with Bcl-2, the ABT-199 molecule has been positioned in the proximity of the hydrophobic cleft of Bcl-2 (comprised of BH3-BH1 domains) in five different positions (three in close proximity, within 2-3 Å, and two others

  of the loop to the immediate proximity of the BH4 domain of Bcl-2 molecule, thus partially obscuring part of the BH4 domain likely participating in the interaction with IP 3 R.ABT-199 binding induces a tail-flip structural change in the BH4 domain, stabilizing the Bcl-2 loop and partially obscuring the BH4 domainIn order to investigate this rearrangement further, we have performed an analysis of evolution of the structure of the BH4 region following the binding event. Fig. 5A compares molecular structure of the representative BH4 domains in free and ABT-199 bound Bcl-2 proteins

  verify how this arrangement affects the major loop region of the Bcl-2 molecule we have performed a series of rmsd comparisons of the different lengths of the loop for different runs of the Bcl-2 alone and bound to ABT-199. The N-terminal domains containing the BH4 region and inter-BH4/BH2 loop (residues 1-45) were aligned by the residue sequences 10-28 forming the BH4 α-helical structure that was conserved in all runs (rmsd within 2 Å). Then the rmsds of the different length segments of the loop region (residues 29-X, with X running from 36 to 43) were calculated for each run trajectory against the median structures of the corresponding clusters. Fig.5Dcompares such trajectory rmsds for the 4 "control" runs of Bcl-2 alone and 3 ABT-199 bound runs for the longest loop fragment that exhibited stabilization effect post-binding (residues 29-39), with Fig.S3presenting the complete set of such comparisons for all loop fragment lengths. Close observation of the curves on Fig.5Dshows that, post ABT-199 binding, the structures of the first 10 residues of the Bcl-2 loop were significantly stabilized in the runs involving Bcl-2 in a complex with ABT-199 (red lines), comparing to the most common bound median structure (top) or the most common structure of free Bcl-2 (bottom). While the rmsds comparing trajectory structures of the first 10 residues of the loop region of a free Bcl-2 molecule (black lines) have shown a significant variation in their structures compared to both most common bound and free Bcl-2 structures. Thus, our observations allow us to propose that ABT-199 binding to the BH3 hydrophobic cleft of the Bcl-2 protein affects BH4 domain on the opposite side of the Bcl-2, provoking a "tail-flip" event of the non-α-helical part of the BH4 domain, which may be responsible for disturbing initial binding of the Bcl-2 and IP3R. This tail-flip and following structural rearrangement of the BH4 head leads to adhesion of the immediate half of the Bcl-2 loop to the BH4 domain, stabilizing this arrangement and partially obscuring BH4 region, thus leading to further rebinding of Bcl-2 protein to IP3R with lesser affinity, likely responsible for the decreased inhibitory action of Bcl-2 upon IP3R.

Inositol 1 ,

 1 4,5 trisphosphate (IP3) was purchased from Avanti® Polar lipids, Inc. IP3 stock solutions were prepared at a final concentration of 10 mM in H 2 O. Cholesterol power was purchased from Sigma-Aldrich. Cholesterol stock solutions were prepared at a final concentration of 100mM in 100% chloroform. 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) was purchased from Avanti ® Polar Lipids, Inc (Alabama, USA). DPhPC was ordered directly in chloroform solution at a concentration of 30mM.Preparation of ligands and proteinsSolution NMR spectroscopy structure of the Human Bcl-2, isoform 1 (PDB entry 1G5M) has been used as the initial structure most representative of the full-length Bcl-2 among available structures. The initial structure of the ABT-199 has been based on the published crystallographic data of the closest available analog 4-[4-({4'-chloro-3-[2-(dimethylamino)ethoxy]biphenyl-2-yl}methyl)piperazin-1-yl]-2-(1H-indol-5-yloxy)-N-({3nitro-4-[(tetrahydro-2H-pyran-4-ylmethyl)amino]phenyl}sulfonyl)benzamide [9] (PDB entry 1Y1), by replacing the O 63 group, linked to C 29 with two CH 3 groups linked to C 9 atom, to recreate the appropriate ABT-199 chemical structure (Fig S1). In order to study the interaction of the ABT-199 with Bcl-2, the ABT-199 molecule has been positioned in the proximity of the BH3 hydrophobic cleft in 5 different positions (3 in close proximity, within 2-3 Å, and two others with the increasing distance of .5 and 1 nm, as illustrated on Fig S1 (MD1B, S1)).

  prepared from the 1:5 mixtures of the ER-containing fraction with 10:1 diphytanoylphosphatidylcholine/cholesterol lipid combination (5mM). The Patch-clamp experiments were carried out using Axopatch 200B amplifier and pClamp 10.0 software (Molecular Devices, Union City, CA) for data acquisition and analysis. Patch pipettes were fabricated from borosilicate glass capillaries (World Precision Instr., Inc., Sarasota, FL) on a horizontal puller (Sutter Instruments Co., Novato, CA) and had a resistance in the range of 7-10 MΩ. Prepared vesicles were immersed in a bath solution containing 150 mM CsCl, 10 mM Hepes, 1mM MgCl 2 , 2µM CaCl 2 , pH 7. Patch pipettes were filled with the same solution.
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ABT- 199

 199 invokes a complex change in IP3R activity in the presence of Bcl-2. (A) Representative traces of basal activity at 2 and 5 µM IP3 (top) and traces showing the effect of ABT-199 on IP3R inhibited by Bcl-2α activity stimulated by 2µM IP3 or 5µM IP3 (bottom) as indicated. (B) Barplot summarizes average P open for the presented conditions. (C) Expression level of IP3R1, IP3R3, Bcl-2 proteins is illustrated on the inset showing WB analysis.

