ARE -AU-rich element AGO -Argonaute protein ChIP-on-chip -chromatin immunoprecipitation ('ChIP') with DNA microarray ("chip") CPEB -cytoplasmic polyadenylation element binding protein CPSF -cleavage and polyadenylation specificity factor CRM1 -chromosome region maintenance 1 CSD -cold-shock domain CSP -cold-shock protein CTD -C-terminal domain (of YB-1) CRS -cytoplasmic retention signal DNA -deoxyribonucleic acid DRB -5,6-dichlororibofuranosylbenzimidazole dsRBD -double-stranded RNA-binding domain EDTA -ethylene diamine tetraacetic acid eEF -eukaryotic elongation factor eIF -eukaryotic initiation factor EMSA -electrophoretic mobility shift assay FISH -fluorescent in situ hybridization FMRP -fragile X protein FRET-fluorescent resonance energy transfer G3BP -Ras GTPase-activating protein-binding protein 1 GAPDH -glyceraldehyde-3-phosphate dehydrogenase GCN2 -general control non-depressible 2 GEF -guanine nucleotide exchange factor GFP -green fluorescent protein HA-tag -haemagglutinin-tag hnRNP -heterogeneous ribonucleoprotein HRI -haem-regulated inhibitor RNP -ribonucleoprotein RRL -rabbit reticulocyte lysate RRM -RNA-recognition motif SDS -sodium dodecyl sulphate SGs -stress granules SILAC-stable isotope labeling with amino acids in cell culture siRNA
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Chapter 3.

Table 1. Effect of different DNA-damaging drugs on the translocation of YB-1 to the nucleus. 

Introduction

The Y-box binding protein 1 (YB-1, YBX1) is a member of family of DNAand RNA-binding proteins, which contains evolutionarily ancient and conserved cold shock domain [START_REF] Eliseeva | Y-box-binding protein 1 (YB-1) and its functions[END_REF][START_REF] Lyabin | YB-1 protein: functions and regulation[END_REF]. YB-1 performs multiple functions in cell ranging from the regulation of transcription in the nucleus to the modulation of mRNA translation in the cytoplasm. Its multifunctional nature is determined by the ability to bind RNA, DNA and different protein partners.

Moreover, YB-1 is known to make homooligomers either alone or on nucleic acids.

This property seems to be crucial for performing its cellular functions, but the molecular mechanisms of oligomerization are still obscure. In this work we undertook an attempt to dissect the role of different YB-1 domains in the nucleic acid binding and in formation of inter-molecular protein interactions in vitro and in vivo.

YB-1 is an RNA-binding protein

YB-1 is a cytoplasmic protein, under normal conditions, where it plays a role in a regulation of mRNA translation. In in vitro experiments it was demonstrated that the binding of YB-1 to mRNA at high YB-1:mRNA molar ratio induces the formation of stable mRNP complexes that have physical and chemical properties of the natural non-translated mRNPs. For this reason, YB-1 was considered as a general translation repressor and a major component of free non-translated mRNPs in the cytoplasm [START_REF] Skabkin | Structural organization of mRNA complexes with major core mRNP protein YB-1[END_REF]). Nevertheless, it remains unclear how such inhibition is achieved in the cytoplasm, because the concentration of YB-1 there is not sufficient to bind all non-polysomal mRNAs. Moreover, many recent studies indicate the involvement of YB-1 in translation regulation of specific mRNAs [START_REF] Skabkina | Poly(A)-binding Protein Positively Affects YB-1 mRNA Translation through Specific Interaction with YB-1 mRNA[END_REF][START_REF] Evdokimova | Akt-Mediated YB-1 Phosphorylation Activates Translation of Silent mRNA Species[END_REF][START_REF] Dong | RNA-binding specificity of Y-box protein 1[END_REF]. Rather than being homogenously distributed among all mRNAs, a strong bias for the YB-1 binding to mRNAs may allow its accumulation on specific transcripts, which eventually prevent their translation. In this work, using atomic force microscopy and conventional biochemical techniques we investigated the interaction of full-length YB-1, as well as its isolated domains, with long messenger RNA and the consequences of the binding on mRNA translation. The results obtained during this work indicate a strong cooperative binding of YB-1 to mRNA, providing a mechanistic view on the formation of non-translated YB-1:mRNA complexes. We found that the evolutionarily conserved cold-shock domain is responsible for the cooperativity of YB-1. In addition, we used a recently developed method for the detection of proteinprotein interactions in vivo to investigate the inter-molecular protein interactions between YB-1 molecules or other RNA-binding proteins.

Nuclear functions of YB-1

It was reported that under several stress conditions, like genotoxic stress, YB-1 could accumulate in the nucleus, where it was proposed to participate in transcription activation of the genes involved in DNA-damage response or to be directly involved in the recognition of DNA damages and repair process [START_REF] Kim | The proteolytic YB-1 fragment interacts with DNA repair machinery and enhances survival during DNA damaging stress[END_REF]). However, the data about translocation of YB-1 to the nucleus are controversial, and it is remained unclear which type of DNA damage leads to the nuclear accumulation of YB-1. It has to be mentioned, that the role of YB-1 in the regulation of transcription recently has been seriously questioned, due to the mostly non-specific binding to DNA [START_REF] Dolfini | YB-1 (YBX1) does not bind to Y/CCAAT boxes in vivo[END_REF]. Consequently, we hypothesized that YB-1 could be directly involved in the recognition of DNA damages, according to its higher affinity for damaged DNA. In order to clarify this observation, we investigated in this work the effect of different DNA-damaging drugs on the sub-cellular localization of YB-1. In addition, we also studied the interaction of YB-1 with dsDNA in vitro using AFM and found that YB-1 specifically interacts with crosses of two double stranded DNA helixes. This led us to discovery indicating that YB-1 interferes with the activity of topoisomerase II, what could provide a more comprehensive view on the DNA-related functions of YB-1. *** Understanding the interactions of YB-1 with nucleic acids under normal and stress conditions is of extreme interest because it was shown that aberrant overexpression of YB-1 is often correlated with malignant progression in several types of cancer. The deciphering the molecular mechanisms of YB-1 binding to DNA and RNA could thus provide an additional key for drug-design to fight against cancer.

The manuscript is organized in two major parts -i) literature review, concerning the investigated subject and ii) major results obtained during the work. As it was mentioned above, YB-1 is a well-established RNA-binding protein which major function is to regulate stability and translation of mRNA in the cytoplasm. In line with this, in the literature review, I will provide a summary of the current knowledge about RNA-binding proteins including history of their discovery, structural organization and their role in translation regulation. Growing body of data indicates the important role of RNA-binding proteins in the progression of cancer and neurodegenerative disorders. The understanding of the cellular functions of RNAbinding proteins at the molecular level is crucially required for the progress in the development of anti-cancer or anti-neurodegenerative drugs. The detailed characterization of YB-1 protein, its structure and functions are also provided.

Discovery of mRNA-binding proteins

The understanding that intermediate molecules exist between DNA and proteins in the form of messenger RNA (mRNA) allowed F. Crick to formulate the major principle of molecular biology -"the central dogma". This universal scheme regarding the flow of genetic information is valid for all living organisms on Earth from bacteria to human, except some viruses. Despite the beauty of the idea, it has to be mentioned, that the discovery of mRNA was not an easy task, and took nearly a decade of extensive work of several laboratories all around the world since the double helix model was proposed. Indeed, mRNAs represent only a tiny portion of total cellular RNA and its isolation required a lot of efforts and sophisticated technologies for that time. Nevertheless, after the idea was accepted, these discoveries provided an immense area for future research, and this is still a very prominent and surprising field in molecular biology. Consequent studies demonstrated that mRNA undergoes a set of modifications before being translated into proteins. The modifications that are taking place during mRNA maturation as well as it's accessibly to translational machinery by the action of trans-acting factors were coined as post-transcriptional regulation of gene expression. Since the beginning of this concept multiple mechanisms regulating gene expression taking place at the mRNA level were discovered. It is widely believed now, that post-transcriptional control is not less important than transcriptional one, and in some cases it is the only way to sustain proper cell function.

In this chapter, I would like to describe the early era of the studies on mRNA with special accent on mRNA-binding proteins. There are several hundreds of proteins that interact with mRNA in cell accompanying it during all its live -from synthesis to degradation [START_REF] Moore | From Birth to Death: The Complex Lives of Eukaryotic mRNAs[END_REF]. Mechanistically, each step of mRNA biogenesis is controlled by the formation of different ribonucleoprotein (RNP) complexes with RNA-binding proteins (RBPs) at their core [START_REF] Gerstberger | A census of human RNA-binding proteins[END_REF].

RBPs function in every aspect of RNA biology, from transcription, pre-mRNA splicing, transport, localization, translation and turnover. The RBPs not only influence each of these processes, but also provide a link between them. Proper functioning of these intricate networks is essential for the coordination of complex posttranscriptional events, and their perturbation can lead to disease. For instance, RBPs are emerging as fundamental players in cancer development and neurodegeneration [START_REF] Wurth | Versatility of RNA-Binding Proteins in Cancer[END_REF][START_REF] Nussbacher | RNA-binding proteins in neurodegeneration: Seq and you shall receive[END_REF].

Discovery of mRNA

The discovery of the double helix nature of DNA with its series of complementary nucleotides offered an answer to the question of how genetic material might replicate itself and pass from one generation to the next. However, there was a second question which answer was not so obvious: how does genetic material determines the workings of the cell. As it had long been clear that functioning of the cell is determined by the activity of its proteins, many scientists believed to the proposition that the order of nucleotides in DNA somehow determined the order of amino acids in proteins. In turn, it implied that primary structure of proteins was sufficient to determine further levels of structural protein organization and consequently their functions. But how could DNA nucleotides determine protein amino acids?

In less than one year after Watson and Crick's publication the first bold idea was put ahead by cosmologist G. Gamow who suggested a model of how the genetic code might function, which involved proteins being synthesized on DNA molecule itself [START_REF] Gamow | Possible relation between Deoxyribonucleic Acid and Protein Structures[END_REF]. Despite the fact that this proposition initiated extensive work on the cracking of genetic code, it was dismissed because it was believed that protein synthesis did not directly involve chromosomal DNA, but instead took place in the cytoplasm and required RNA (Cobb 2015b). This conviction was based on the work of J. Brachet and T. Caspersson, who in the 1940s had reported that RNA was found primary in the cytoplasm, where protein synthesis took place, and that RNA levels increased in cells that were actively synthesizing proteins [START_REF] Caspersson | The relations between nucleic acid and protein synthesis[END_REF].

In 1957, Francis Crick gave a talk at the University College in London.

Published next year, this lecture become famous for its description of what Crick called 'central dogma', which outlined a hypothesis for the transfer of information inside the cell, and argued that it was not possible for information to be transferred from proteins to DNA. In one unpublished document dated to 1956 he sketched a little diagram summarizing his view (Fig. 1).

While it might look that Crick was hypothesizing the existence of mRNA, this was not the case. Like everyone else he was hobbled by the lack of understanding about the nature and function of ribosome. He believed, that each gene controls the synthesis of one kind of specialized ribosome, which in its turn directs the synthesis of corresponding protein. Crick's view was based on Hoagland and Zamecnik's discovery that during protein synthesis, radiolabelled amino acids were initially found only in the ribosomes, strongly suggesting that amino acids had to pass through the ribosome to be combined into a protein [START_REF] Hoagland | A soluble ribonucleic acid intermediate in protein synthesis[END_REF]. It seemed likely that the RNA in ribosome was the template upon which protein was made.

Ribosomal RNA was only the type of RNA that had been clearly identified, and it was likely that it is the RNA intermediary between DNA and proteins.

Nevertheless, several observations were not in line with this idea. First of all, as the different genes are varying in size population of ribosomes should be also very heterogeneous. But when ribosomes were studied by the centrifugation it appeared that they are rather identical to each other. Second, in 1956 K. Volkin and L. Astrachan reported that infection of E. coli by bacteriophage T2 does not change the total amount of RNA, but a small fraction of RNA was made within the first minutes.

Since the cell changes over into a factory to make phage protein, it would be expected wholesale turnover of RNA, but this was not the case [START_REF] Volkin | Intracellular distribution of labeled ribonucleic acid after phage infection of Escherichia coli[END_REF]. Unfortunately this observation was not properly interpreted at that time. And third, A.

Spirin and A. Belozersky had shown that there was only a little correlation between RNA and DNA in nucleotide composition, what indicated that only small portion of RNA was a direct copy of DNA [START_REF] Belozersky | A correlation between the composition of Deoxyribonucleic and Ribonucleic Acids[END_REF]).

Thinking about these facts F. Jacob and J. Monod in 1961 hypothesized that there should exist special type of RNA that is synthesized from DNA and after transported to the ribosomes where it provides the information for protein synthesis.

The mRNA hypothesis was confirmed in the experiments performed by S. Brenner, F. Jacob and M. Meselson at Caltech in Pasadena. The challenge was to determine whether the messenger involved the creation of new ribosomes, or instead consisted of new transient form of RNA that simply employed the old host ribosomes to turn its message into protein. After several months of tense work they had demonstrated that during the infection of E. coli with T2 phage a small transient RNA that had been copied from phage DNA was associated with old host ribosomes that were already present in the bacterial host. This was messenger RNA [START_REF] Brenner | Un unstable intermediate carrying information from genes to ribosomes for protein synthesis[END_REF]. Group of J. Watson at Harvard, using slightly different approach, arrived to the same conclusion and both articles were published in the same issue of Nature [START_REF] Gros | Unstable ribonucleic acid revealed by pulse labelling of Esherichia Coli[END_REF]). On the other hand ribosomes appear to be a molecular factories for proteins synthesis in the cell. It seemed that mRNA could program them to make proteins according to its nucleotide sequence. The main conceptual components of gene function and protein synthesis were now in place. But nobody had yet proved that the system is actually working according to these principles.

The final answer came from the experiments performed by M. Nirenberg and M. Matthaei in Bethesda. Without knowledge of the works on messenger RNA, they showed that addition of synthetic polynucleotide, polyuridylic acid to an in vitro translation system, specifically resulted in the incorporation of L-phenylalanine into a protein resembling poly-L-phenylalanine [START_REF] Nirenberg | The dependence of cell-free protein synthesis in E. coli upon naturally occurring or synthetic polyribonucleotides[END_REF]. This experiment directly proved that messenger RNA could serves as a template for protein synthesis by ribosomes, and what was even more important, that polyuridylic acid encodes poly-phenylalanine peptide. With this experiment the messenger concept become a fact. This is the direct proof that single stranded messenger RNA (mRNA) is the template for protein construction [START_REF] Watson | Involvement of RNA in the synthesis of proteins[END_REF].

All the researchers involved in cracking of the genetic code and discovery of mRNA agreed on two basic principles. First, they assumed that there was a one-to-one correspondence between DNA sequence of a gene and the corresponding amino acid sequence -what Crick called co-linearity. Second, they considered that the genetic code and the way in which genes functioned were universal, so "anything to be true for E. coli must also be true of elephants", as Jacques Monod put at Cold Spring Harbor in 1961 (Cobb 2015a).

Evidences of post-transcriptional mRNA processing

The discovery of messenger RNA (mRNA) and the formulation of certain principles of gene activity in bacterial and viral systems provided a good basis for the study of gene expression in eukaryotes [START_REF] Spirin | Masked" forms of mRNA[END_REF]. It had been believed that mRNA consists simply of a string of nucleotide triplets translated sequentially into the amino acids of polypeptides [START_REF] Brawerman | Eukaryotic messenger RNA[END_REF]. This assumption was largely correct for the prokaryotes, but it appeared very soon that this simple concept of gene might not explain some observations in eukaryotic organisms. In particular, the genome of many animals contains such large amounts of DNA that the possibility that all of it encode simple, bacteria-type genes seemed to be unlikely [START_REF] Sharp | The discovery of split genes and RNA splicing[END_REF].

Moreover, in eukaryotes, unlike prokaryotes, transcription (mRNA synthesis on DNA template) and translation (protein synthesis on mRNA template) are spatially separated, in the nucleus and the cytoplasm, respectively (Fig. 2) [START_REF] Glisovic | RNA-binding proteins and post-transcriptional gene regulation[END_REF]. As it was understood later, spatial separation allows eukaryotes to carry out extensive post-transcriptional processing of pre-mRNAs and produce more diverse set of mRNAs from its genome. The primary transcripts of RNA polymerase II, which are nuclear precursors of mRNAs, are usually referred to as heterogeneous nuclear RNAs (hnRNAs) [START_REF] Dreyfuss | Structure and Function of Nuclear and Cytoplasmic Ribonucleoprotein Particles[END_REF].