Figure 2 .

 2 Figure 2. ABT-199 significantly affects energies of the Bcl-2 bound IP3R kinetic states. (A) Representative distributions of closed (left) and open (right) dwell times in the traces of IP3R inhibited by Bcl-2α activity stimulated by 2 or 5 µM IP3 as indicated before and after application of x µM ABT-199. The histogram shows the distribution of dwell times. The thick continuous line represents the cumulative best fit corresponding to the kinetic model used and broken lines represent individual components of the fit. (B) Kinetic models providing the best fit to the IP3R inhibited by Bcl-2α activity stimulated as by 2µM IP3 or 5µM IP3. The area of each circle is proportional to the log of total time spent the corresponding state. Kinetic rates

Figure 25 :

 25 Figure 25: Sample presentation, (1 of 3) of the relative quantification (RQ = 2-ΛΛCt with Ct = cycle threshold) of the different IP 3 R type 1, 2 and 3 mRNA expression in the different prostate cancer cell lines (n=1).

Figure 27 :

 27 Figure 27: Relative quantification (RQ = 2-ΛΛCt with Ct = cycle threshold) of the different Bcl-2 and Bcl-xL mRNA expression in the different prostate cancer cell lines (n=1).

Figure 28 .

 28 Figure 28. The expression of IP 3 R3 proteins revealed by immunohistochemistry in the normal prostate, the benign hyperplasia of the prostate (BHP) and in the adenocarcinomas with a Gleason score of 7 (ADC 7). All of the antigens were studied on the same tumour from the same patient. (Magnification: 200×). Figure not available yet.

[IP 3 ]

 3 in the presence of Bcl-2, in comparison to the activity of isolated IP 3 R. To this end, we have accumulated data at some combinations of[Ca 2+ ] and [IP3], as shown in Figure29. The experiments were carried out using the WEHI7.2 cells overexpressing Bcl-2 that have been fractionated in order to isolate the ER membranes. We performed the OMD patch clamp technique with the use of the ER enriched fraction of those cells recombined into GUVs of cholesterol and DPhPC.Compared to previous observations(Foskett et al., 2007) IP 3 R activity is significantly inhibited in the range of IP3 and Ca 2+ concentrations that correspond to "stimulated activity" of isolated IP 3 R. However, we could, for the first time, observe IP 3 R activity at very low[IP3] and[Ca 2+ ] as well as at elevated [Ca 2+ ] (and varying [IP3]).

Figure 30 E 4 )

 304 shows the efficiency of siIP 3 R3 transfection. The efficiency and specificity of IP 3 R3 gene silencing following the transfection by specific siRNA were confirmed by quantitative real time PCR and Western-blot (Figure30E and G). Indeed, the silencing of IP 3 R3 did not affect the expression of IP 3 R1 or IP 3 R2 (Figure30 F).suppression. Values are reported as mean ± SEM normalized to the corresponding cells transfected with control siRNA (n=3, **p<0,01, *** p<0,001). Representative images of migration (C) and invasion (D) transwells assays. Effect of the IP 3 R3 protein level of siRNA against IP 3 R3 mRNA in PC3 and PC3-M cell lines (E). Expression of IP 3 R1 and IP 3 R2 in PC3 and PC3-M treated with a scrambled siRNA or against IP 3 R3 mRNA (F). q-RT-PCR for IP 3 R3 in PC3 (left) and PC3-M (right) treated with a scrambled siRNA or against IP 3 R3 mRNA. Data are normalized to GAPDH (n=1) (G). Note that IP 3 R3 silencing decreases migration and invasion of PC3 and PC3-M cells.Effect of the IP3R3 overexpression on migration and invasion capacity of LNCaP cell lineOur results show that siIP3R3 in highly migrative and invasive prostate cancer cell lines decrease cancer cell migration and invasion. We next investigated the effect of the overexpression of IP 3 R3 in the low migrating LNCaP cell line. The transfection of LNCaP cells with a pEZ-M02 plasmid encoding IP 3 R3 led to an increase in IP 3 R3 expression level compared with the LNCaP cells treated with an empty plasmid (Figure32 E). Cell migration was assessed during a time frame which does not exceed 24h where the cell viability, assessed either by SRB or cytometry (Iodure propidium -cell cycle), is not altered. This allowed us to control for the effect of IP 3 R3 overexpression on cell proliferation and to ensure that the observed effects are due solely to the change in migration/invasion capacities of prostate cancer cells. Cell migration/invasion and viability were thus tested 24h after seeding (corresponding to 48h post-transfection with respective plasmids), in the transwell chamber (Figure32 A, B, C and D). Following these manipulations we have observed that IP 3 R3 gene overexpression enhanced cell migration and invasion of LNCaP cells. In all condition, the cell viability was not affected by the overexpression of IP 3 R3 (Figure31 C). Figure32 Eshows the efficiency of IP 3 R3 plasmid transfection. The efficiency and specificity of IP 3 R3 overexpression following the transfection were confirmed by Western-blot (Figure32 E and F). Indeed, the overexpression of IP 3 R3 did not affect the expression of IP 3 R1 or IP 3 R2. patch-clamp technique, possibly due to low amounts of the IP3R proteins present in the invadopodia-like fractions. .