Few years after the discovery of mRNA the primary structure of several eukaryotic mRNA species was elucidated. First, on globin mRNA it was demonstrated that a long poly(A) sequence decorates the 3' end of most mature mRNAs in eukaryotes [START_REF] Brawerman | The Role of the poly(A) sequence in mammalian messenger RNA[END_REF]). Surprisingly, it was shown that this sequence is added to mRNA post-transcriptionally by poly(A) polymerases and is not encoded within the genome [START_REF] Colgan | Mechanism and regulation of mRNA polyadenylation[END_REF]. Many different putative functions were proposed for this sequence at the beginning, like regulation of mRNA transport from the nucleus to cytoplasm, the control of mRNA stability, the compartmentalization of mRNA in the cytoplasm and a role in control of translation [START_REF] Jackson | Do the poly(A) tail and 3' untranslated region control mRNA translation[END_REF]. Later it was proved that the length of poly(A) tail within mRNA is tightly regulated and plays an important role in mRNA stability and its translational efficiency [START_REF] Colgan | Mechanism and regulation of mRNA polyadenylation[END_REF]). In the cell, poly(A) tails of mRNAs are always covered by the specific RNA-binding protein -PABP, which plays an important role in gene expression process [START_REF] Goss | Poly(A) binding proteins: are they all created equal?[END_REF]Eliseeva, Lyabin, et al. 2014).

Several years later, it was identified by biochemical analyses, that certain viral and eukaryotic mRNAs have a so-called "cap" structure -a methylated guanosine residue linked to the 5′ end of mRNA through an inverted 5′ to 5′ triphosphate bridge [START_REF] Furuichi | 5'-Terminal m-7G(5')ppp(5')G-m-p in vivo: identification in reovirus genome RNA[END_REF]C. M. Wei et al. 1975). Cap structure was found to play an important role in mRNA translation and in its stability. Moreover, this structure is recognized by several translation initiation factors and is extremely important for translation regulation during stress [START_REF] Gingras | 35 years later, MRNA caps still matter[END_REF].

The hnRNAs is considered to be the precursor of cytoplasmic mRNAs. But the mean length of hnRNAs is significantly larger than that of mRNAs. Surprisingly, when investigated, this nuclear RNA appeared to have both a cap structure at its 5' end and a poly(A) tail at its 3' end, just like the shorter cytoplasmic mRNA [START_REF] Brawerman | Eukaryotic messenger RNA[END_REF]). This observation for some time didn't have any appropriate explanation. Resolution of these paradoxes occurred with the discovery of split genes and RNA splicing [START_REF] Berget | Spliced segments at the 5' terminus of adenovirus 2 late mRNA[END_REF][START_REF] Sharp | The discovery of split genes and RNA splicing[END_REF]. A simple comparison of the sequence of an mRNA and its corresponding nuclear DNA revealed some sequences are removed by splicing during the processing of a long precursor. This immediately explained how the long nuclear RNA and the shorter cytoplasmic mRNA could have the same termini whereas the difference in length were due to removal of intron sequences from the middle. It was soon shown that almost all genes in multicellular organisms contain introns where in average each gene contains ten of it [START_REF] Sharp | The discovery of split genes and RNA splicing[END_REF].

As it was revealed later, the process of pre-mRNA splicing is mediated by elaborated macromolecular machine -spliceosome, which is made from a number of RNAbinding proteins and non-coding RNAs [START_REF] Papasaikas | The Spliceosome: The Ultimate RNA Chaperone and Sculptor[END_REF].

Sequence analysis of mature mRNAs from higher organisms revealed that they contain additional sequences that are not required to make a protein. The synthesis of proteins by ribosomes usually starts on initiation AUG codon. The 5' untranslated region (5' UTR) upstream of this codon plays a crucial role in translation initiation. The 5' UTR contains the ribosome binding site and the regulatory sequences that modulate the rate of translational initiation. The protein synthesis is usually finished on the terminator codon that is followed by 3' untranslated region (3' UTR) and poly(A) tail. Now it is more and more considered that the 3' UTR sequence plays an important role in mRNA stability, mRNA localization, as well as, in initiation of translation.

As eukaryotic mRNA pass through such a long and sophisticated way of maturation before being translated into proteins, we have to realize that this provides a powerful mechanism of regulation of the expression of genetic information in eukaryotes. In fact, the spatial sequestration of non-mature mRNAs in the nucleus allows the cell to avoid the translation before all modifications will be accomplished.

The presence of non-translated regions at the 5' and 3' ends of mRNA sequence regulates its translational activity, localization and degradation. Nucleotide sequences within mRNA serve as instructions, but RBPs performs the role of actors, which recognize encrypted messages and perform required actions.

Discovery of ribonucleoproteins

The first observations of newly synthesized pre-mRNA were obtained using electron microscopy. Observations of RNA polymerase II transcripts on the large lumpbrush chromosomes of amphibian oocytes suggested that hnRNA becomes associated with proteins to form ribonucleoprotein structures (hnRNPs) immediately upon transcription [START_REF] Gall | Small granules in the amphibian oocyte nucleus and their relationship to RNA[END_REF]). The newly synthesized hnRNA appeared in form of the beads, about 20 nm in diameter, that were strung on a string [START_REF] Dreyfuss | Structure and Function of Nuclear and Cytoplasmic Ribonucleoprotein Particles[END_REF].

Additional biochemical experiments, performed by G. Georgiev provided the information about the physicochemical properties of hnRNPs. Mild digestion with nuclease demonstrated that these particles are highly enriched in protein component and sediment with a buoyant density of about 30S [START_REF] Samarina | Nuclear Ribonucleoprotein Particles Containing Messenger Ribonucleic Acid[END_REF][START_REF] Samarina | Structural Organization of Nuclear Complexes containg DNA-like RNA[END_REF]). Confirmation that hnRNA in the nucleus exists in distinct RNA-protein complexes was obtained using UV-induced RNA-protein cross-linking in intact cells.

UV light of 254 nm introduces covalent bonds between naturally photoreactive nucleotide bases, especially pyrimidines, and specific amino acids (Phe, Trp, Tyr, Cys and Lys). Presence of long poly(A) tail in hnRNAs and mRNAs could be used further to isolate these RNAs using oligo (dT)-cellulose. First reports about the protein composition of hnRNA RNPs (hnRNPs) were made in 1970s during the analysis of proteins that stably associates with Pol II transcripts [START_REF] Dreyfuss | Structure and Function of Nuclear and Cytoplasmic Ribonucleoprotein Particles[END_REF]. It was identified that hnRNPs consist of a protein set of different molecular weights ranging from 40 to 180 kDa. Next insight came with development of monoclonal antibodies against individual hnRNP proteins, which allowed identify around 24 polypeptides as stable components of hnRNPs. These proteins were named hnRNP A1-U on the basis of their relative abundance [START_REF] Dreyfuss | MESSENGER-RNA-BINDING PROTEINS AND THE MESSAGES THEY CARRY[END_REF][START_REF] Singh | The Clothes Make the mRNA: Past and Present Trends in mRNP Fashion[END_REF].

Studying of cytoplasmic mRNAs reveal that not all of it are actually translated. The actively translated cytoplasmic mRNAs are engaged with ribosomes (polyribosomal mRNAs) while non-translated (non-polysomal) mRNAs are not. The non-polysomal-to-polysomal ratio is not the same for all mRNAs nor is fixed. Thus, although the abundance of specific mRNAs is typically the major factor that determines the relative amounts of various proteins synthesized, the translational repertoire of eukaryotic cell can vary even for a given set of mRNAs due to the differential selection of mRNAs for translation. This process is referred to as translational regulation or translational control [START_REF] Dreyfuss | Structure and Function of Nuclear and Cytoplasmic Ribonucleoprotein Particles[END_REF].

In number of cases a rather long period may elapse between the synthesis of mRNA and its expression in the cell. This raised the question about a "masked" or "blocked" form of mRNA [START_REF] Spirin | Masked" forms of mRNA[END_REF]. A. Spirin and colleagues provided the first evidence that mRNA can exist in the form of nucleoprotein complex. They demonstrated that during the early stages of development in fish and sea urchin embryos mRNA was found in mRNP particles that sedimented more slowly (20-75 S) than did ribosomes (80S). The non-ribosomal nature of the particles was demonstrated by their distinct buoyant density in CsCl gradients after fixation with formaldehyde: 1.39-1.45 g/mL versus 1.52-1.60 g/mL for ribosomal subunits [START_REF] Spirin | The Second Sir Hans Krebs Lecture[END_REF]. Evidence that these particles, which authors termed "informosomes", contained mRNA was drawn from their ability to direct protein synthesis in vitro [START_REF] Spirin | Messenger RNA in Early Sea-Urchin Embryos: Cytoplasmic Particles[END_REF]. Their buoyant density value indicated an essential weight predominance of protein over mRNA moiety. The buoyant density of fixed particles became an important criterion for defining and characterizing RNP complexes. This method was subsequently used to demonstrate that non-polysomal mRNAs exist in diverse eukaryotic cells, whereas its application to polysomal pool of mRNA demonstrated that upon the dissociation of polysomes mRNA also appears in the form of mRNP; these works helped to establish the generality of the concept that mRNA in the cytoplasm is always found in the form of mRNP complexes and consequently, mRNPs started to be considered as a universal form of mRNA existence in the cell [START_REF] Perry | Messenger RNA-Protein Complexes and Newly Sythesized Ribosomal Subunits: Analysis of Free Particles and Components of Polyribosomes[END_REF][START_REF] Moore | From Birth to Death: The Complex Lives of Eukaryotic mRNAs[END_REF][START_REF] Singh | The Clothes Make the mRNA: Past and Present Trends in mRNP Fashion[END_REF].

Structure of RNA-binding proteins

Diversity of RNA-binding proteins

As soon as nascent mRNA appears during transcription in the nucleus it becomes associated with RNA-binding proteins (RBPs). These proteins regulate all pivotal steps of mRNA biogenesis starting from its synthesis to its degradation. RBPs define processing, cellular localization, translational rate and decay of mRNAs, and their repertoire is continuously changed during mRNAs life. The affinities and modes of binding of RBPs to mRNA are very different and involve diverse RNA recognition modules. Moreover, some of the RBPs could reside within well-characterized RNPs, even if they do not directly contact RNA in some structurally characterized conformations. All these proteins, that are directly or non-directly involved in mRNA maturation, stability, transport and degradation could be defined as RNA binding proteins [START_REF] Gerstberger | A census of human RNA-binding proteins[END_REF].

The discovery of hnRNPs and other pre-mRNA/mRNA-binding proteins led to the identification of amino acid motifs and functional domains that confer binding to RNA. Many RBPs interact with mRNAs via a limited set of modular RNA-binding domains (RBDs). Some well-characterized RNA-binding domains include the following: RNA-recognition motif (RRM), K-homology domain (KH), zinc fingers (ZnF), double stranded RNA-binding domain (dsRBD) and cold-shock domain (CSD). On the basis of these RBDs, using bioinformatics, hundreds of RBPs have been predicted to exist in eukaryotic organisms [START_REF] Anantharaman | Comparative genomics and evolution of proteins involved in RNA metabolism[END_REF]. However, recent systematic approaches have identified many proteins that bind mRNAs in vivo, but nevertheless lack canonical RBDs, reflecting limitations of the efficiency of computational predictions. For example, many extensively studied proteins, which functions were considered unrelated to mRNAs, surprisingly emerge as RBPs ('enigmRBPs'), including almost all glycolytic enzymes (e.g. Aconitase and GAPDH) [START_REF] Castello | Metabolic Enzymes Enjoying New Partnerships as RNA-Binding Proteins[END_REF][START_REF] Ryazanov | Glyceraldehyde-3-phosphate dehydrogenase is one of the three major RNA-binding proteins of rabbit reticulocytes[END_REF].

Recent studies have developed an mRNA interactome capture, method for the systematic identification of RBPs at the transcriptomes-scale level. It is built on previous works performed in 1980s to identify hnRNPs and mRNPs (see section 2.3).

The method includes UV irradiation (254 nm) of cultured cells with subsequent purification of polyadenylated RNAs and its interacting RBPs using oligo (dT) magnetic beads under denaturating conditions. The recent development of large scale quantitative methods, like next-generation sequencing and modern protein mass spectrometry helped genome-wide identification of RBPs and their targets [START_REF] Gerstberger | A census of human RNA-binding proteins[END_REF]. Moreover, in order to increase crosslinking efficiency photoactivatable-ribonucleoside-enhanced crosslinking (PAR-CL) has been popularized. It employs the photoreactive thionucleosides, 4-thiouridine and 6thioguanosine which is taken up by cultured cells and incorporated into nascent RNAs, and efficient crosslinking is induced by 365 nm. UV crosslinking requires direct contact between protein and RNA and does not promote protein-protein crosslinking. Combination of the above approaches was used to identify the mRNA interactome of HeLa, HEK293, Huh7, and human embryonic stem cells [START_REF] Castello | Insights into RNA Biology from an Atlas of Mammalian mRNA-Binding Proteins[END_REF][START_REF] Kwon | The RNA-binding protein repertoire of embryonic stem cells[END_REF][START_REF] Baltz | The mRNA-Bound Proteome and Its Global Occupancy Profile on Protein-Coding Transcripts[END_REF]B. M. Beckmann et al. 1AD). A common set of ~ 600 mRBPs was identified, demonstrating the conservation of mRNA interactome in different cell lines. As it was expected, most of identified proteins correspond to proteins already described to interact with RNA, based on their functional annotation as RNA-binding proteins, helicases, nucleases, and RNAmodifying enzymes. Nevertheless, more than 200 of identified proteins had not been shown to interact with RNA nor have recognized RBDs, indicating the need for experimental methods to discover RNA binders.

A compilation of the in silico predictions and modern experimental approaches for the identification of genes encoding RBPs that binds to all RNA classes in human, mouse and yeast lead to the census of 1,542 RBPs, which correspond to around 7% of human genome [START_REF] Gerstberger | A census of human RNA-binding proteins[END_REF]. Of these, only about 11% are specific ribosomal proteins and 8% pre-ribosomal proteins involved in ribosome biogenesis.

The majority -around 60% of all RBPs bind to mRNA, miRNA, or lncRNA [START_REF] Mackereth | Dynamics in multi-domain protein recognition of RNA[END_REF].

The accomplishment of the experimental approach described above identified a long list of mRNA-interacting proteins. Recent quantitative methods provided accurate estimations of copy number of many mRNAs and proteins. But nevertheless they didn't give the information about the protein dynamics on mRNAs, because cross-linking, which is usually used to identify RNA:protein interactions, turns the transient interactions into permanent ones. The next challenges will be to identified the copy number of each proteins bound to mRNA as well as its dynamics (G. [START_REF] Singh | The Clothes Make the mRNA: Past and Present Trends in mRNP Fashion[END_REF].

Structural properties of RNA-binding domains

Specificity of RNA-binding modules

The diversity in number and functions of RNA-binding proteins would suggest a correspondingly large variety in the structures that are responsible for RNA recognition. However, most of RBPs are built from few basic RNA-binding modules -RNA-binding domains (RBDs) [START_REF] Lunde | RNA-binding proteins: modular design for efficient function[END_REF]. By their representation in the genome, the RBDs are varying from highly abundant, which are present in many RBPs, to very rare, which could be found only in a one protein. Typically, RBPs are composed of multiple copies of unique or different RBDs, which are joined together in many different combinations. A single RBD contacts one to eight, but most commonly four, nucleotides [START_REF] Mackereth | Dynamics in multi-domain protein recognition of RNA[END_REF]. Interactions between RNA and RBPs are governed by the affinity and specificity of the RBP to its cognate RNA, the cellular concentration of protein and RNA, and the presence of competing RBPs in binding to the same target [START_REF] Hennig | Deciphering the protein-RNA recognition code: Combining large-scale quantitative methods with structural biology[END_REF]. Taking into account the low specificity and modest affinity to RNA (which is usually in the micromolar range) of single RNA-binding modules it seems unlikely that they can precisely select define targets from the thousands of different mRNAs that contain typical eukaryotic cells (Jankowsky & M. E. Harris 2015). For example, many RNA-recognition motifs (RRMs) exhibit binding specificity for poly-U sequences with rather modest affinities. Because a single RRM binds typically only to ~3-5 nucleotides, it is difficult to rationalize how it can find a specific RNA sequence motif within an mRNA, which often harbors multiple poly-U sequences [START_REF] Hennig | Deciphering the protein-RNA recognition code: Combining large-scale quantitative methods with structural biology[END_REF]. This paradox exists for most RBDs, for example for KH domains, and cold shock domains (CSD). This obstacle could be overcome by the cooperative binding of multiple domains, or RBPs and plays an important role in the formation of specific protein-RNA complexes. Presence of different copies of these modules allows a protein to recognize a much longer stretch of RNA with higher specificity and affinity than individual domains. Modularity also allows proteins to recognize sequences that are either separated by an intervening stretch of nucleotides or that belong to different RNAs. Much of the ability of these proteins to recognize RNA specifically depends on the linker between the two domains. Long linkers are generally disordered and allow two domains to recognize a diverse set of targets, whereas short linker predispose the domain to bind to a contiguous stretch of nucleic acids [START_REF] Lunde | RNA-binding proteins: modular design for efficient function[END_REF]).

Besides the intra-molecular cooperativity, the affinity to specific RNAs could be increased by the cooperative binding of one [START_REF] Davidovich | Promiscuous RNA binding by Polycomb repressive complex 2[END_REF] or several RBPs to target RNAs, and appear to be a wide-spread fashion of action among RBPs (R. [START_REF] Singh | Building specificity with nonspecific RNA-binding proteins[END_REF]. Molecular mechanisms that achieve cooperative RNA binding by two RBPs involve protein-protein interactions between the two RBPs, thus enabling them to bind side by side along extended RNA sequence. Alternatively, two RBPs can also sandwich the RNA ligand by forming ternary complex. For example, it was recently demonstrated, that cooperative recognition of msl2 RNA by Sxl and UNR increase the affinity by 1000 times. This binding involves CSD of UNR and RRM of Sxl [START_REF] Hennig | Structural basis for the assembly of the Sxl-Unr translation regulatory complex[END_REF].

The RNA-recognition motif

The RNA-recognition motif (RRM), also known as the RBD (RNA-binding domain) or the RNP (ribonucleoprotein domain) is one of the most abundant protein domains in eukaryotes (genes encoding proteins with this motif consist about 0.5-1% of human genome) [START_REF] Lunde | RNA-binding proteins: modular design for efficient function[END_REF]). The RRM is composed of approximately 80-90 amino acids with typical topology β-α-β-β-α-β topology that forms a four-stranded anti-parallel β-sheet with two α-helices packed against it (Fig. 3A). RNA recognition usually occurs on the surface of the β-sheet. Binding is mediated in most cases by three conserves residues: an Arg or Lys residue that forms a salt bridge to the phosphodiester backbone and two aromatic residues that make stacking interactions with nucleotide bases. These three amino acids reside in the two highly conserved motifs, RNP1 (Lys/Arg-Gly-Phe/Tyr-Gly/Ala-Phe/Tyr-Val/Ile/Leu-X-Phe/Tyr) and RNP2 (Ile/Val/Leu-Phe/Tyr-Ile/Val/Leu-X-Asn-Leu) (Fig. 3B) [START_REF] Maris | The RNA recognition motif, a plastic RNA-binding platform to regulate post-transcriptional gene expression[END_REF].

Additional contacts can be also formed using supplementary secondary structure elements, loops, N-and C-terminal regions of the domain, providing a more profound specificity to the RNA binding. A single RRM binds a variable number of nucleotides ranging from a minimum of two (e. g. CBP20) for to a maximum of eight (e. g. U2B00) [START_REF] Cléry | RNA recognition motifs: boring? Not quite[END_REF]. Typically, RRMs bind their single-stranded RNA targets with K d in the micromolar range. But RRMs are often found in several copies within RNA binding proteins (44% of them contain from two to six RRMs) or are associated with other types of RNA binding domains [START_REF] Daubner | RRM-RNA recognition: NMR or crystallography…and new findings[END_REF]. The combination of two or more RRMs allows the continuous recognition of a long nucleotide sequence (8-10) and often drastically increasing in affinity [START_REF] Afroz | One, Two, Three, Four! How Multiple RRMs Read the Genome Sequence 1st ed[END_REF]. Over the last few years, biochemical and structural studies have shown that the RRM is not only involved in RNA recognition but also in protein-protein interaction [START_REF] Cléry | RNA recognition motifs: boring? Not quite[END_REF].

KH-homology domain

The K homology (KH) domain is another widespread RNA-binding module that was first identified in the human protein hnRNP K. The KH domain is a single stranded nucleic acid binding domain, which is ubiquitous in eukaryotes, eubacteria and archaea [START_REF] Valverde | Structure and function of KH domains[END_REF]). The domain is composed of approximately 70 amino acids and comprises three α-helices that pack onto the surface of a central antiparallel β-sheet. All KH domains can be separated into two subfamilies on the basis of their topology [START_REF] Grishin | KH domain: one motif, two folds[END_REF]. Eukaryotic type I and prokaryotic type II KH domains share a minimal β-α-α-β core, with two additional α and β elements positioned either C-terminal (type I) or N-terminal (type II) to this minimal core [START_REF] Nicastro | KH-RNA interactions: back in the groove[END_REF]. Both classes recognize four nucleotides in a cleft that is formed by the GXXG loop, the flanking helices, the β-strand that follows α2 (type I) or α3 (type II) and the variable loop between β2 and β3 (type I) or between α2 and β 2 (type II) (Fig. 4). Van der Waals forces, hydrophobic interactions and electrostatic interactions, contribute to the nucleic acid binding affinity, but not aromatic amino acids as in RRM domain [START_REF] Lunde | RNA-binding proteins: modular design for efficient function[END_REF]).

Typically, KH domains are found in multiple copies in eukaryotes, two in fragile X mental retardation protein (FMRP), three in hnRNP K, and 14 in vigilin.

Isolated KH domains bind ssDNA and RNA with low micromolar affinity, but the clustering of domains increases nucleic acid recognition specificity and affinity to nanomolar range [START_REF] Valverde | Structure and function of KH domains[END_REF]. Mutations in this KH domain of the FMRP1 protein cause fragile-X mental retardation syndrome, demonstrating its functional significance for the cellular metabolism.

3.2.4. Double-stranded RBD Some proportion of RNA in the cell, such as the stem part of RNA hairpins, is double stranded at any given time. Proteins have acquired the ability to bind double stranded RNA (dsRNA) using specific recognition modules as double stranded RBD (dsRBD) [START_REF] Elliott | Molecular Biology of RNA[END_REF]. It was estimated that human cells contain more than 30 RBPs with dsRBD, and certainly more remains to be discovered [START_REF] Gleghorn | Black sheep" that don't leave the doublestranded RNA-binding domain fold[END_REF]. dsRBD is a small globular domain composed of approximately 65-70 amino acids which has α-β-β-β-α topology where two α-helices are packed against a three-stranded anti-parallel β-sheet [START_REF] Masliah | RNA recognition by doublestranded RNA binding domains: a matter of shape and sequence[END_REF]. Interestingly, dsRBD is not generally thought to recognize nucleotide sequences and does not contact bases directly (Fig. 5). Its binding to dsRNA is considered to be rather shape-dependent than sequence-specific. Nevertheless, in vivo, proteins containing dsRBDs are able to bind to specific dsRNA targets [START_REF] Elliott | Molecular Biology of RNA[END_REF]. In some cases good specificity could be achieved by the coordinated interaction of several copies of dsRBDs because of their ability to recognize certain arrangements of RNA helices [START_REF] Lunde | RNA-binding proteins: modular design for efficient function[END_REF]) [START_REF] Chang | The double-stranded RNA-binding motif, a versatile macromolecular docking platform[END_REF]. The number of individual dsRBDs in proteins ranges from one to maximum of five, like in the D. melanogaster protein Staufen which is involved in mRNA localization and translation regulation of developmentally important mRNAs such as bicoid and oskar [START_REF] Chang | The double-stranded RNA-binding motif, a versatile macromolecular docking platform[END_REF]. Alternatively, dsRBD-containing proteins can achieve specificity through cooperation with additional RBDs, either within the same protein or with an associated protein [START_REF] Elliott | Molecular Biology of RNA[END_REF]. Structural studies revealed that 2'OH groups and phosphate groups in the neighboring minor and major grooves of the RNA duplex make contacts with residues in the loops 2 and 4 of the α-β-β-β-α fold [START_REF] Chang | The double-stranded RNA-binding motif, a versatile macromolecular docking platform[END_REF].

Recent works demonstrate that dsRBD can also interact with DNA or be involved in protein-protein interactions. For example, for PKR, the dsRNA-dependent serinethreonine kinase, it was demonstrated that isolated dsRBMs of PKR are found to form a heterodimer with a full length PKR via dsRBM-dsRBM interaction. This intrinsic dsRBM-dsRBM interaction is thought to be responsible for the inactivation of PKR [START_REF] Chang | The double-stranded RNA-binding motif, a versatile macromolecular docking platform[END_REF]. PKR recognizes dsRNA in viruses via its dsRDB, becomes activated, and then inhibits translation by phosphorylating the translation initiation factor eIF2α.

Zinc fingers

Zinc-fingers are classical DNA-binding proteins that also bind to RNA, as it was recently demonstrated [START_REF] Lunde | RNA-binding proteins: modular design for efficient function[END_REF]. Genes encoding RBPs containing zinc fingers are widespread in nature, including about 3% of genes in human genome [START_REF] Klug | The Discovery of Zinc Fingers and Their Applications in Gene Regulation and Genome Manipulation[END_REF]. Zinc fingers are around 30 amino acids long and consist of two antiparallel β-strands followed by a α-helix (ββα arrangement). A zinc ion is an integral part of zinc-fingers structure where it coordinates a combination of cysteine and histidine residues [START_REF] Elliott | Molecular Biology of RNA[END_REF]. Zinc fingers are classified on the basis of the residues that are used to coordinated zinc (Cys2His2 (CCHH), CCCH or CCHC) and are generally present in multiple repeats in a protein [START_REF] Brown | Zinc finger proteins: getting a grip on RNA[END_REF]. The four amino acids coordinating zinc and three other hydrophobic residues are essential for the formation of tertiary folding of all zinc fingers, whereas some of the variable residues determined the specificity of each domain. The transcription factor TFIIIA was one of the first zinc-finger proteins to be characterized [START_REF] Klug | The Discovery of Zinc Fingers and Their Applications in Gene Regulation and Genome Manipulation[END_REF]. It consists of nine zinc fingers and is best known for its ability to activate transcription of 5S rRNA.

Interestingly, later it was shown that TFIIIA also binds to the 5S rRNA product in the 7S cytoplasmic storage particles [START_REF] Elliott | Molecular Biology of RNA[END_REF]. Its ability to bind both DNA and RNA is mediated by different subsets of its zinc fingers. Thus zinc fingers 1-3, 5 and 7-9 interact with DNA, whereas fingers 4, 6 are involved in RNA recognition [START_REF] Klug | The Discovery of Zinc Fingers and Their Applications in Gene Regulation and Genome Manipulation[END_REF]. There is an important difference to be made between recognition of DNA and RNA by TFIIIA: whereas its DNA recognition is dependent on the DNA sequence, RNA recognition is more dependent on the structure. CCHH zinc fingers interact with DNA primary by α-helix, which binds in the DNA major groove through specific hydrogen-bond interactions with base pairs, whereas TFIIA binds RNA by making specific contacts to two RNA loops through the recognition helices of fingers 4 and 6 (Fig. 6). Moreover it was also emerged that zinc fingers are implicated in protein-protein interactions [START_REF] Gamsjaeger | Sticky fingers: zinc-fingers as protein-recognition motifs[END_REF]).

Cold-shock and S1 domains

When bacteria are subjected to a drastic decrease of the temperature it results in inhibition of cell growth and proliferation, and changes in protein expression patterns. The synthesis of most cellular proteins is inhibited after a decrease in temperature. However, it was found that a subset of proteins is transiently induced under the cold-shock conditions nearly 10 times; they were named as major coldshock proteins (CSPs) [START_REF] Ermolenko | Bacterial cold-shock proteins[END_REF]. The first protein described, as a major protein induced upon decrease in temperature was CspA protein about 70 amino acids long (7.4 kDa) of E. coli [START_REF] Graumann | A superfamily of proteins that contain the cold-shock domain[END_REF]. When its structure was analyzed by X-ray crystallography it appeared that it consists of a 'βbarrel structure' (β-β-β-β-β) (Fig. 6). In this structure, five antiparallel β-strands form two β-sheets that are spatially closed to each other [START_REF] Elliott | Molecular Biology of RNA[END_REF]. The structure of CspA has been named the 'cold-shock domain' (CSD), and was found also in a variety of eukaryotic nucleic-acid-binding proteins. Moreover, a domain fold similar to a CSD fold was found in ribosomal protein S1; consequently the domain was termed S1. Although unrelated in primary sequence, S1, found in several copies in the ribosomal S1 protein, are structurally and functionally similar to CSD domain from bacteria [START_REF] Lunde | RNA-binding proteins: modular design for efficient function[END_REF]). The CSD and S1 domain belong to the oligosaccharide-/oligonucleotide-binding (OB)-fold. CSDs contain conserved RNP1 (consensus K/N-G-F/Y-G-F-I) and RNP2 (consensus VFVHF) motifs in strands β2 and β3, which are close to each other in 3D structure creating nucleic acids-binding surface. So, RNA-binding by the CSD and S1 domain is reminiscent of RNA recognition by the RRM, in which a two-stranded β-sheet core contributes several conserved aromatic residues for stacking interactions with the nucleic acid bases, which are augmented by interactions provided by the surrounding loops and secondary structure elements. The arrangement of positive charges creates an attractive potential for nucleic acids and the aromatic rings have the potential to stack with nucleotide bases. Bacterial CSPs can bind both DNA and RNA, but with strong preference to single stranded regions. The affinity of CSPs to single stranded RNA and DNA is not high and is about 10 -6 -10 -5 M. Binding of CSPs to RNA is rather nonspecific, but strikingly cooperative [START_REF] Graumann | A family of cold shock proteins in Bacillus subtilis is essential for cellular growth and for efficient protein synthesis at optimal and low temperatures[END_REF]. It is believed that during the cold shock CSPs function as RNA chaperons preventing the formation of secondary structures in RNA molecules at low temperatures (W. [START_REF] Jiang | CspA, the Major Cold-shock Protein of Escherichia coli, Is an RNA Chaperone[END_REF].

Cold shock domain (CSD)-containing proteins have been found in all three domains of life and function in a variety of processes that are related, for the most part, to post-transcriptional gene regulation [START_REF] Mihailovich | Eukaryotic cold shock domain proteins: highly versatile regulators of gene expression[END_REF]. Domain that is highly similar in sequence to CSPs has been found in a variety of eukaryotic nucleicacid-binding proteins. There is more than 40% of homology between eukaryotic CSDs and bacteria CSPs. Evolution has also coupled the CSD with different auxiliary domains. The C. elegans protein LIN-28 comprises a single CSD and two retroviraltype zinc fingers, and is involved in post-transcriptional regulation of developmentally expressed genes. The protein UNR is unusual, in that it contains five copies of the CSD, with no obvious auxiliary domains.

Role of low complexity domain in RNA binding

When mRNA interactome of HeLa cells was analyzed, it was found that half of the identified proteins not surprisingly harbor known RBDs (e.g. RRM, KH, and DEAD box helicase). But unexpectedly, a large portion of mRNA interactome was highly enriched in intrinsically disordered regions (IDRs) compared to the human proteome [START_REF] Castello | Insights into RNA Biology from an Atlas of Mammalian mRNA-Binding Proteins[END_REF]. IDRs have some structural characteristics, such as a low overall hydrophobicity, a large net charge, and low ordered secondary structure resulting in flexibility [START_REF] Calabretta | Emerging Roles of Disordered Sequences in RNA-Binding Proteins[END_REF]. The RBPs identified in the study described above were highly enriched in glycine, arginine, lysine and tyrosine amino acids residues, although the "order-promoting" aromatic residues were depleted [START_REF] Castello | Insights into RNA Biology from an Atlas of Mammalian mRNA-Binding Proteins[END_REF]. One of the well-established IDRs with intrinsic RNA-binding affinity is RGG/RG motif and related RGG/YGG motifs [START_REF] Thandapani | Defining the RGG/RG Motif[END_REF].