14 :

 14 Composition of the different solutions used for invadopodia enrichment.

vo

  Its is applicable universally to a variety of ion channels localized to different cellular membranes We acquired the activity of IP 3 Rs and RyRs from the ER membranes enriched fractions of the HEK293, LNCaP and WEHI7.2 cells o We acquired the activity of TPC2 channels from the lysosomal fraction of HEK293 cells.

  It preserves endogenous protein composition of investigated membranes, which allows the researchers to investigate the roles of protein-protein interactions involving ion channels in various signaling cascades. o We acquired the activity of the IP 3 Rs in presence of Bcl-2 from the ER membranes enriched fractions of the WEHI7.2 stably overexpressing Bcl-2. Indeed, IP3R exhibited a significantly smaller open probability in the cells ectopically expressing Bcl-2 than in the cells without Bcl-2 expression.o We acquired the activity of dantrolene sensitive RyRs (RyRs are sensitive to dantrolene in presence of calmoduline, which is typically lost in the common lipid bilayer preparations that involve purification of channel proteins).

  2 cells which express not just a single type of IP 3 R but both the IP 3 R1 and IP 3 R3. Considering that the conductances of these two types are very similar it is impossible to clearly discriminate their activity based only on the current recordings. That is why, during my thesis I have tried to obtain stable WEHI7.2-based cell line overexpressing Bcl-2 but without one of the two IP 3 R types expressed in the original cells (see Annex Figure43) by using shRNA. Unfortunately, in spite of multiple attempts and over a year of effort, we did not succeed in establishing a stable cell line with such features. Moreover, due to significant requirements manipulation-wise and overall lack of time that could be devoted to this lower priority project, the results obtained include only a limited range of concentrations of Ca 2+ and IP3. Thus only a preliminary conclusion could be drawn based on the data collected so far. Additional data collection needs to be carried out to complete the characterization of the IP 3 R activity in all targeted ranges of [Ca 2+ ] and [IP3], in order to confirm the proposed model of the « shift of the main activity window ».

Figure 38 : 2 )

 382 Figure 38: Possible interpretation of the final curve we could obtain.

3 R

 3 in prostate cell lines for electrophysiological characterization During my thesis, we tried to obtain stable prostate cell lines only expressing one IP 3 R type. However our efforts, in spite of multiple attempts and over a year spent on establishing cell lines following the classical procedures based on shRNA treatment and selection, did not lead to a successful conclusion. One possibility to overcome this may be to use the recently developed Crispr-cas9 technique. Such stable cell lines would allow to electrophysiologically characterize the activity signature of a specific IP 3 R type in different prostate cancer cell lines or under different conditions, such as to perform isoform-specific study of [Ca2+] and [IP3]

  of multiple types of IP3R, responding differently to different [Ca2+], [IP3] and TAT-IDP application) the collected statistics are inconclusive. the SUDHL4 cell line (C). Table summarizing the different results obtained, showing the diversity of Popen (D).

Figure 42 :

 42 Figure 42: Representative WB and q-RT-PCR of the transfected PC3-WT cells with different siRNA against IP 3 R1: siRNA designed by ourselves (A), siRNA from Santa Cruz ® (B) and siRNA from Dharmacon ® (C). The pictures represents mycoplasma test by using Hoechst staining of PC3 WT cells (left) and PC3M cells (right). No cell lines tested exhibit any mycoplasma-like staining by using Hoechst dye.

Figure 44 :

 44 Figure 44: Representative images of IP 3 R3 -GFP overexpressed in PC3WT cells.
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  P open increases as[Ca 2+ ] rises to 1 µM and reaches its peak to 10 µM. Higher Ca 2+ concentrations begin to inhibit the channel activity. The Ca 2+ mediated activation of IP 3 R is particularly useful for the cell, since the Ca 2+ release from an IP 3 R can in turn activate IP 3 Rs nearby to release more calcium, creating a positive feedback loop and contributing to Ca 2+ puffs and Ca 2+ wave signals, thus participating in the precise modulation of Ca 2+
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Table 3 :

 3 List of buffers and standard solutions used in this study

	. If needed, pH

Dulbecco's Modified Eagle Medium (DMEM) + GlutaMAX TM

31966 (Gibco TM )

Roswell Park Memorial Institute (RPMI) 1640 31870 (Gibco TM )

Table 6 :

 6 List of pharmacological agents used in this study.

		Source	Working concentration
	IP3	Avanti ® Polar lipids, Inc 850115P	1µM-10µM
	ABT-199	ChemieTek (Indianapolis, USA)	1µM
	BH4-Bcl-2	Lifetein Cat. No. 136352	10µM
	IDP	Lifetein Cat. No. 79584	10µM