For instance, The RGG/RG motif of FMRP1 specifically binds guanine-rich sc1 RNA sequence with nanomolar affinity [START_REF] Vasilyev | Crystal structure reveals specific recognition of a Gquadruplex RNA by a β-turn in the RGG motif of FMRP[END_REF]. RGG boxes vary in the length and number of repeated units, and they are often found in RBPs in combination with classical or non-classical RBDs as in proteins lacking known RNA-binding architectures [START_REF] Castello | Insights into RNA Biology from an Atlas of Mammalian mRNA-Binding Proteins[END_REF]. The protein containing IDRs can undergo disorder-to-order transition upon the binding to the ligand or post-translational modifications. Recently, it was demonstrated that phosphorylation of 4E-BP2, the major neuronal isoform of 4E-BP family, causes its fold from a predominantly disordered state into the folded domain [START_REF] Bah | Folding of an intrinsically disordered protein by phosphorylation as a regulatory switch[END_REF].

Proteins with IDRs have been linked to several properties, such as protein-RNA, protein-DNA and protein-protein interactions. The absence of rigid structure allows them to participate to different processes with a major degree of flexibility. For example, a computational study showed that approximately half of the proteins abundant in the spliceosome are predicted to have disordered regions [START_REF] Calabretta | Emerging Roles of Disordered Sequences in RNA-Binding Proteins[END_REF]. IDRs containing proteins seem also to play a critical role in Stress Granules, P-bodies and transport granules formation, providing necessary proteinprotein interactions for appearance of higher-ordered structures [START_REF] Kato | Cell-free Formation of RNA Granules: Low Complexity Sequence Domains Form Dynamic Fibers within Hydrogels[END_REF]. In regard to their indispensable functions in cell, mutations in intrinsically disordered proteins have been linked to several diseases. One example is represented by the R244C mutation in RGG/RG motif in FUS, which is linked with amyotrophic sclerosis (ALS).

Other RNA-binding domains

Additional RNA-binding domains exist in nature, and others may well be discovered [START_REF] Elliott | Molecular Biology of RNA[END_REF]. For example, the 110-amino-acid PAZ domain, which is present in the enzyme Dicer, is represented by a β-barrel structure, which is reminiscent of the OB-fold proteins and also has additional αβ clamp structure that facilitates the recognition of two-nucleotide over-hangs in pre-miRNA substrates.

The PIWI domain is present in several RNA-binding proteins that also bind and cleave RNA. One of the best-studied examples are Argonaute proteins (AGO).

The tertiary structure of PIWI domain is similar to structure of RNAse H family of enzymes where core is represented by five-stranded β-sheet surrounded by α-helices.

RNA helicases belong to an abundant family of proteins with structural features that are conserved from bacteria to humans [START_REF] Linder | From unwinding to clamping -the DEAD box RNA helicase family[END_REF].

Eukaryotic translation initiation factor eIF4A, which is involved in a cap-dependent translation, was one of the first discovered RNA helicase. All RNA helicases are subdivided into five superfamilies, SF1 to SF5. Eukaryotic SF1 and SF2 helicases have a conserved helicase core, which is formed by two virtually identical domains, that resemble the fold of bacterial recombination protein RecA [START_REF] Jankowsky | RNA helicases at work: binding and rearranging[END_REF].

The most abundant are the SF2 helicases, which are further subdivided based on the presence of conserved motifs: the DEAD box, DEAH and DExH subfamilies [START_REF] Elliott | Molecular Biology of RNA[END_REF]. The cleft formed by two helicase domains harbors an ATP-binding site, while RNA binds across both domains from the side opposite the ATPbinding site [START_REF] Linder | From unwinding to clamping -the DEAD box RNA helicase family[END_REF]. In their ability to remodel mRNP complexes RNA helicases were found to play a role in nearly all aspects of RNA metabolism [START_REF] Russell | Toward a molecular understanding of RNA remodeling by DEAD-box proteins[END_REF].

Regulation of translation

Importance of translational regulation

Gene expression is a multistep process that involves transcription, mRNA degradation, translation and protein degradation. Translation of mRNA into protein is the final step of gene-expression pathway, which mediates the formation of the unique cellular proteome from genomic information. The efficiency of protein synthesis depends on the amount of mRNA present in cell and its translational efficiency [START_REF] Hershey | Principles of Translational Control: An Overview[END_REF]. Hence, translational level is the most important step in the formation of cellular proteome.

Protein synthesis is very expensive cellular process in terms of energy and could account to 50% of energy in rapidly growing cells [START_REF] Buttgereit | A hierarchy of ATP-consuming processes in mammalian cells[END_REF].

Synthesis of one polypeptide bond requires about ~28kcal/mole; taking into account the fact, that proteins in average are 2,800 time more abundant than their corresponding transcripts, makes translation the most energetically expensive process for a cell during its growth [START_REF] Schwanhäusser | Global quantification of mammalian gene expression control[END_REF]. Moreover, significant resources are also invested in the biosynthesis of ribosomes, tRNAs, and enzymes required for protein biosynthesis [START_REF] Mathews | Translational Control in Biology and Medicine[END_REF]). The tremendous cost of translation supposes that this process should be regulated with high precision.

Most eukaryotic mRNAs are very stable (>2 h) [START_REF] Raghavan | Genome-wide analysis of mRNA decay in resting and activated primary human T lymphocytes[END_REF] and rapid regulation of the cellular levels of the proteins could be achieved only by controlling their mRNA translational efficiency and protein degradation rates [START_REF] Hershey | Principles of Translational Control: An Overview[END_REF]. In contrast to transcriptional regulation, translational control of existing mRNAs allows more rapid changes in cellular concentrations of the encoded proteins [START_REF] Sonenberg | Regulation of Translation Initiation in Eukaryotes: Mechanisms and Biological Targets[END_REF]. In line with this, recent studies have indicated that mRNA concentrations have little correlation with protein concentrations and that much of the regulation of gene expression occurs at the level of protein synthesis [START_REF] Schwanhäusser | Global quantification of mammalian gene expression control[END_REF]. Moreover, the multi-step process of mRNA maturation and its export from the nucleus significantly increase the time of delivery of newly synthesized mRNAs to the ribosomes thereby slowing down the cell response to the stress. To overcome this obstacle cells are rather using already pre-synthesized mRNA and reprogram their translation to provide highly dynamic temporal response [START_REF] Kong | Translational control in cellular and developmental processes[END_REF].

Translational control is particularly important in the situation where transcription is silent or when local control over protein accumulation is required. For example, during early development of germ cells and reticulocytes this is the only mechanism to regulate the synthesis of proteins. Furthermore, spatial control of protein production is utilized to achieve concentration gradients important in the patterning of early development and in the synaptic plasticity of neurons [START_REF] Gebauer | Molecular mechanisms of translational control[END_REF].

Translation is very ancient and conservative process that links amino acids together accordingly the information encoded in mRNA template [START_REF] Hershey | Principles of Translational Control: An Overview[END_REF]). It comprises four major steps: initiation, elongation, termination, and recycling. Although all of the steps are highly regulated, most of the translational control occurs at the rate-limiting initiation step [START_REF] Sonenberg | Regulation of Translation Initiation in Eukaryotes: Mechanisms and Biological Targets[END_REF]).

Nevertheless, well-characterized cases do occur at later steps in the translational pathway, especially at the elongation level. The elongation rate seems to be maximum under the normal conditions and generally is not a limiting step [START_REF] Ingolia | Ribosome Profiling of Mouse Embryonic Stem Cells Reveals the Complexity and Dynamics of Mammalian Proteomes[END_REF]).

Nevertheless, the presence of rare codons or strong secondary structures in the coding region of mRNA could strongly diminish the rate of elongation. This decrease could induce a frame-shift in reading frame and results in the production of a protein whose sequence and length differ from unshifted ones. Moreover, the rate of elongation affects the folding of proteins; slowing the elongation rate at specific regions of mRNA can enhance proper folding [START_REF] Hershey | Principles of Translational Control: An Overview[END_REF].

There are two possible mode of translational regulation -global control, in which the translation of most mRNAs in the cell is regulated; and mRNA-specific control, whereby the translation of a defined group of mRNAs is regulated without affecting general protein biosynthesis [START_REF] Gebauer | Molecular mechanisms of translational control[END_REF]. Global regulation often is based on modulation of the activity of initiation factors, while specific regulation often occurs by the action of trans-acting factors like protein and microRNAs which bind to cis-elements in mRNA [START_REF] Hershey | Principles of Translational Control: An Overview[END_REF].

Although, in principle, regulation of translation could be positive or negative, most of the regulatory mechanism that have been discovered so far are inhibitory, which implies that, unless a regulatory mechanism is imposed, the mRNAs are translationally active by default [START_REF] Gebauer | Molecular mechanisms of translational control[END_REF]. The main way of regulation relies on the rapid repression or activation of translation of certain mRNAs.

Translational control provides possibilities for controlling the spatial deployment of a protein that cannot be achieved through controlling transcription alone. A major advantage of translational control is a chance to quickly reprogram protein synthesis in response to different internal and external stimuli. The deregulation of protein synthesis provokes the development of numerous diseases and this is why the understanding of its molecular basis is very important [START_REF] Hershey | Principles of Translational Control: An Overview[END_REF].

Mechanism of eukaryotic translation initiation

A remarkable feature of eukaryotic protein synthesis is the fact that mRNAs are translated in the cytoplasm, making translation uncoupled from transcription.

Mature eukaryotic mRNAs possess a m 7 G-cap at their 5' terminus and in most cases, a poly(A) tail at their 3'-terminus. The majority of eukaryotic mRNAs are monocistronic with an open reading frame flanked by 5' and 3' untranslated regions (UTRs), which carry diverse regulatory signals. The major initiation pathway (Fig. 8), scanning, involves binding of 40S-Met-tRNA i complex to the 5' terminus of an m 7 Gcapped mRNA, followed by down-stream scanning along the mRNA until an AUG (or near-cognate) initiation codon is recognized [START_REF] Hershey | Principles of Translational Control: An Overview[END_REF]. The 60S ribosomal subunit then joins 48S initiation complex to form an 80S initiation complex capable of entry into the elongation phase. The reactions are promoted at least by twelve protein initiation factors (eIFs), composed of up to 24 distinct polypeptides [START_REF] Aitken | A mechanistic overview of translation initiation in eukaryotes[END_REF].

The initiation begins with the formation of a ternary complex consisting of Met-tRNA i and GTP-bound form of the eIF2. The function of this complex is to deliver Met-tRNA i to the ribosome and to participate in start codon recognition. The affinity of Met-tRNA i is greater for the eIF2-GTP than for eIF2-GDP, and this affinity preference depends on the methionine moiety of the Met-tRNA i [START_REF] Hinnebusch | The Mechanism of Eukaryotic Translation Initiation: New Insights and Challenges[END_REF]. Ternary complex does not bind to the 40S subunit by itself and requires the assistance of eIF1, eIF1A, eIF3 and the eIF5 [START_REF] Chaudhuri | Distinct functions of eukaryotic translation initiation factors eIF1A and eIF3 in the formation of the 40 S ribosomal preinitiation complex[END_REF], which binds to 40S in the form of pre-assembled multifactor complex [START_REF] Asano | A multifactor complex of eukaryotic initiation factors, eIF1, eIF2, eIF3, eIF5, and initiator tRNA(Met) is an important translation initiation intermediate in vivo[END_REF][START_REF] Sonenberg | Regulation of Translation Initiation in Eukaryotes: Mechanisms and Biological Targets[END_REF]. The small ribosomal subunit together with initiation factors and ternary complex forms a 43S pre-initiation complex (43S PIC) then binds to the mRNA.

Although 43S complexes are intrinsically capable of 5' end-dependent attachment to the mRNAs with completely unstructured 5' UTRs [START_REF] Pestova | The roles of individual eukaryotic translation initiation factors in ribosomal scanning and initiation codon selection[END_REF], natural 5' UTRs possess sufficient secondary structure and require the help of eIF4F, eIF4B and eIF4H which unwind the 5' proximal region of mRNA and prepare a landing site for the 43S complex [START_REF] Hinnebusch | The Mechanism of Eukaryotic Translation Initiation: New Insights and Challenges[END_REF][START_REF] Jackson | The mechanism of eukaryotic translation initiation and principles of its regulation[END_REF]. The eIF4F contains several proteins, which include: eIF4E, a cap-binding protein; eIF4A, a DEAD-box RNA helicase; eIF4B, which stimulates the ATPase activity of eIF4A; and eIF4G, which functions as a scaffold protein by interacting with eIF4E, eIF4A, eIF4B and eIF3. The eIF4G also interacts with PABP, and the simultaneous interaction of PABP with eIF4G and eIF4E is believed to circularize mRNA, which brings 3'-end in close proximity to the 5' end of the mRNA, forming stable mRNP, which is usually called as the 'closed-loop' structure. The interaction of PABP with eIF4G stimulates the translation initiation, thus PABP can be therefore considered as a canonical eIF [START_REF] Kahvejian | Mammalian poly(A)-binding protein is a eukaryotic translation initiation factor, which acts via multiple mechanisms[END_REF]. Once eIF4F is attached to the 5' end of the mRNA, it removes secondary structures to prepare a binding site for the 43S PIC, forming 'activated mRNP'. The eIF4G-eIF3 interaction is expected to be critical for establishing the interaction between mRNA and the 43S PIC [START_REF] Imataka | A new translational regulator with homology to eukaryotic translation initiation factor 4G[END_REF].

Once loaded onto the mRNA, 43S PIC starts to scan along 5' UTR until it reaches and identifies the initiation codon in a suitable sequence context. The scanning model is supported by the fact that secondary structure in the 5' UTR or repressor protein complexes can block the movement of the 40S subunit and impair the detection of the AUG [START_REF] Kozak | Structural features in eukaryotic mRNAs that modulate the initiation of translation[END_REF][START_REF] Paraskeva | Ribosomal pausing and scanning arrest as mechanisms of translational regulation from cap-distal iron-responsive elements[END_REF]). Scanning on the 5' UTRs even with a weak secondary structure requires ATP and the activity of helicase eIF4A together with eIF4B and eIF4G [START_REF] Pestova | The roles of individual eukaryotic translation initiation factors in ribosomal scanning and initiation codon selection[END_REF]. The 'open' conformation of the 43S PIC, which is required for the scanning process, is provided by eIF1 [START_REF] Passmore | The Eukaryotic Translation Initiation Factors eIF1 and eIF1A Induce an Open Conformation of the 40S Ribosome[END_REF], which seems to be the key factor in maintaining the fidelity of initiation and prevent premature hydrolysis of eIF2-bound GTP [START_REF] Algire | Pi Release from eIF2, Not GTP Hydrolysis, Is the Step Controlled by Start-Site Selection during Eukaryotic Translation Initiation[END_REF]. Base pairing between the anticodon of Met-tRNA i and optimal AUG in the peptidyl-tRNA (P) site results in the formation of a stable complex, which is referred to as the 48S initiation complex. This is usually first AUG triplet in an optimal context -GCC(A/G)CCAUGG, with a purine at the -3 and a G at the +4 positions [START_REF] Kozak | Structural features in eukaryotic mRNAs that modulate the initiation of translation[END_REF]. It has to be mentioned, that the recently developed method of ribosome profiling [START_REF] Ingolia | Genome-wide analysis in vivo of translation with nucleotide resolution using ribosome profiling[END_REF]) detects initiation at numerous sites in a large number of mRNAs, some at non-AUG codons [START_REF] Ingolia | Ribosome Profiling of Mouse Embryonic Stem Cells Reveals the Complexity and Dynamics of Mammalian Proteomes[END_REF]), but the mechanism of selection remains unknown. Once it recognizes the AUG, pre-initiation complex displaces eIF1; this triggers conversion of eIF2 to its GDP bound state and P i release, a process requiring the GTPase-activating protein eIF5. These events prompt the translation to a 'closed' conformation of the PIC, which stabilizes its interaction with mRNA and Met-tRNA i and arrests the scanning process [START_REF] Passmore | The Eukaryotic Translation Initiation Factors eIF1 and eIF1A Induce an Open Conformation of the 40S Ribosome[END_REF][START_REF] Maag | Communication between Eukaryotic Translation Initiation Factors 5 and 1A within the Ribosomal Pre-initiation Complex Plays a Role in Start Site Selection[END_REF]. GTP hydrolysis reduces eIF2's affinity for Met-tRNA i , leading to the partial dissociation of eIF2-GDP from 40S subunit [START_REF] Pisarev | Specific functional interactions of nucleotides at key -3 and +4 positions flanking the initiation codon with components of the mammalian 48S translation initiation complex[END_REF][START_REF] Aitken | A mechanistic overview of translation initiation in eukaryotes[END_REF]. The GDP-GTP exchange factor eIF2B recycles eIF2-GDP to eIF2-GTP, and this pathway provides a powerful regulatory nexus for controlling translation.