Table 8 :

 8 List of siRNA used in this study.

3) Short hairpin RNA

All short haripin RNA used in this study were purchased from santa cruz and are listed in

Table 9 . Short interfering RNA (shRNA)

 9 

	Name	Reference
	ITPR1 shRNA Plasmid (h)	Sc-42475-SH
	ITPR2 shRNA Plasmid (h)	Sc-35698-SH
	ITPR3 shRNA Plasmid (h)	Sc-42477-SH
	Bcl-2 shRNA Plasmid (h)	Sc-29214-SH
	Bcl-xL shRNA Plasmid (h)	Sc-43630-SH
	RyR1 shRNA Plasmid (h)	Sc-36449-SH
	RyR2 shRNA Plasmid (h)	Sc-72012-SH
	RyR3 shRNA Plasmid (h)	Sc-42638-SH

Table 9 :

 9 List of shRNA used in this study.

Table 10 :

 10 List of plasmids used in this study.

Table 11 :

 11 Prostate cell lines used in this study.

	Characteristics	WT-WEHI7.2 and Bcl-2	SUDHL4	OCILY1
		overexpressing WEHI7.2		
	Origin	Mouse	DLBCL	DLBCL
	Purchased from	(Chen et al., 2004)	Gift from Dr. Anthony Letai

Table 12 :

 12 Other cell lines used in this study. mL PI-Triton 100X, we vortex and incubate 30 min at room temperature, in the dark. Cells are passed through in a flux cytometer at 620 nm. The cytometry studies have been realized in collaboration with Mme Lucile Noyer (from the Inserm U1003 -Laboratoire de physiologie cellulaire). The cytometer (EPICS XL3-MCL -Beckman) of the mutual service of cytometry and cell sorting (IFR 114 IMPRT Lille 2) was used. This cytometer uses argon laser with excitation wavelenght of 488 nm and set of emission filters (525 nm, 575 nm, 620 nm or 675

  TM , Thermo Fisher Scientific were added to 30µg of protein lysate and heated at 95°C for 5 minutes. Proteins were resolved due

	to 4-12% Bis-tris gel, 3-8% Tris acetate gel or Bolt 4-12% Bis tris gel (Thermo Fisher
	Scientific). Thermo Scientific Spectra Multicolor High Range Protein Ladder (Thermo Fisher
	Scientific) was used to verify the size of proteins. Sample were resolved due to migration in
	1x NuPAGE MOPS SDS Running Buffer, 1X NuPAGE MES Running Buffer or 1X Bolt
	MOPS SDS Running Buffer (Thermo Fisher Scientific) 30min to 1h under constant voltage of
	190V.

  TM West Dura Extended Duration Substrate (Thermo Fisher Scientific), SuperSignal TM West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific). Images were captured with Amersham Imager 600 (GE Healthcare Life Sciences) or with BioRad ChemiDoc TM XRS+ (Bio rad). Data were analysed with ImageJ sofware or BioRad Image Lab Software.

VIII. Cell fractionation

Cells were harvested with a rubber scraper in a phosphate buffer saline solution (PBS), pelleted in 50 ml tubes and homogenized in ice-cold buffer B (250 mM sucrose, 1 mM EDTA, 20 mM Hepes-NaOH pH 7.

Table 13 .

 13 10 (pClamp software suit, Molecular Devices, Sunnyvale, CA, USA) and QuB 2.0 programs. Statistical analyses, t-tests and Gaussian fits to amplitude distributions were carried out using Microcal Origin software. Values are expressed as mean Å} s.e.m., unless indicated otherwise. Bath and pipette solution was composed of a base solution containing 150 mM CsCl, 10 mM HEPES (pH 7.0) which was completed with different concentration of Ca 2+ as depicted in

	Free calcium	[EGTA] (mM)	Total [Ca 2+ ] (mM)
	10nM	114,64	1,5
	100nM	12,81	1,5
	1µM	2,63	1,5
	10µM	1,61	1,5
	100µM	1,51	1,6
	2,25µM	2	1,5

Table 13 :

 13 Patch clamp bath and pipette solution. The amount of [EGTA] and total [Ca 2+ ]

	were	calculated	using	the	Ca-EGTA	calculator	v1.3

(https://web.stanford.edu/~cpatton/CaEGTA-TS.htm) at 23°C and pH 7.0.