The dissociation of the remaining factors eIF1, eIF1A, eIF3 and residual eIF2-GDP, after the recognition of the initiation codon, is mediated by eIF5B, a ribosomedependent GTPase. Subunit joining triggers GTP hydrolysis by eIF5B, resulting in conformational rearrangements in the complex and release of the factor. Subsequent release of the eIF1A clears the way for the ribosome to enter the elongation phase of protein synthesis. 60S joining is required for the displacement of residual eIF2-GDP, eIF3 and eIF5.

Besides the scanning pathway, cellular and viral mRNA can use alternative ways to recruit ribosomes to the initiation codon. This could be especially important during stress conditions or viral infections [START_REF] Spriggs | Translational Regulation of Gene Expression during Conditions of Cell Stress[END_REF]. Internal ribosome entry sites (IRESs) can bypass the recognition of m 7 G cap, helping to secure appropriate protein synthesis under such conditions [START_REF] Hershey | Principles of Translational Control: An Overview[END_REF]. First discovered in picornaviruses, IRES, generally do not require eIF4E but need all IFs to recruit the 40S subunit [START_REF] Jackson | The Current Status of Vertebrate Cellular mRNA IRESs[END_REF]. The IRESs are long, highly structured sequences and are stimulated by non-canonical IRES trans-activating factors (ITAFs) like polypirimidine tract binding protein (PTB), ITAF45, or La autoantigen.

Recent report identified a substantial fraction of mRNAs (~10%) and viruses (~20%) with the potential to be translated by cap-independent mechanisms [START_REF] Weingarten-Gabbay | Systematic discovery of cap-independent translation sequences in human and viral genomes[END_REF]). On the other hands, recent reports demonstrate that adenosine methylation (m 6 A) in the 5' UTR can also stimulate cap-independent translation via direct interaction with eIF3 [START_REF] Meyer | 5′ UTR m6A Promotes Cap-Independent Translation[END_REF]. However, this type of initiation differs from IRES-driven translation because it requires scanning and a free 5' end [START_REF] Gebauer | IRES unplugged[END_REF]. [START_REF] Hinnebusch | The Mechanism of Eukaryotic Translation Initiation: New Insights and Challenges[END_REF]. The pathway is shown as a series of discrete steps starting with dissociation of 80S ribosomes into subunits. (1) eIF2-GTP-Met-tRNA i ternary complex formation; (2) 43S PIC formation comprising a 40S subunit, eIF1, eIF1A, eIF3, eIF5 and ternary complex; (3) The resulting 43 PIC is then loaded onto an activated mRNP near 5' cap; (4) Subsequent scanning along the 5' UTR of mRNA; (5) Initiation codon recognition and 48S initiation complex formation leading to eIF1 displacement allowing eIF5-mediated hydrolysis of eIF2-bound GTP and Pi release; (6) 60S subunit joining to the 48S complex followed by displacement of eIF2-GDP and other factors (eIF3, eIF4B, eIF4F and eIF5) and GTP hydrolysis by eIF5B and release of eIF1A and eIF5B-GDP from elongation-competent 80S ribosomes.

Fig. 8. Model of canonical eukaryotic translation initiation pathway

Global control: control of initiation factor activity

Global control of protein synthesis is usually achieved by changes in the phosphorylation state of initiation factors and the regulators that interact with them [START_REF] Gebauer | Molecular mechanisms of translational control[END_REF][START_REF] Sonenberg | Regulation of Translation Initiation in Eukaryotes: Mechanisms and Biological Targets[END_REF].

One of the key mechanisms of translational control during stress is the phosphorylation of the initiation factor eIF2 on serine 51 of its α subunit. In order to be recycled, eIF2 is recharged with GTP by the guanine nucleotide exchange factor (GEF) eIF2B. However, phosphorylation inhibits dissociation eIF2 from eIF2B, blocking GTP exchange and reducing translation rates by lowering ternary complex concentration. The amount of eIF2B is significantly lower in the cell compared to eIF2 (ratio of eIF2:eIF2B ~6:1, as it was estimated in rabbit reticulocyte lysate) [START_REF] Oldfield | Use of monoclonal antibodies to study the structure and function of eukaryotic protein synthesis initiation factor eIF-2B[END_REF], therefore the phosphorylation of only a small portion of eIF2 can result in large degree of translational inhibition by sequestrating eIF2B [START_REF] Donnelly | The eIF2α kinases: their structures and functions[END_REF].

There are four mammalian protein kinases that phosphorylate eIF2α on Ser51: HRI (heme-regulated inhibitor) which is active in erythroid cells; PKR (protein kinase activated by double-stranded RNA) which is activated by double-stranded RNA of more than ~40 bp and is important in antiviral response; PERK (PKR-like ER localized kinase) which is a transmembrane endoplasmic reticulum enzyme, with its kinase domain in the cytoplasm, that is activated by ER stress (due to the misfolded proteins in the ER lumen); GCN2 (general control nonderepressible 2), which is activated by the starvation of certain amino acids. In addition, activation of eIF2α could be also triggered by ultraviolet irradiation, heat shock, osmotic shock, hypoxia and arsenite treatment (L. [START_REF] Lu | Translation Initiation Control by Heme-Regulated Eukaryotic Initiation Factor 2alpha Kinase in Erythroid Cells under Cytoplasmic Stresses[END_REF][START_REF] Mcewen | Heme-regulated Inhibitor Kinase-mediated Phosphorylation of Eukaryotic Translation Initiation Factor 2 Inhibits Translation, Induces Stress Granule Formation, and Mediates Survival upon Arsenite Exposure[END_REF][START_REF] Liu | Regulation of G1 Arrest and Apoptosis in Hypoxia by PERK and GCN2-Mediated eIF2α Phosphorylation[END_REF]; H.-Y.

Jiang & Wek 2005).

Although phosphorylation of eIF2α by these kinases reduce the general translation rates, protein synthesis does not cease on all mRNAs [START_REF] Starck | Translation from the 5' untranslated region shapes the integrated stress response[END_REF][START_REF] Gebauer | Molecular mechanisms of translational control[END_REF]. When global translation is compromised, the presence of upstream open reading frames (uORFs) of appropriate type and position can promote the expression of certain stress-induced mRNAs. For instance, eIF2α phosphorylation is required for the expression of selected mRNAs, such ATF4 and yeast GCN4 that harbor small uORFs in their 5' UTRs.

For example, there are two uORFs in the mRNA of ATF4 while the second overlaps the ATF4 coding sequence albeit in a different reading frame [START_REF] Spriggs | Translational Regulation of Gene Expression during Conditions of Cell Stress[END_REF]). When eIF2 is not phosphorylated, the scanning 43S PIC recognizes the first uORF and translates a short peptide, and thus the 60S ribosome subunit dissociates upon reaching the stop codon leaving the 40S subunit still associated with mRNA.

Under normal conditions, when ternary complex are plentiful 40S reinitiates on the second uORF. Because the second uORF overlaps with authentic codon sequence, this prevents the translation of the ATF4 coding sequence. Decreased ternary complex availability caused by eIF2α phosphorylation during cell stress makes the recognition of the second uORF less likely, as there is less chance of the scanning ribosomal subunit recruiting the ternary complex for start codon recognition [START_REF] Vattem | Reinitiation involving upstream ORFs regulates ATF4 mRNA translation in mammalian cells[END_REF]. Prolonged scanning along 5' UTR results in the activation of translation of ATF4. Yeast GCN4 mRNA translation is regulated in a similar way, but with some differences [START_REF] Gebauer | Molecular mechanisms of translational control[END_REF][START_REF] Jackson | The mechanism of eukaryotic translation initiation and principles of its regulation[END_REF]. Recently, ribosome profiling method demonstrated widespread of uORFs in mammalian mRNAs indicating the importance of this type of regulation [START_REF] Ingolia | Ribosome Profiling of Mouse Embryonic Stem Cells Reveals the Complexity and Dynamics of Mammalian Proteomes[END_REF].

The availability of cap-binding protein eIF4E is also used to regulate general translation rates. eIF4E interacts with the scaffold protein eIF4G and this interaction is crucially required for cap-mediated requirement of the 43S ribosomal complex to the mRNA during translation initiation. eIF4E-binding proteins (4E-BPs) constitute a group of translational repressors that compete for the binding of eIF4E with eIF4G.

The strength of binding of 4EBPs to eIF4E is regulated by phosphorylation. When hypophosphorylated, a 4E-BP strongly binds to eIF4E and this causes the inhibition of translation, whereas phosphorylation weakens the interaction of 4E-BP with eIF4E.

The major kinase that phosphorylates 4E-BPs, is mTOR (mammalian target of rapamycin).

Regulation via eIF2 and 4EBP phosphorylation mediates global translational repression, which is thought to help the cell to conserve energy and to translate specific mRNAs required in the context of stress response. In addition, some other eIFs could be also phosphorylated, like eIF4E itself, eIF3. Moreover, the phosphorylation of elongation factors was also proposed to change the rate of proteins synthesis. However, the effect of phosphorylation is less investigated in these cases.

In addition to the phosphorylation-mediated changes, proteolytic cleavage of translation factors can also affect the global rates of translation. For example, the apoptotic protein caspase-3 cleaves eIF4G and PABP. Some viruses express proteases that target initiation factors that are not required for viral RNA translation. As a consequence some viral RNAs that do not require intact eIF4G and PABP are preferentially translated, as well as some cellular mRNAs that share such independence from intact eIF4G and PABP [START_REF] Gebauer | Molecular mechanisms of translational control[END_REF].

Control by RNA-binding proteins

In addition to global regulation, there are many other mechanisms in nature that affect translation only of specific mRNAs. RBPs that are able to recognize define mRNA sequences can perfectly exert this function. The effect of RBPs on translation could be as positive as negative and in most of the cases targets the initiation step of translation. Translational repression can be reversed, and this is usually achieved by removal of the repressor from its binding site on mRNA or by remodeling of the repressor complex [START_REF] Abaza | Trading translation with RNA-binding proteins[END_REF].

Logically, 5' UTR could be widely used to prevent the 43S PIC landing by forming a physical obstacle with RBPs [START_REF] Stripecke | Proteins binding to 5' untranslated region sites: a general mechanism for translational regulation of mRNAs in human and yeast cells[END_REF]). Nevertheless, regulation by protein-RNA interactions in the 5' UTR is surprisingly rare and there are just few examples of this type of regulation. The best studied is the iron regulatory proteins (IRPs) which affects the translation of ferritin -the protein which is involved in the storage of iron (Fig. 9). In the absence of iron (Fe 3+ ), IRP strongly binds to an iron responsive element (IRE), which is represented by a stem-loop motif in the 5' UTR of the ferritin mRNA located within ~40 nt from the cap. The binding of IRP to the IRE sterically hinders the recruitment of 43S PIC therefore inhibiting translation, but does not prevent the binding of eIF4F to mRNA [START_REF] Muckenthaler | IRP-1 binding to ferritin mRNA prevents the recruitment of the small ribosomal subunit by the capbinding complex eIF4F[END_REF].

When iron is present in cells the affinity of the IRP to IRE decreases, and this allows the initiation of translation. The product of translation, ferritin, will bind and store the excess of Fe 3+ . The IRP was proved to be identical to aconitase, the enzyme which convert citrate into isocitrate and possess a 4Fe-4S (iron-sulfur) cluster necessary for its activity [START_REF] Gray | Translational regulation of mammalian and Drosophila citric acid cycle enzymes via iron-responsive elements[END_REF].

In fact, there are significantly more examples of the cis-regulatory elements located in the 3' UTR, even though translation begins at the 5' end of the mRNA, which indicates a functional link between the mRNA ends during translation [START_REF] Gebauer | Molecular mechanisms of translational control[END_REF]. Trans-acting RBPs that recognize regulatory sequences within 3' UTR generally affect the assembly of the eIF4F by recruiting additional factors.

There are several different strategies that interfere with cap function including disruption of interaction between eIF4G and eIF4E and blocking the access of eIF4E to the cap [START_REF] Abaza | Trading translation with RNA-binding proteins[END_REF]. The disruption of the interaction between eIF4E and eIF4G could indeed have a dramatic consequence on the efficiency of translational initiation and these proteins are thought to be the most frequent targets for translational regulation (Fig. 10) [START_REF] Vardy | Regulating translation of maternal messages: multiple repression mechanisms[END_REF]. For, instance the 4E-binding proteins (4E-BPs) bind eIF4E in the same region, which is recognized by eIF4G, preventing the formation of the cap-binding complex. The 4E-BPs that are not tethered to the mRNA can affect translation of a large set of mRNA in the cell (See chapter 4.4). In addition to a global control, the binding of some 4E-BPs to selected mRNA could induce a specific inhibition of their translation. The binding specificity of 4E-BPs is regulated through the association with other RNA-binding proteins, which are often a member of the PUF family [START_REF] Kong | Translational control in cellular and developmental processes[END_REF]. One of the beststudied example of 4E-BP is an amphibian protein, Maskin, that regulates translation of target mRNAs, including cyclin B1 mRNA, that contains cytoplasmic polyadenylation elements (CPEs) in their 3'-UTRs [START_REF] Stebbins-Boaz | Maskin is a CPEB-associated factor that transiently interacts with elF-4E[END_REF][START_REF] Cao | Dissolution of the maskin-eIF4E complex by cytoplasmic polyadenylation and poly(A)-binding protein controls cyclin B1 mRNA translation and oocyte maturation[END_REF]. Maskin links the 5' and 3' ends into a circle by binding to two other proteins, each at the opposite ends of the message (CPEB attached to the CPE in the 3' UTR and to eIF4E attached to the cap). The binding of Maskin to eIF4E prevents the association of eIF4E with eIF4G thereby impeding the assemble of initiation complex [START_REF] Mendez | Translational control by CPEB: a means to the end[END_REF]. It was also shown that during early X. laevis oogenesis, when Maskin is absent, cap-dependent inhibition of translation is orchestrated by 4E-T [START_REF] Minshall | CPEB interacts with an ovary-specific eIF4E and 4E-T in early Xenopus oocytes[END_REF]). These data indicate that alternative eIF4E-binding proteins could perform translation inhibition in different situations.

Another example of 4E-BP is the D. melanogaster protein CUP that has been demonstrated to target at least two specific mRNAs, oskar and nanos, which encode proteins essential for posterior patterning of the fly embryo [START_REF] Ephrussi | Induction of germ cell formation by oskar[END_REF]. Cup is recruited to oskar mRNA by the protein Bruno that binds the Bruno response elements (BREs) located in the 3' UTR. The oskar mRNA is translationally repressed while it moves to the pole plasm because CUP competes with eIF4G for its binding to eIF4E [START_REF] Nakamura | Drosophila cup is an eIF4E binding protein that associates with Bruno and regulates oskar mRNA translation in oogenesis[END_REF][START_REF] Zappavigna | Cup is a nucleocytoplasmic shuttling protein that interacts with the eukaryotic translation initiation factor 4E to modulate Drosophila ovary development[END_REF]. CUP is recruited also to nanos mRNA by the conserved mRNA regulator Smaug [START_REF] Smibert | smaug protein represses translation of unlocalized nanos mRNA in the Drosophila embryo[END_REF], which binds to the Smaug response elements (SREs) in the 3' UTR and inhibits translation of un-localized transcripts [START_REF] Nelson | Drosophila Cup is an eIF4Ebinding protein that functions in Smaug-mediated translational repression[END_REF]. Smaug is therefore believed to function in a manner analogous to Bruno and to prevent the binding of eIF4G. But in addition Smaug also directly interacts with the POP2 subunit of the CCR2 deadenylase complex [START_REF] Semotok | Smaug recruits the CCR4/POP2/NOT deadenylase complex to trigger maternal transcript localization in the early Drosophila embryo[END_REF]. Thus, nanos mRNA is repressed in two distinct ways by Smaug: by cap-dependent translational repression and by deadenylation of the silenced transcripts [START_REF] Richter | Translational Control in Oocyte Development[END_REF].