IP 3 R, RyR and Bcl-2, Bcl-xL expression levels in prostate cancer cell lines i) RyR expression level in prostate cancer cell lines

  Like IP 3 Rs, Ryanodine Receptors (RyRs) are large complex Ca 2+ release channels which are localized at the ER and are regulated in a variety of ways. Because of their similar organization, RyRs share many common regulatory mechanisms with IP 3 Rs. They are known to participate in regulation of cellular fate. Thus it has recently been shown that the RyRs type 1 is mutated in advanced and lethal prostate cancers[START_REF] Kumar A | Exome sequencing identifies a spectrum of mutation frequencies in advanced and lethal prostate cancers[END_REF]. Moreover, normal and tumor models of prostate cancer have been reported to respond differently to RyR agonists showing that they had functional RyRs[START_REF] Kobylewski | Identification of ryanodine receptor isoforms in prostate DU-145, LNCaP, and PWR-1E cells[END_REF]. Initial evidence concerning the involvement of the RyR ion channel points at potentially important roles that the channel can play in cancer progression. Thus recent evidence have shown a correlation between RyR expression and tumor grade in breast cancer

	1)				
	Energy	2µM IP3 -	2µM IP3	5µM IP3 -	5µM IP3
		Bcl-2 alone	+ 1µM ABT-199	Bcl-2 alone	+ 1µM ABT-199
	C1	0	0	0	0
	O2	10,39272291	0,39757301	2,344053124	1,540138434
	C3		-3,33400054	-3,282695941	-3,37381353
	C4		-3,66710165	-4,956403822	-1,98230907
	O5		3,500965484	-0,887023105	0,362500301
	!				
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Abstract

Intracellular ion channels are involved in multiple signaling processes, including such crucial ones as regulation of cellular motility and fate. With 95% of the cellular membrane belonging to intracellular organelles, it is hard to overestimate the importance of intracellular ion channels. Multiple studies have been performed on these channels over the years, however, a unified approach allowing not only to characterize their activity but also to study their regulation by partner proteins, analogous to the patch clamp "golden standard", is lacking.

Here, we present a universal approach that combines the extraction of intracellular membrane fractions with the preparation of patchable substrates that allows to characterize these channels in endogenous protein environment and to study their regulation by partner proteins.

We validate this method by characterizing activity of multiple intracellular ion channels localized to different organelles and by providing detailed electrophysiological characterization of the regulation of IP3R activity by endogenous Bcl-2. Thus, after synthesis and reshaping of the well-established approaches, organelle membrane derived patch clamp provides the means to assess ion channels from arbitrary cellular membranes at the single channel level. 
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Ivanova Hristina, Ritaine Abigaël, Wagner L, Luyten T, Shapovalov G., Welkenhuyzen K., Seitaj B., Monaco G., De Smedt H., Prevarskaya N., Yule DI., Parys JB., Bultynck Geert Published, Oncotarget, 2016 This paper provides study of the molecular mechanisms of interaction between the antiapoptotic Bcl-2 protein with the IP 3 R ion channel. This article investigates the contribution of two important functional domains in Bcl-2, the hydrophobic cleft and its C-terminal region containing the transmembrane domain (TMD). Previously, the hydrophobic cleft of the antiapoptotic protein Bcl-xL was demonstrated to interact with the C-terminal domain of the IP 3 R. However here, by the use of mutation or pharmacological inhibition to antagonize Bcl-2's hydrophobic cleft, we show that this functional domain is not responsible for Bcl-2mediated IP 3 Rs inhibition.

By contrast, the deletion of the C-terminus of Bcl-2, leads to impaired inhibition of IP 3 Rmediated Ca 2+ release. The TMD was found to be sufficent for IP 3 R binding and decrease of P open .

The proposed model for these results is that the Bcl-2's C-terminus serves as a functional anchor, which beyond ER-membrane targeting, underlies efficient IP 3 R inhibition by (i) positioning the BH4 domain in the close proximity of its binding site on IP 3 R, thus facilitating their interaction; (ii) inhibiting IP 3 R-channel openings through a direct interaction with the Cterminal region of the channel downstream of the channel-pore.

My contribution to this article consisted primarily in the chatacterization of how the BH3 mimetic ABT-199 binding to the Bcl-2 hydrophobic cleft affected IP 3 R activity, as shown in the Figure 4 F, G andH.

ABSTRACT

The anti-apoptotic Bcl-2 protein is emerging as an efficient inhibitor of IP 3 R function, contributing to its oncogenic properties. Yet, the underlying molecular mechanisms remain not fully understood. Using mutations or pharmacological inhibition to antagonize Bcl-2's hydrophobic cleft, we excluded this functional domain as responsible for Bcl-2-mediated IP 3 Rs inhibition. In contrast, the deletion of the C-terminus, containing the trans-membrane domain, which is only present in Bcl-2α, but not in Bcl-2β, led to impaired inhibition of IP 3 Rmediated Ca 2+ release and staurosporine-induced apoptosis. Strikingly, the trans-membrane domain was sufficient for IP 3 R binding and inhibition. We therefore propose a novel model, in which the Bcl-2's C-terminus serves as a functional anchor, which beyond mere ERmembrane targeting, underlies efficient IP 3 R inhibition by (i) positioning the BH4 domain in the close proximity of its binding site on IP 3 R, thus facilitating their interaction; (ii) inhibiting IP 3 R-channel openings through a direct interaction with the C-terminal region of the channel downstream of the channel-pore. Finally, since the hydrophobic cleft of Bcl-2 was not involved in IP 3 R suppression, our findings indicate that ABT-199 does not interfere with IP 3 R regulation by Bcl-2 and its mechanism of action as a cell-death therapeutic in cancer cells likely does not involve Ca 2+ signaling.

Bcl-2α requires its TMD to suppress STS-induced apoptosis

Finally, we studied the potency of overexpressed 3xFLAG-Bcl-2 wt , 3xFLAG-Bcl-2 GR/AA and 3xFLAG-Bcl-2 ΔC to protect against STS, an apoptotic trigger that acts in part through Ca 2+ signalling [53]. As a marker of apoptosis, we monitored the cleavage of poly-(ADP-ribose)polymerase 1 (PARP1), which is a downstream target of activated Caspase-3. Compared to the control cells (transfected with an empty vector), the overexpression of 3xFLAG-Bcl-2 wt significantly reduced the levels of cleaved PARP1 upon STS treatment (1 µM, 6h). 3xFLAG-Bcl-2 GR/AA failed to prevent PARP1 cleavage, in line with its failure to bind Bax (Supplementary Figure S2). Despite the fact that 3xFLAG-Bcl-2 ΔC was equally efficient as the 3xFLAG-Bcl-2 wt to bind endogenous Bax (Supplementary Figure S2), it was much less efficient in preventing STS-induced apoptosis in COS-1 cells (Figure (Figure88).

DISCUSSION

Here, we demonstrate that the efficient in cellulo suppression of IP 3 R activity by Bcl-2α protein requires the C-terminal region, containing the TMD, but not the hydrophobic cleft of Bcl-2α. Consistent with this finding, Bcl-2α lacking the TMD is less effective to protect cells against Ca 2+ -dependent pro-apoptotic stimuli like staurosporine. Since the TMD is present only in Bcl-2α, but not in Bcl-2β, our study is the first one that indicates a possible difference between the functional effects of the Bcl-2 isoforms on IP 3 R activity (Figure (Figure9)9) and thus on Ca 2+ -dependent apoptosis. Furthermore, our data indicate that BH3-mimetic compounds like ABT-199, which selectively antagonizes Bcl-2, do not interfere with the functional regulation of IP 3 Rs by Bcl-2.

Using genetic and pharmacological approaches, we firmly ruled out a major role for the hydrophobic cleft of Bcl-2 in inhibiting IP 3 R function, despite the presence of previously suggested [54] or identified throughout this study putative BH3 motifs within the IP 3 R sequence (Figure (Figure1B).1B). This is in striking contrast to the regulation of IP 3 Rs by Bcl-Xl, very recently described to occur via a BH3-dependent mechanism, involving an interaction between the hydrophobic cleft of Bcl-Xl and two BH3 motifs in the C-term Dom of IP 3 R [54,55]. Disruption of these interactions resulted in diminished cell viability. The authors speculated that similar BH3-dependent interactions might underlie the Bcl-2/IP 3 R complex [55]. Therefore, our work suggests that despite the similarities in their structure and function as inhibitors of the canonical Bax/Bak-dependent apoptosis, Bcl-2 and Bcl-Xl target and regulate IP 3 Rs by different mechanisms. The data reported here might concede another

Isolation of nuclei and electrophysiological analysis

Isolated DT40 nuclei were prepared by homogenization as previously described [52]. A 3 µl aliquot of nuclear suspension was placed in 3 ml of bath solution which contained 140 mM KCl, 10 mM Hepes, 500 µM BAPTA and 246 nM free Ca 2+ , pH 7.1. Nuclei were allowed to adhere to a plastic culture dish for 10 min prior to patching. Single IP 3 R channel potassium currents (ik) were measured in the on-nucleus patch clamp configuration using pCLAMP 9 and an Axopatch 200B amplifier (Molecular Devices, Sunnydale, CA, USA) as previously described [66]. Pipette solution contained 140 mM KCl, 10 mM Hepes, 1 µM IP 3 , 5 mM ATP, and 200 nM free Ca 2+ as well as 60 µM TMD-Bcl-2 or TMD-Bcl-2-CTR peptides.

Traces were consecutive 3 s sweeps recorded at -100 mV, sampled at 20 kHz and filtered at 5 kHz. A minimum of 15 s of recordings were considered for data analyses. Pipette resistances were typically 20 MΩ and seal resistances were >5 GΩ. Single channel openings were detected by half-threshold crossing criteria using the event detection protocol in Clampfit 9.

We assumed that the number of channels in any particular nuclear patch is represented by the maximum number of discrete stacked events observed during the experiment. Only patches with one apparent channel were considered for analyses.

Apoptosis induction and analysis

COS-1 cells were transiently transfected with 3xFLAG-vectors and treated with 1 µM STS (Sigma-Aldrich). After 6h the cells were harvested and lysed in a buffer containing 25 mM Hepes (pH 7.5), 1% Triton X-100, 10% glycerol, 0.3 M NaCl, 1.5 mM MgCl 2 , 1 mM DTT, 2 mM EDTA, 2 mM EGTA and protease inhibitor cocktail tablets (Roche). Apoptosis progression was monitored via Western-blotting analysis of PARP1 cleavage in 10 µg total lysate.

Sequence alignment and secondary-structure predictions

The amino acid sequences of the BH3 domains of Bcl-2 proteins and the Dom 3 of IP 3 R were taken from the National Center for Biotechnological Information's nonredundant database.