Another mode of translational repression at the cap structure may involve 4E-HP, eIF4E homologous protein. 4E-HP (called eIF4E2 in mammals) binds to the cap structure but can not interact with eIF4G because it lacks the corresponding site [START_REF] Abaza | Trading translation with RNA-binding proteins[END_REF]. Alone, 4E-HP shows a low affinity for the cap structure and does not repress translation [START_REF] Zuberek | Weak binding affinity of human 4EHP for mRNA cap analogs[END_REF]). However, in conjunction with the Bicoid protein which recognizes specific sequence in the 3' UTR of caudal mRNA, 4E-HP inhibits translation of this mRNA at the anterior pole of the D. melanogaster embryos [START_REF] Cho | A New Paradigm for Translational Control: Inhibition via 5′-3′ mRNA Tethering by Bicoid and the eIF4E Cognate 4EHP[END_REF][START_REF] Dubnau | RNA recognition and translational regulation by a homeodomain protein[END_REF][START_REF] Rivera-Pomar | RNA binding and translational suppression by bicoid[END_REF]. 4E-HP is also necessary for the optimal translation repression of maternal hunchback mRNA at the posterior pole [START_REF] Cho | Cap-Dependent Translational Inhibition Establishes Two Opposing Morphogen Gradients in Drosophila Embryos[END_REF]. In this case, the mRNP complex that consists of Pumilio, Nanos and Brain tumor protein (Brat) binds to the Nanos response element (NRE) in 3' UTR of hunchback mRNA and recruits 4E-HP via direct interaction with Brat [START_REF] Sonoda | Drosophila Brain Tumor is a translational repressor[END_REF]. Translational repression events create opposing gradients of Caudal and Hunchback that are critically important to activate axis-specific patterns of gene expression during D. melanoguster development [START_REF] Richter | Translational Control in Oocyte Development[END_REF].

There are also striking examples of translational repression by the binding of a single RBP to both 5' and 3' UTRs (Fig. 11). In D. melanogaster MSL2 is a part of a dosage compensation complex -a chromatin assembly that is required to equalize the expression between males (XY) and females (XX) [START_REF] Gelbart | Drosophila dosage compensation: a complex voyage to the X chromosome[END_REF].

Although MSL2 is required for males, its expression in females must be repressed for viability, and this is primary achieved by preventing the expression of msl2 mRNA.

Translation of msl2 is repressed by the interaction with Sex-lethal (SXL) protein, expressed only in females. SXL inhibits translation by a double-block mechanism: SXL bound to the 3' UTR inhibits the recruitment of the 43S PIC to the mRNA, whereas SXL bound to the 5' UTR blocks the scanning of those complexes that have escaped the 3' UTR-mediated control (K. [START_REF] Beckmann | A Dual Inhibitory Mechanism Restricts msl-2 mRNA Translation for Dosage Compensation in Drosophila[END_REF][START_REF] Gebauer | Drosophila sex-lethal inhibits the stable association of the 40S ribosomal subunit with msl-2 mRNA[END_REF][START_REF] Gebauer | Translational control of dosage compensation in Drosophila by Sex-lethal: cooperative silencing via the 5" and 3" UTRs of msl-2 mRNA is independent of the poly(A) tail[END_REF]. But binding of SXL alone is not sufficient to repress the 43S PIC recruitment and requires additional factors, like UNR and some yet unknown factors [START_REF] Gebauer | Drosophila sex-lethal inhibits the stable association of the 40S ribosomal subunit with msl-2 mRNA[END_REF][START_REF] Grskovic | A co-repressor assembly nucleated by Sex-lethal in the 3'UTR mediates translational control of Drosophila msl-2 mRNA[END_REF][START_REF] Abaza | Drosophila UNR is required for translational repression of male-specific lethal 2 mRNA during regulation of X-chromosome dosage compensation[END_REF]. SXL also binds to a poly(U) stretch down-stream of the third of three uORFs in the 5' UTR; this promotes recognition of the translational start codon AUG of this uORF by the 43S PIC, thus inhibiting further scanning and in this way repressing msl2 translation [START_REF] Medenbach | Translational Control via Protein-Regulated Upstream Open Reading Frames[END_REF].

Masking of mRNAs

The first idea that mRNA in eukaryotic cells is not always involved in active translation, but also present in a form of non-translated mRNPs dated back to late 1960s [START_REF] Spirin | Masked" forms of mRNA[END_REF][START_REF] Spirin | The Second Sir Hans Krebs Lecture[END_REF]. In contrast to prokaryotes, the level of mRNA does not appear to be rate-limiting for protein synthesis in eukaryotes. Most of mRNAs are continuously shuttling between polysomes and free mRNPs. Moreover, some part of mRNA could be sequestrated in P-bodies, transport granules and Stress Granules (SGs) [START_REF] Decker | P-Bodies and Stress Granules: Possible Roles in the Control of Translation and mRNA Degradation[END_REF][START_REF] Kong | Translational control in cellular and developmental processes[END_REF]. This fact indicates that mRNA accessibility is playing a crucial role for translation initiation. Adjusting this parameter in cell can precisely tune its translational activity in different conditions [START_REF] Hershey | Principles of Translational Control: An Overview[END_REF].

When considering free mRNPs it is useful to distinguish two different types of these particles. In one case, mRNA is in transit between two rounds of translation, or represents a pool of mRNA in excess to ribosomes. It could be engaged to translation again or, alternatively, can undergo to decay. In the second case, mRNA exists in a so-called "masked" form. The definition of masking implies that "mRNA becomes inaccessible both to the translational apparatus and to processing and degradative enzymes such as polyadenylate polymerase and nucleases" [START_REF] Spirin | Storage of messenger RNA in eukaryotes: envelopment with protein, translational barrier at 5" side, or conformational masking by 3" side?[END_REF] become accessible to the translational machinery providing the embryo proteins essential for its development [START_REF] Vardy | Regulating translation of maternal messages: multiple repression mechanisms[END_REF].

When protein composition of "masked" mRNPs from X. laevis oocytes was studied, it appeared that there are two major proteins bound to mRNA with apparent molecular mass about 50-60 kDa [START_REF] Darnbrough | Identification in Xenopus laevis of a class of oocyte-specific proteins bound to messenger RNA[END_REF][START_REF] Deschamps | Purification of two thermostable components of messenger ribonucleoprotein particles (mRNPs) from Xenopus laevis oocytes, belonging to a novel class of RNA-binding proteins[END_REF]. Sequence analysis revealed, that these proteins have a high degree of homology with transcription factor FRGY2 [START_REF] Tafuri | Xenopus Y-box transcription factors: molecular cloning, functional analysis and developmental regulation[END_REF]. Another protein, MSY1 was isolated from masked mRNPs of mouse spermatocytes [START_REF] Tafuri | A mouse Y box protein, MSY1, is associated with paternal mRNA in spermatocytes[END_REF]. Moreover, analysis of protein composition from non-translated mRNPs of rabbit reticulocytes revealed the presence of protein with similar amino acid composition [START_REF] Evdokimova | The major protein of messenger ribonucleoprotein particles in somatic cells is a member of the Y-box binding transcription factor family[END_REF]. Later, it become clear that all these proteins belong to the evolutionarily conserved protein family with cold shock domain. They possess strong and non-specific affinity to mRNA and are able to inhibit protein synthesis when overexpressed in cells [START_REF] Ranjan | Masking mRNA from translation in somatic cells[END_REF][START_REF] Davydova | Overexpression in COS cells of p50, the major core protein associated with mRNA, results in translation inhibition[END_REF]). These proteins seem to be structure-forming components of Binding of a masking protein in the 3' UTR of mRNA may induced structural rearrangement of mRNP into condensed form, which will be inaccessible to initiation factors, ribosomes and ribonucleases.

non-translatable mRNPs. However, they were also detected in polysomes, which are actively translated; this fact was interpreted that they are not sufficient to mask mRNA and require additional factors [START_REF] Spirin | Storage of messenger RNA in eukaryotes: envelopment with protein, translational barrier at 5" side, or conformational masking by 3" side?[END_REF].

It is possible to make analogy between mRNP organization of mRNA and chromatin organization of DNA. Similar to DNA in nucleus, some part of mRNA is active i.e. directly engaged in translation while other exists in silenced form. It was proposed that Y-box binding proteins could play a role similar to what histones play in the nucleus, regulating the accessibility of mRNA for ribosomes [START_REF] Sommerville | Masking of mRNA by Y-box proteins[END_REF].

The importance of 3'-UTR in the formation of 'inhibitory bridge' between two mRNA ends seemed to be very important for translation inhibition during development. Nevertheless, the reconstruction of mRNP should also take place resulting in the formation of compact RNA:protein complexes unacesseible to translational and degradation mahinery. The condensation-decondensation of mRNA is also required.

A model, describing, "masking" of mRNA appeared afterwards. According to this hypothesis in polysomal mRNPs "general" RBPs are equally distributed among all mRNAs at concentration that are not sufficient to inhibit translation. Binding of specific translator repressor can induce structural rearrangements of such mRNPs, leading to cooperative polymerization of RBPs on mRNA. This rearrangement of "general" RBPs change the mRNA conformation and prevents its interaction with the translational machinery (Fig. 12) [START_REF] Spirin | Storage of messenger RNA in eukaryotes: envelopment with protein, translational barrier at 5" side, or conformational masking by 3" side?[END_REF].

Quite recently it appeared, that masked mRNA during the early development of D. melanogaster exists in the form of huge protein:RNA aggregates. For example, PTB binds to oskar mRNA at 3' UTR and induce oligomerization of multiple oskar mRNA molecules. Another protein, Bruno also packages oskar mRNA into large particles that keep it inaccessible to the translational apparatus [START_REF] Chekulaeva | Bruno Acts as a Dual Repressor of oskar Translation, Promoting mRNA Oligomerization and Formation of Silencing Particles[END_REF][START_REF] Besse | Drosophila PTB promotes formation of high-order RNP particles and represses oskar translation[END_REF]. These examples demonstrate that mRNA condensation induced by masking proteins is crucially important to maintain the silent state of this transcript, even if inhibition is also prevented at 5' end [START_REF] Chekulaeva | Bruno Acts as a Dual Repressor of oskar Translation, Promoting mRNA Oligomerization and Formation of Silencing Particles[END_REF].

The proteins possessing i) high affinity to mRNA; ii) present in sufficient amounts in cell; iii) able to form oligomers could be used as material for mRNA masking. Thus, other RBPs could perform translation repression in a fashion similar to YB-1, or could help it [START_REF] Ernoult-Lange | Multiple binding of repressed mRNAs by the P-body protein Rck/p54[END_REF]. Selection of transcripts in this case could be achieved by the initial binding of specific repressor recognizing define RNA sites or by masking protein itself.

Higher-order structures

An important feature of eukaryotic mRNPs is their ability to assemble into higher-ordered structures -nanometric mRNP granules, which are visible by light microscopy [START_REF] Mitchell | Principles and Properties of Eukaryotic mRNPs[END_REF]. The assembly of mRNP granules is mediated by protein-protein interaction of intrinsically disordered regions of several RBPs [START_REF] Gilks | Stress granule assembly is mediated by prion-like aggregation of TIA-1[END_REF][START_REF] Kato | Cell-free Formation of RNA Granules: Low Complexity Sequence Domains Form Dynamic Fibers within Hydrogels[END_REF]. Usually, mRNP granules contain mRNAs and a set of RBPs specific to each type of granules, while ribosome subunits are not recruited to these compartments. mRNAs, present in these granules, are protected from the interaction with translational machinery and present in a non-translational state [START_REF] Decker | P-Bodies and Stress Granules: Possible Roles in the Control of Translation and mRNA Degradation[END_REF]. Some of the mRNP granules are constantly present in cell, like for example processing bodies (P-bodies) [START_REF] Erickson | Cytoplasmic mRNP granules at a glance[END_REF]. Some are characteristic only to the specific cell types, like transport RNAgranules in neurons [START_REF] Kiebler | Neuronal RNA Granules: Movers and Makers[END_REF], or present only in germline, like germinal granules [START_REF] Voronina | RNA Granules in Germ Cells[END_REF]. Others, in contrast, like stress granules (SGs) appear only under stress conditions [START_REF] Mitchell | Principles and Properties of Eukaryotic mRNPs[END_REF]. P-bodies are membraneless mRNP granules that are continuously present in the cytoplasm of unstressed cells, but their quantity is increased in response to the stress [START_REF] Kedersha | Stress granules and processing bodies are dynamically linked sites of mRNP remodeling[END_REF][START_REF] Teixeira | Processing bodies require RNA for assembly and contain nontranslating mRNAs[END_REF]. They are considered to be the places of mRNA translational repression and further degradation. Indeed, protein factors involved in mRNA decay (DCP1/DCP2, Xrn1, Edc3 and Lsml-7), as well as in repression of translation (RCK/p54) are enriched in these compartments [START_REF] Kedersha | Mammalian Stress Granules and Processing Bodies[END_REF][START_REF] Decker | P-Bodies and Stress Granules: Possible Roles in the Control of Translation and mRNA Degradation[END_REF]. Metazoan P-bodies also contain proteins involved in nonsense-mediated RNA decay (NMD) (UPF1, UPF3, SMG5, SMG7) [START_REF] Sheth | Targeting of aberrant mRNAs to cytoplasmic processing bodies[END_REF][START_REF] Franks | The Control of mRNA Decapping and P-Body Formation[END_REF]. In addition, components of miRNA repressive system are present in P-bodies (GW182, RISK and Ago2) [START_REF] Eulalio | GW182 interaction with Argonaute is essential for miRNA-mediated translational repression and mRNA decay[END_REF][START_REF] Lian | The C-terminal half of human Ago2 binds to multiple GW-rich regions of GW182 and requires GW182 to mediate silencing[END_REF]. Contrary, translation initiation factors are rather excluded from P-bodies, with the exception of eIF4E [START_REF] Andrei | A role for eIF4E and eIF4E-transporter in targeting mRNPs to mammalian processing bodies[END_REF].

SGs appear in the cytoplasm only under stress conditions, like oxidative stress, heat shock, glucose deprivation, virus infection and other stress [START_REF] Kedersha | Stress granules and cell signaling: more than just a passing phase?[END_REF]. In contrast to P-bodies they are enriched in translation initiation factors (eIF4G, eIF4A, eIF4B, PABP, eIF3, eIF2 and eIF4E, which is also present in P-bodies) and also contain 40S ribosome subunit. The composition of SGs indicates that most probably they represent stalled initiation complexes. The presence of an excess of non-translatable mRNA seemed to be an important feature for SGs assembly. In line with this, the addition to cells of drugs, like cycloheximide and emetine, which "freeze" polysomes, prevents SGs formation. On the other hand, treatment with puromycin, which induces polysomes dissociation and consequently increase the amount of non-translatable mRNA, accelerates SGs appearance [START_REF] Kedersha | Dynamic shuttling of TIA-1 accompanies the recruitment of mRNA to mammalian stress granules[END_REF][START_REF] Sheth | Decapping and decay of messenger RNA occur in cytoplasmic processing bodies[END_REF]. Transfection of cells with single-stranded RNA and DNA indeed promotes SGs formation, suggesting a necessity for the presence of free forms of nucleic acids for SGs [START_REF] Bounedjah | Free mRNA in excess upon polysome dissociation is a scaffold for protein multimerization to form stress granules[END_REF]. Overexpression, of cytoplasmic RBPs, such as YB-1 and HuR, which form isolated mRNPs and do not tend to aggregation negatively impacts the formation of SGs [START_REF] Bounedjah | Free mRNA in excess upon polysome dissociation is a scaffold for protein multimerization to form stress granules[END_REF][START_REF] Tanaka | Roles of YB-1 under arsenite-induced stress: Translational activation of HSP70 mRNA and control of the number of stress granules[END_REF]. The sequestration of mRNA inside SGs during stress could be important for several reasons: (i) mRNA packed inside stress granules is protected during the conditions of stress and when stress is over, translation could restart; (ii) inhibition of global translation can allow cell to focus its translational activity on mRNA encoding proteins required for survival during stress [START_REF] Kedersha | Stress granules and cell signaling: more than just a passing phase?[END_REF]. mRNP granules are also responsible for the localization of mRNA. In the form of granules, mRNAs could be delivered to all remote parts of the cell [START_REF] Martin | mRNA Localization: Gene Expression in the Spatial Dimension[END_REF][START_REF] Besse | Translational control of localized mRNAs: restricting protein synthesis in space and time[END_REF]. Oocytes, embryos and neurons represent excellent examples where regulation of mRNA localization is crucially important.