The I-TASSER v 2.1 webserver [67,68] was used to predict the secondary structure of the BH3-like motif identified in the Dom 3 of IP 3 R1. I-TASSER builds protein models using iterative assembling procedures and multiple threading alignments from template structures libraries. An estimate of accuracy of the predictions is given by the confidence score. The most accurate I-TASSER model was downloaded as PDB file and imported in PyMOL, a molecular graphic software (http://www.pymol.org).

Statistical analysis

Two-tailed unpaired Student's t-tests were performed when two conditions were compared.

When comparing three or more conditions a repeated measure ANOVA with Bonferroni post test was performed. * indicates significantly different results with p < 0.05.

Poles Program (Belgian Science Policy; IAP-P7/13). HI is a recipient of a doctoral fellowship of the FWO. GM is a recipient of a post-doctoral fellowship of the FWO.

Authors contribution

A.R. performed patch-clamping and kinetic analysis. G.S. performed the MD simulation. Additional Results

Supplementary S4. Table representing the different rates and energies for the kinetic models.

5) IP 3 R3 silencing reveals an oscillatory calcium signature different from that in the cells treated with siCTL

Cytosolic Ca 2+ oscillations is frequently present in aggressive cancer cells [START_REF] Rizaner | Intracellular calcium oscillations in strongly metastatic human breast and prostate cancer cells: control by voltage-gated sodium channel activity[END_REF][START_REF] Sun | STIM1-and Orai1 -mediated Ca2+ oscillation orchestrates invadopodium formation and melanoma invasion[END_REF][START_REF] Zhu | Elevated Orai1 expression mediates tumor-promoting intracellular Ca2+ oscillations in human esophageal squamous cell carcinoma[END_REF]. Spontaneous Ca 2+ oscillations were found to be present in the strongly aggressive prostate cancer cells PC3-M, and absent in weakly metastatic LNCaP cells [START_REF] Rizaner | Intracellular calcium oscillations in strongly metastatic human breast and prostate cancer cells: control by voltage-gated sodium channel activity[END_REF]. Thus, we investigated the effect of the siRNA against IP 3 R3 mRNA in PC3 and PC3-M cells (Figure 33) as well as the effect of the overexpression of the IP 3 R3 in LNCaP cells (Figure 34). Accordingly, spontaneous Ca 2+ oscillations were detected in PC3 and PC3-M treated with siCTL and siIP3R3, but not in LNCaP cells., treated with control plasmid or the peZ-M02-IP 3 R3 plasmid. FBS stimulation evoked cytosolic Ca 2+ oscillations in PC3-M treated with siCTL or siIP3R3, but not in PC3

(treated with siCTL or siIP3R3) and LNCaP-CTL cells. However, in PC3 cells the addition of 10% FBS leads to and elevation of the intracellular Ca 2+ . While the 10% serum addition leads to some calcium spikes in LNCaP-peZ-M02-IP 3 R3 cells.

More attention was taken on the PC3-M cells cytosolic Ca 2+ measurements (Figure 33 B).

Indeed, there is the difference in calcium signature in spontaneous Ca 2+ recordings between the PC3-M siCTL and the PC3-M siIP3R3. Furthermore, the FBS-stimulated cytosolic Ca 2+ signature is also changed between the PC3-M siCTL and the PC3-M siIP3R3. Indeed, the magnitude of the serum-induced calcium signal was quantified in PC3-M after IP 3 R3 silencing compare to control transfected cells (B left panel). It shows that in the siIP3R3 treated PC3-M cells, the amplitude of the peaks was lower than of these found in siCTL treated cells. Following this, I have also analyzed the duration of calcium spikes after the serum addition. The analysis have shown that in the PC3-M siCTL the calcium spikes are shorter than in cells treated with PC3-M siIP3R3, and the PC 3-M siIP3R3 calcium spikes are thus longer than in siCTL cells.

immunoprecipitation experiments in order to collect the proteins associated with the IP 3 R1

and IP 3 R3 for further characterization by mass spectrometry. High sensitivity of the mass spectrometry technique should make it possible and yield a list of candidate interacting proteins for further study.

After having established and efficient protocol for the co-immunoprecipitation experiment (i.e. having found the appropriate protocol and thus controlled that the IP 3 R1 and IP 3 R3 were coming with Bcl-2 -which was demonstrated to interact with the three types of IP 3 R -cf.

figure 36 A), we performed a mass spectrometry in collaboration with Dr. Rita Derua (KU Leuven). To note, it is the first time that the co-immunoprecipitation of IP3R1 and IP3R3

with Bcl-2 was performed and successfully shows that this interaction is also present in prostate cancer cells.

Unfortunately, the results (Figure 36 B, Table 15 in Annex) were not as good as we could have expected. The list we obtained is primarily composed of soluble proteins (like Heat shock protein for instance), with larger proteins having transmembrane domains being absent from this list, most notably the Bcl-2 protein whose presence was controlled prior to massspectrometry characterization. One of the explanations is that standard protein extraction and retention protocols used with mass spectrometry are inefficient when working with ion channels since they are transmembranes proteins. Nonetheless, proceeding with the analysis of the obtained data we could come up with the following. Some proteins already found to be interacting with the IP 3 R have been revealed by the mass spectrometry analysis: calmodulin, RACK1, GAPDH, cytochrome c, POTE ankyrin domain family member, grp78, GIT2 (see Introduction Table 1 for references). However, Bcl-2 didn't come with our IP 3 R1 or IP 3 R3 which prompted us to question the viability of these tests once again.

After discussion with experts in the field of proteomics (Dr. Christophe Tastet), it became evident that a successful continuation of these experiments requires forming a collaboration with a team that would have the necessary experience with isolation of ion channel-centric protein complexes for further mass spectrometry characterization.

this reason, it is hard to expect a direct effect of ABT-199, known to bind specifically to BH1-3 cleft, upon Bcl-2/IP3R interaction.

However, our further studies have shown an indirect effect of the ABT-199 binding to Bcl-2 upon the IP 3 R activity. We have observed that application of ABT-199 induces a small but non-trivial change in the activity of the IP 3 R inhibited by Bcl-2 in the presence of smaller IP3 concentrations (2 µM instead of 5 µM as was used in [START_REF] Ivanova | The trans-membrane domain of Bcl-2 a , but not its hydrophobic cleft , is a critical determinant for efficient IP 3 receptor inhibition[END_REF]. Specifically, at 2 µM IP3, application of ABT-199 provoked a short period of unrestrained (by Bcl-2) IP 3 R activity with Po roughly matching that of IP 3 R under similar conditions but in the absence of Bcl-2 (Foskett et al., 2007;Shapovalov et al.), followed by equilibrium steady-state "partially inhibited" IP 3 R activity. Kinetic analysis of these traces have shown that activity in both basal and post ABT-199 steady state region could be described by the kinetic models having We can hypothesize that this tail-flip conformational change is the driving event that leads to the detachment of the initially-bound Bcl-2 from the IP 3 R receptor, thus disinhibiting its activity and leading to the observed "peak zone" in the single-channel current traces upon ABT-199 application. This is followed by further structural changes of the Bcl-2 in the vicinity of the BH4 domain, stabilizing the loop region of the Bcl-2 molecule in a conformation that partially obscures the BH4 domain, thus, potentially reducing the exposure of the Bcl-2/IP 3 R contact area and leading to the "partially disinhibited" pattern of activity of the IP 3 R (Figure 39).

Such nanoparticles, for examples, were shown to be able to deliver siRNA. The major challenge resides in the delivery of the therapeutic agents to the specific site of action while maintaining the applied agent therapeutically active.

Since we have encouraging preliminary results concerning the role of IP This method has already been used by Xu et al. [START_REF] Xu | Multifunctional Envelope-Type siRNA Delivery Nanoparticle Platform for Prostate Cancer Therapy[END_REF], thus showing that such approach can potentially be developed into a treatment for aggressive prostate cancers.

The IP 3 R3 can also be utilized as a prognostic marker, based on our observation described above that its expression increases with the aggressiveness of prostate cancer cell lines.

Appendix

I. SUDHL4 and OCILY1

Bcl-2 is an anti-apoptotic protein with a central role in regulating cell death and survival. In a lot of cases, Bcl-2 is found to be upregulated in a large number of cancer cells including Bcells lymphomas like diffuse large B-cell lymphoma (DL-BCL) and chronic lymphocytic leukaemia (CLL).

Besides its role at the mitochondria side, Bcl-2 is also present at the ER side, where it acts as a Ca 2+ release regulator from the ER. Indeed, Bcl-2 suppresses IP 3 R activity via its BH4

domain. The disruption of the IP 3 R/Bcl-2 interaction with the use of a cell permeable peptide (TAT-IDP), that can specifically bind the BH4 domain of Bcl-2, leads to pro-apoptotic Ca 2+ signal in CLL cells. That TAT-IDP was studied in a set of "primed to death" DL-BCL cell lines that have upregulated expression level of Bcl-2 and that have shown a heterogeneity in the apoptotic response to TAT-IDP. Indeed, the addition of TAT-IDP (10uM, 24h) induced apoptosis in SUDHL4 cells whereas OCILY1 were resistant even at 30 uM TAT-IDP (a dose that kills 90% of SUDHL4). The TAT-IDP induced apoptosis is suppressed in SUDHL4 by IP 3 R2 knockdown and boosted in OCI-LY1 by IP 3 R2 overexpression, which indicate that it exists a correlation between the IP 3 R2 protein level and the sensibility to TAT-IDP (Akl et al., 2013).

We wanted to see if there is a difference of IP 3 R activity at a single channel level resulted by the addition of IDP in SUDHL4 cells compared with OCILY1 cells. We thus fractionated these two different cell lines and measured IP 3 R activity in the GUVs prepared from these extracts. Results representing presence of IP 3 R and marker proteins is represented in Figure 41 A. The numbers 1, 2 and 3 denote different fractions from SUDHL4 and the numbers 4 and 5 denote those from OCILY1. We selected the fraction 2 and 5 for the recombination in GUVs and patch-clamp recording based on observing the presence of IP 3 Rs in these fractions.

In order to characterize the response of IP 3 R2 expressed in the studied cells, we used a solution containing 1 µM Calcium both in pipette and bath solution and supplemented with different concentrations of IP3 in bath and sometime in the pipette solution just to increase the probability to record channel. However, due to a large variance of the observed Po in these traces (likely due to the presence