Deposing mRNA in the specific place allows cell to produce only protein, which are important at specific locations.

Typically mRNP granules are highly dynamic structures with rapid exchange of protein components between in/out phases. Moreover it was shown that they possess liquid-like droplet behavior and are able to merge between each other [START_REF] Molliex | Phase Separation by Low Complexity Domains Promotes Stress Granule Assembly and Drives Pathological Fibrillization[END_REF]. However, a very recent work demonstrated that stress granules have solid nuclei, which are surrounded by a dynamic shell (S. [START_REF] Jain | ATPase-Modulated Stress Granules Contain a Diverse Proteome and Substructure[END_REF].

SGs are also linked to several pathologies, including neurodegenerative disorders (Elbaum-Garfinkle & Brangwynne 2015). Aberrant formation of SGs and deregulation of their clearance could lead to the formation of persistent granules.

Prion-like proteins within these granules are making stable amyloid-like structures, which can not be easily removed [START_REF] Buchan | mRNP granules[END_REF].

Translational control by microRNAs

MicroRNAs (miRNAs) represent another mean of specific translational repression.

They are short (~22 nucleotide-long) non-coding RNAs that are highly conserved in evolution and are present in nearly all eukaryotes [START_REF] Wilczynska | The complexity of miRNA-mediated repression[END_REF]. miRNAs silence the expression of mRNAs containing complementary sequences that are usually found in the 3' UTR, with however a few examples in the open reading frames (ORF). Recent study demonstrates that human genome encodes ~3700 different miRNAs [START_REF] Londin | Analysis of 13 cell types reveals evidence for the expression of numerous novel primate-and tissue-specific microRNAs[END_REF], which can potentially bind more than half of different mRNAs of protein-coding genes in human genome [START_REF] Fabian | Regulation of mRNA Translation and Stability by microRNAs[END_REF][START_REF] Friedman | Most mammalian mRNAs are conserved targets of microRNAs[END_REF]. For instance, miRTarBase describes 324219 experimentally validated interactions between 2619 miRNAs and 14884 target genes in human [START_REF] Chou | miRTarBase 2016: updates to the experimentally validated miRNA-target interactions database[END_REF].

To silence target mRNAs, miRNAs need to form ribonucleoprotein complex with Argonaute (AGO) and the glycine-tryptophan repeat-containing protein of 182 kDa (GW182), which is called miRNA-induced silencing complex (miRISC). The sequence of miRNA defines which mRNAs will be targeted, but the silencing is executed by the action of protein components of miRISC [START_REF] Fabian | Regulation of mRNA Translation and Stability by microRNAs[END_REF]. In animals, miRISCs mediate mRNA silencing in two different modes: translational repression and mRNA decay (Fig. 13). When miRNA is perfectly or nearly perfectly Fig. 13. Overview of miRNA-mediated gene silencing in animals [START_REF] Jonas | Towards a molecular understanding of microRNAmediated gene silencing[END_REF]. miRISC recognizes its target mRNAs by the partially complementary interaction in the 3' UTRs. Further, miRISCs attracts proteins participating in mRNA degradation and translational repression. complementary to its target, miRISC can induce direct endonucleolytic cleavage of the duplex (Ameres & Zamore 2013). However, usually the complementarity is not perfect and miRNAs recognize their target mRNAs through partial base pairing. The complementarity between mRNAs and 5' end of the miRNA from about nucleotide 2 to 8 ('seed' region) seems to be the most critical for the recognition [START_REF] Bartel | MicroRNAs: Target Recognition and Regulatory Functions[END_REF].

The partial complementarity prevents the cleavage activity of miRISC, but it can still silence target genes by recruiting additional effector proteins, which induce translational repression and mRNA decay in a manner independent of endonucleolytic cleavage.

Originally it was thought that miRISCs repress protein synthesis with little or no decrease in mRNA abundance [START_REF] Olsen | The lin-4 regulatory RNA controls developmental timing in Caenorhabditis elegans by blocking LIN-14 protein synthesis after the initiation of translation[END_REF][START_REF] Gebauer | Molecular mechanisms of translational control[END_REF][START_REF] Jackson | Do the poly(A) tail and 3' untranslated region control mRNA translation[END_REF][START_REF] Wightman | Posttranscriptional regulation of the heterochronic gene lin-14 by lin-4 mediates temporal pattern formation in C. elegans[END_REF]. Nevertheless, later studies revealed that miRISCs cause the destabilization of mRNA targets, thereby reducing the protein synthesis indirectly [START_REF] Izaurralde | GENE REGULATION. Breakers and blockers-miRNAs at work[END_REF][START_REF] Eichhorn | mRNA Destabilization Is the Dominant Effect of Mammalian MicroRNAs by the Time Substantial Repression Ensues[END_REF]. Ribosome profiling revealed that mRNA degradation is the dominant effect in miRNA-mediated silencing at steady state, accounting for most (66 to 90%) of the repression observed in cultured mammalian cells [START_REF] Guo | Mammalian microRNAs predominantly act to decrease target mRNA levels[END_REF]. The mechanisms of mRNA destabilization occurs through the 5' to 3' mRNA decay pathway [START_REF] Fabian | The mechanics of miRNA-mediated gene silencing: a look under the hood of miRISC[END_REF] where miRISCs by itself is able to recruit cellular machinery involved in the degradation of mRNA. GW182 protein serves as a hub protein, and recruits several factors to the target mRNAs including PABP, and two deadenylase complexes, CCR4-NOT and PAN2-PAN3 complexes [START_REF] Christie | Structure of the PAN3 Pseudokinase Reveals the Basis for Interactions with the PAN2 Deadenylase and the GW182 Proteins[END_REF][START_REF] Fabian | miRNA-mediated deadenylation is orchestrated by GW182 through two conserved motifs that interact with CCR4-NOT[END_REF][START_REF] Chekulaeva | miRNA repression involves GW182-mediated recruitment of CCR4-NOT through conserved W-containing motifs[END_REF][START_REF] Mathys | Structural and Biochemical Insights to the Role of the CCR4-NOT Complex and DDX6 ATPase in MicroRNA Repression[END_REF]. Following deadenylation, the cap structure is removed by the DCP2 decapping enzyme in a complex with additional cofactors. Decapping makes the mRNA 5' end accessible to the major cytoplasmic exonuclease XRN1 that degrades mRNA from the 5' end [START_REF] Jonas | Towards a molecular understanding of microRNAmediated gene silencing[END_REF].

Despite strong evidences to support the model where destabilization of mRNA is the most significant contribution to mRNA silencing, it was demonstrated that translational inhibition precedes mRNA degradation [START_REF] Béthune | Kinetic analysis reveals successive steps leading to miRNA-mediated silencing in mammalian cells[END_REF][START_REF] Bazzini | Ribosome profiling shows that miR-430 reduces translation before causing mRNA decay in zebrafish[END_REF]. Accordingly the ribosome profiling 'pure' translational repression (that can not be explained by mRNA degradation) is thought to account for 6 to 26% of the repression of each endogenous target in mammalian cells [START_REF] Izaurralde | GENE REGULATION. Breakers and blockers-miRNAs at work[END_REF][START_REF] Guo | Mammalian microRNAs predominantly act to decrease target mRNA levels[END_REF]. It seems that translational inhibition is achieved at the initiation step. Recent studies pointed eIF4A as a target for miRISC inhibition by dislodging of DEAD-box helicases eIF4A1 and eIF4A2 on mRNA [START_REF] Fukao | MicroRNAs Trigger Dissociation of eIF4AI and eIF4AII from Target mRNAs in Humans[END_REF][START_REF] Fukaya | MicroRNAs Block Assembly of eIF4F Translation Initiation Complex in Drosophila[END_REF] or by forming 'roadblock' for scanning ribosomes [START_REF] Meijer | Translational repression and eIF4A2 activity are critical for microRNA-mediated gene regulation[END_REF]). These models imply that only translation of mRNAs dependent on the scanning mechanism by eIF4A is affected. Consistent with this, numerous studies have reported that miRNAs suppress cap-dependent but not IRES-mediated translation [START_REF] Ricci | miRNA repression of translation in vitro takes place during 43S ribosomal scanning[END_REF][START_REF] Zdanowicz | Drosophila miR2 Primarily Targets the m7GpppN Cap Structure for Translational Repression[END_REF]. Moreover, some studies indicate that CCR4-NOT interacts with DDX6 (Rck/p54) [START_REF] Meijer | Translational repression and eIF4A2 activity are critical for microRNA-mediated gene regulation[END_REF][START_REF] Rouya | Human DDX6 effects miRNA-mediated gene silencing via direct binding to CNOT1[END_REF]. Mechanistically, DDX6 can repress translation in the absence of mRNA degradation and can also stimulate decapping, committing deadenylated mRNAs to complete degradation [START_REF] Jonas | Towards a molecular understanding of microRNAmediated gene silencing[END_REF].

As core component of P-bodies, DDX6 may participate in the aggregation of miRISC-associated mRNAs in visible P-bodies, where mRNA deadenylation, decapping as well as storage can occur [START_REF] Wilczynska | The complexity of miRNA-mediated repression[END_REF].

Y-box binding protein 1

The family of eukaryotic Y-box binding proteins

Y-Box binding proteins were first described in the 1970s as most abundant proteins in the non-translated messenger RNPs in mammal (rabbit) and bird (duck) reticulocytes [START_REF] Morel | Proteins Associated with globin RNA in Avian Erythroblasts: Isolation And Comparison with the Proteins Bound to Nuclear Messenger-like RNA[END_REF][START_REF] Blobel | Protein tightly bound to globin mRNA[END_REF][START_REF] Morel | The Duck-Globin Messenger-Ribonucleoprotein Complex[END_REF]. Later, they were also found in mRNPs of other mammalian cells: KB, HeLa, ascite Ehrlich carcinoma, kidney cell etc. as well as in oocytes of amphibians (X. laevis) [START_REF] Lindberg | Isolation of Messenger Ribonucleoproteins from Mammalian Cells[END_REF][START_REF] Kumar | Comparison of Proteins Bound to heterogeneous Nuclear RNA and Messenger RNA in HeLa Cells[END_REF]; S. K. [START_REF] Jain | Thermal Chromatography of Eucaryotic messenger ribonucleoprotein particles on oligo(dT)-cellulose[END_REF][START_REF] Darnbrough | Identification in Xenopus laevis of a class of oocyte-specific proteins bound to messenger RNA[END_REF].

Due to the abnormal migration during SDS PAGE these proteins were for long time designated as p50 and p54/p56, according to their apparent molecular weight.

Several decades later, one of these proteins was rediscovered as a DNAbinding transcription factor, which regulates the expression of the MHC class II cluster (major histocompatibility) genes [START_REF] Didier | Characterization of the cDNA encoding a protein binding to the major histocompatibility complex class II Y box[END_REF]. The expression of the MHC class II genes in immune system is regulated transcriptionally by a series of cisacting elements that include the TATA box, octamer motif, and the W, X and Y boxes. The Y-box motif, to which they bind, gave to the Y-box proteins their name.

When the primary structures of X. laevis p54/p56 and p50 from rabbit reticulocytes were identified, it appeared that they are identical to Y-box transcription factors, particularly to YB-1 [START_REF] Evdokimova | The major protein of messenger ribonucleoprotein particles in somatic cells is a member of the Y-box binding transcription factor family[END_REF].

The homology analysis of Y-box binding proteins revealed that all of them have an evolutionary conserved sequence near the N-terminus, which was 44% identical to the sequence of protein CspA from E. coli [START_REF] Schnuchel | Structure in solution of the major cold-shock protein from Bacillus subtilis[END_REF]). This conserved sequence was named Cold Shock Domain (CSD), since the CspA protein belongs to the group of the so-called major bacterial cold shock proteins. The presence of a CSD is a specific feature of Y-box binding proteins and allows ascribing them to a wider group of proteins containing CSD. Another remarkable feature of the Y-box proteins is the presence of unstructured domain in their Cterminal part, which is highly enriched in charged amino acids, as well as in proline residues.

Y-box binding proteins can be divided into three subfamilies [START_REF] Eliseeva | Y-box-binding protein 1 (YB-1) and its functions[END_REF]): The first subfamily (YB-1) includes the human YB-1, rabbit p50, chicken chk-YB-1, bovine EFI-A, FRGY1 from X. laevis, mouse MSY-I, and some others. These proteins are present in somatic cells and are more abundant in tissues with intensive division rates [START_REF] Tafuri | A mouse Y box protein, MSY1, is associated with paternal mRNA in spermatocytes[END_REF]). The second subfamily (YB-2) includes proteins FRGY-2 (p54/p56) from X. laevis and mouse MSY-2 [START_REF] Tafuri | Xenopus Y-box transcription factors: molecular cloning, functional analysis and developmental regulation[END_REF]. The human proteins from this subfamily are named YB-2, dbpC, and contrin. These proteins seem to be specific to germ cells. And finally, the YB-3 subfamily contains human dbpA (csdA) protein, mouse MSY-3, and YB-3 from X. laevis. It is proposed that these proteins are synthesized during embryonic development and then disappear after birth.

Structural organization of YB-1

The YB-1 protein consists of 324 amino acid residues, and contains a highly conserved sequence of 70 amino acids, which corresponds to the CSD [START_REF] Eliseeva | Y-box-binding protein 1 (YB-1) and its functions[END_REF]. The calculated molecular mass of YB-1 is about 36 kDa, but during SDS PAGE YB-1 migrates as a band about of 50 kDa demonstrating abnormal behavior. A specific feature of YB-1 is an extremely high isoelectric point of about 9.5 [START_REF] Minich | Purification and characterization of the major 50-kDa repressor protein from cytoplasmic mRNP of rabbit reticulocytes[END_REF].

The sequence of YB-1 could be subdivided into three parts: the short Nterminal part (aa 1-51) is rich in alanine and proline (A/P-domain), the central part (aa 52-129) represents the CSD, and the C-terminal (aa 130-324) part which is enriched in charged amino acids [START_REF] Lyabin | YB-1 protein: functions and regulation[END_REF][START_REF] Guryanov | The major mRNP protein YB-1: Structural and association properties in solution[END_REF]. Within the entire YB-1 only the CSD has a well-packed tertiary structure. The structure of isolated CSD of YB-1 was solved using NMR and it appeared to be similar to the structure of bacterial cold shock proteins (CSPs) [START_REF] Kloks | The solution structure and DNA-binding properties of the cold-shock domain of the human Y-box protein YB-1[END_REF].

The homology between CSD from different eukaryotic Y-box binding proteins is very high, above 90%. The CSD from YB-1 has 44% of homology with the sequence of protein CspA from E. coli, and according to NMR is a five-stranded β-barrel.

Nevertheless, unlike bacterial cold shock proteins, CSD from eukaryotes has long loops that join β-strands. The longest loop joins together β3 and β4 and contains one turn of 3 10 -helix in its beginning. The NMR data indicate that the CSD of YB-1 is quite unstable: at 25°C in solution only about 70% of CSD molecules are in native state, whereas, as estimated by microcalorimetry data, the melting temperature of CspA is about 56°C [START_REF] Guryanov | Formation of amyloid-like fibrils by Y-box binding protein 1 (YB-1) is mediated by its cold shock domain and modulated by disordered terminal domains[END_REF]. The difference in the stability of CSD of prokaryotes and eukaryotes is most probably associated with the presence of a long flexible loop in the CSD of YB-1, which is absent in bacterial proteins. CSD carries two consensus sequences RNP-1 (K/N-G-F/Y-G-F-I/V) and RNP-2 (V-F-V-H-F) on the β2 and β3 strands. These and several positively charged residues mediate CSD interaction with nucleic acids. The affinity of isolated CSD of YB-1 to nucleic acids is relatively weak being in the µM range [START_REF] Kljashtorny | The Cold Shock Domain of YB-1 Segregates RNA from DNA by Non-Bonded Interactions J[END_REF]. Moreover, the binding of eukaryotic CSDs is weaker than the binding of bacterial CSPs to RNA, which could be explained by the absence of several conserved amino acids in eukaryotic CSD that mediate the formation of additional hydrogen bonds of bacterial CSPs with RNA. CSD interacts with ssRNA with higher affinity than with ssDNA [START_REF] Kljashtorny | The Cold Shock Domain of YB-1 Segregates RNA from DNA by Non-Bonded Interactions J[END_REF]. Despite the presence of a wellknown nucleic-acid-binding domain it seems likely that strong binding to RNA and DNA, which YB-1 possess, involves the contribution of the positively charged Cterminal domain (CTD).

The 3D structures of the N-and C-terminal parts of YB-1 are still unknown, probably due to the high intra-molecular mobility and the absence of unique tertiary packing. Indeed bioinformatics and circular dichroism analyses show that the N-and C-terminal parts of YB-1 have no regular secondary structure and appear to be intrinsically disordered [START_REF] Guryanov | The major mRNP protein YB-1: Structural and association properties in solution[END_REF]Lyabin, Eliseeva, et al.

Fig. 14. Structural representation of YB-1 (Guryanov, 2011).

In YB-1, only CSD has defined three-dimension structure, while N-and Cterminal domains are intrinsically unstructured. 2014). Most likely the conformation of these domains is fixed only when in the interaction with ligands and may vary when in complexes with different partners.

The N-terminal domain of YB-1 is enriched in alanine (~23%) and proline (~16%) amino acid residues, and is thus called A/P-domain. This domain is not implicated in the interaction with nucleic acids but responsible for protein-protein interaction. For example, it mediates binding to actin, p53 and the SRp30c splicing factor [START_REF] Ruzanov | Interaction of the universal mRNA-binding protein, p50, with actin: a possible link between mRNA and microfilaments[END_REF][START_REF] Raffetseder | Splicing Factor SRp30c Interaction with Y-box Protein-1 Confers Nuclear YB-1 Shuttling and Alternative Splice Site Selection[END_REF].

The C-terminal domain (CTD) is an elongated stretch, which is mostly composed of positively and negatively charged amino acids, and has no predicted α or β secondary structure. This could be explained by the very high isoelectric point (pI>10), low amount of hydrophobic amino acids (~20%) and the abundance of proline residues (~13%), which are known to be breakers of protein secondary structure. Nevertheless, more detailed analysis revealed the presence of type II polyproline helix in CTD. Such similar observations were made for the FRGY2 protein, a YB-1 homolog from X. laevis [START_REF] Manival | RNA-binding strategies common to cold-shock domain-and RNA recognition motif-containing proteins[END_REF]. CTD is responsible for the strong and unspecific binding of YB-1 to nucleic acids by the interaction of positively charged amino acids with negatively charged sugar-phosphate backbone.

YB-1 and its homologs can form multimers of different size in solution [START_REF] Evdokimova | The major protein of messenger ribonucleoprotein particles in somatic cells is a member of the Y-box binding transcription factor family[END_REF][START_REF] Gaudreault | YB-1 promotes strand separation in vitro of duplex DNA containing either mispaired bases or cisplatin modifications, exhibits endonucleolytic activities and binds several DNA repair proteins[END_REF]). This ability was shown to be strictly dependent on protein concentration and ionic strength. At low salt and protein concentration [START_REF] Guryanov | The major mRNP protein YB-1: Structural and association properties in solution[END_REF]. YB-1 exists as a monomer, but when concentrations of salt and protein are increased, YB-1 starts to form di-, tri-and multimers with molecular weight of up to 800-1000 kDa. These multimers have a round shape with diameter of about 35-40 nm and height reaching 9-10 nm, as it was revealed by atomic force microscopy [START_REF] Skabkin | Structural organization of mRNA complexes with major core mRNP protein YB-1[END_REF]). YB-1 forms a similar type of globules when it interacts with mRNA providing its compaction. The mRNP complexes of YB-1 with mRNA appear by atomic force and electron microscopy as 'beads-on-a-string' structures. Initially it was proposed that CTD mediates oligomerization of YB-1, which is taking place due to the interaction between positively and negatively charged amino acid clusters [START_REF] Tafuri | DNA binding, multimerization, and transcription stimulation by the Xenopus Y box proteins in vitro[END_REF]. But it has to be taken into account that the overall isoelectric point of CTD is highly basic (pI~10.3) and positively charged amino acids (R+K~21.1%) are nearly twice as abundant as negatively charged ones (E+D~13.4%). This charge distribution could rather suggest self-repulsion of different YB-1 molecules in solution of low ionic strength, rather than its attraction. The increase of ionic strength can partially neutralize the charges and allow YB-1 to form homomultimers. In line with these facts, under very high ionic strength condition YB-1 may even reversibly assemble into amyloid-like fibrils [START_REF] Selivanova | YB-1 is capable of forming extended nanofibrils[END_REF][START_REF] Guryanov | Formation of amyloid-like fibrils by Y-box binding protein 1 (YB-1) is mediated by its cold shock domain and modulated by disordered terminal domains[END_REF].

CSD plays a key role in the formation of the cross-β-structure and can produce fibrils at both high and physiological ionic strengths. Negatively charged sugar-phosphate backbone of mRNA could also neutralize positive charges of CTD, allowing YB-1 to mulimerize on mRNA. Nevertheless, deciphering which part of YB-1 is responsible for the oligomerization remains an open question, and a role for CSD in this process could not be excluded because bacterial CSPs, which are made of only CSD, bind to mRNA in a cooperative manner implying the existence of protein-protein interaction between them (W. [START_REF] Jiang | CspA, the Major Cold-shock Protein of Escherichia coli, Is an RNA Chaperone[END_REF][START_REF] Graumann | A family of cold shock proteins in Bacillus subtilis is essential for cellular growth and for efficient protein synthesis at optimal and low temperatures[END_REF].

Functions of YB-1 in the cell

YB-1 is a DNA/RNA-binding protein, which is expressed in most of the tissues of human body. It was shown that the presence of this protein is crucially required for the proper embryonic development, as YB-1 knockout mice are not viable [START_REF] Uchiumi | YB-1 is important for an early stage embryonic development: neural tube formation and cell proliferation[END_REF]Z. H. Lu et al. 2005). The YB-1(-/-) embryos develop properly up to embryonic day 13.5, after what the growth is significantly perturbed.

After this stage embryos exhibit severe growth retardation and increased mortality, underlying an important role of YB-1 in late stages of development. Interestingly, fibroblasts derived from the YB-1(-/-) embryos don't differ from the wild type cell, but demonstrated an increased sensitivity to oxidative and genotoxic stress and a decreased proliferation (Z. H. [START_REF] Lu | YB-1 Is Important for Late-Stage Embryonic Development, Optimal Cellular Stress Responses, and the Prevention of Premature Senescence[END_REF][START_REF] Uchiumi | YB-1 is important for an early stage embryonic development: neural tube formation and cell proliferation[END_REF] 5.3.1. Role of YB-1 in the regulation of transcription YB-1 was first cloned and identified as a protein that specifically binds to the Y-box motif (5'-ATTGG-3') in the promoter region of major histocompatibility complex II [START_REF] Didier | Characterization of the cDNA encoding a protein binding to the major histocompatibility complex class II Y box[END_REF]. From here, it received his name (Y-box binding protein 1) and was considered as a transcriptional factor. In the subsequent years, numerous reports revealed a correlation between YB-1 amounts in the cell or its nuclear accumulation with changes in expression of many genes involved in cell division, differentiation and multiple drug resistance [START_REF] Eliseeva | Y-box-binding protein 1 (YB-1) and its functions[END_REF]. These data supported with the idea that YB-1 can specifically interact with Y-boxes were often used to conclude that YB-1 directly participates in transcription. For instance, more than 20 years ago it was shown that YB-1 binds in vitro a DNA fragment from the promoter of the ABCB1 gene, which encodes multiple drug resistance protein 1 (MDR1), and conceivably stimulates its transcription [START_REF] Asakuno | Involvement of a DNA binding protein, MDR-NF1/YB-1, in human MDR1 gene expression by actinomycin D[END_REF]. This observation was supported by a number of works establishing a link between higher expression or nuclear localization of YB-1 with increase MDR1 level [START_REF] Ohga | Role of the human Y box-binding protein YB-1 in cellular sensitivity to the DNA-damaging agents cisplatin, mitomycin C, and ultraviolet light[END_REF][START_REF] Bargou | Nuclear localization and increased levels of transcription factor YB-1 in primary human breast cancers are associated with intrinsic MDR1 gene expression[END_REF][START_REF] Oda | Nuclear expression of YB-1 protein correlates with Pglycoprotein expression in human osteosarcoma[END_REF][START_REF] Stein | Hyperthermia-induced nuclear translocation of transcription factor YB-1 leads to enhanced expression of multidrug resistance-related ABC transporters[END_REF][START_REF] Eliseeva | Y-box-binding protein 1 (YB-1) and its functions[END_REF]).

Nevertheless, several groups do not succeed to detect YB-1 in complexes with this fragment of the ABCB1 promoter [START_REF] Sundseth | DNA elements recognizing NF-Y and Sp1 regulate the human multidrug-resistance gene promoter[END_REF][START_REF] Hu | Stable expression of a dominant negative mutant of CCAAT binding factor/NF-Y in mouse fibroblast cells resulting in retardation of cell growth and inhibition of transcription of various cellular genes[END_REF].

Moreover, they demonstrated that mutations in Y-box don't affect the binding of YB-1, but rather impair the interaction with transcription factor NF-Y. Later reports demonstrated, that YB-1 is not required for the development of MDR1-mediated multiple drug resistance [START_REF] Kaszubiak | Regulation of MDR1 gene expression in multidrugresistant cancer cells is independent from YB-1[END_REF][START_REF] Vaiman | Intracellular localization and content of YB-1 protein in multidrug resistant tumor cells[END_REF]). Thus, the role of YB-1 in the control of transcription could not be considered strictly proved, because in the nucleus YB-1 can affect gene expression by binding to mRNA, for which it has higher affinity than for DNA [START_REF] Lyabin | YB-1 protein: functions and regulation[END_REF].

In addition, it is not identified yet to which DNA sequences YB-1 binds in cells. Initially, it was though that Y-boxes are the DNA targets of this protein.

However, some other sequences to which YB-1 has a higher affinity were also found.

Using microarray analysis single-and double-stranded motifs GGGG, CACC, and CATC were identified as more effective targets for YB-1 [START_REF] Zasedateleva | Specificity of Mammalian Y-box Binding Protein p50 in Interaction with ss and ds DNA Analyzed with Generic Oligonucleotide Microchip[END_REF].

Nevertheless, recently, based on ChIP-on-Chip or ChIP-seq in vivo analyses it was demonstrated that no sequence-specificity to Y-boxes or other DNA sequences could be revealed for YB-1 [START_REF] Dolfini | YB-1 (YBX1) does not bind to Y/CCAAT boxes in vivo[END_REF]. In this work, YB-1 interacting sites were mapped mostly in the intronic regions, but not in promoters. On the other hands, the transcriptional factor NF-Y showed a higher affinity for Y-boxes and appeared to be a bona fide transcriptional activator. Consequently, authors argued about the role of YB-1 as global regulator of transcription and proposed that its ability to affect gene expression is more likely taking place at the post-transcriptional level [START_REF] Dolfini | Targeting the Y/CCAAT box in cancer: YB-1 (YBX1) or NF-Y&quest[END_REF].

The participation of YB-1 to transcription could be realized by its ability to bind to single-stranded DNA sequences. It was proposed that YB-1 can melt double helixes and stabilize them in a single-stranded conformation acting as nucleic acid chaperon [START_REF] Evdokimova | The major protein of messenger ribonucleoprotein particles in somatic cells is a member of the Y-box binding transcription factor family[END_REF][START_REF] Skabkin | The major messenger ribonucleoprotein particle protein p50 (YB-1) promotes nucleic acid strand annealing[END_REF]. When the distribution of purine and pyrimidine residues is asymmetric, YB-1 preferentially binds pyrimidine-rich strand [START_REF] Higashi | Y-box-binding protein YB-1 mediates transcriptional repression of human alpha 2(I) collagen gene expression by interferon-gamma[END_REF][START_REF] Izumi | Y box-binding protein-1 binds preferentially to single-stranded nucleic acids and exhibits 3"-->5" exonuclease activity[END_REF]. This conformational change could prevent the binding of transcription factors recognizing DNA duplexes and promote the interaction with proteins that bind to single-stranded regions (Lyabin, Eliseeva, et al. 2014). Thus, YB-1, by stabilizing DNA in a single-stranded conformation can stimulate transcription of genes of DNA polymerase α and c-myc [START_REF] En-Nia | Transcription factor YB-1 mediates DNA polymerase alpha gene expression[END_REF][START_REF] Shnyreva | Interaction of two multifunctional proteins. Heterogeneous nuclear ribonucleoprotein K and Y-box-binding protein[END_REF]. In addition, it was shown that YB-1 could regulate the transcription of some genes in complexes with other proteins. For example, the transcription of the metalloproteinase 2 gene is regulated by YB-1 in complex with AP-2 and p53 [START_REF] Mertens | A synergistic interaction of transcription factors AP2 and YB-1 regulates gelatinase A enhancer-dependent transcription[END_REF][START_REF] Mertens | Combinatorial Interactions of p53, Activating Protein-2, and YB-1 with a Single Enhancer Element Regulate Gelatinase A Expression in Neoplastic Cells[END_REF], while that of the α-actin gene, the Fas-receptor and early genes of poliovirus JCV are regulated by its interaction with Purα and Purβ (N. N. [START_REF] Chen | Transcriptional regulation of human JC polyomavirus promoters by cellular proteins YB-1 and Pur alpha in glial cells[END_REF]N. N. Chen & Khalili 1995;[START_REF] Kelm | The single-stranded DNA-binding proteins, Puralpha, Purbeta, and MSY1 specifically interact with an exon 3derived mouse vascular smooth muscle alpha-actin messenger RNA sequence[END_REF][START_REF] Lasham | Regulation of the human fas promoter by YB-1, Puralpha and AP-1 transcription factors[END_REF][START_REF] Safak | Physical and functional interaction between the Y-box binding protein YB-1 and human polyomavirus JC virus large T antigen[END_REF].

Taking into account the examples mentioned above the activity of YB-1 in transcription regulation should be considered carefully. Nevertheless, an increase of the YB-1 concentration may have a strong consequence on the expression of some genes. Further experiments should provide the answer where the regulation is taking place -at the level of transcription or at level of mRNA maturation.

The role of YB-1 in DNA repair

The fact that YB-1 may be involved in DNA repair was first proposed in 1990, when it was demonstrated that YB-1 possessed a higher affinity to DNA that contain apurinic sites [START_REF] Hasegawa | DNA binding properties of YB-1 and dbpA: binding to double-stranded, single-stranded, and abasic site containing DNAs[END_REF][START_REF] Lenz | Identification of a mammalian nuclear factor and human cDNAencoded proteins that recognize DNA containing apurinic sites[END_REF]. This observation was supported by the evidence that YB-1 preferentially binds cisplatin-damaged DNA or DNA with unpaired bases [START_REF] Ise | Transcription factor Y-box binding protein 1 binds preferentially to cisplatin-modified DNA and interacts with proliferating cell nuclear antigen[END_REF][START_REF] Izumi | Y box-binding protein-1 binds preferentially to single-stranded nucleic acids and exhibits 3"-->5" exonuclease activity[END_REF][START_REF] Gaudreault | YB-1 promotes strand separation in vitro of duplex DNA containing either mispaired bases or cisplatin modifications, exhibits endonucleolytic activities and binds several DNA repair proteins[END_REF]). Some reports also indicated that YB-1 has a slight 3'-5' exonuclease activity to singlestranded DNA and double-stranded DNA [START_REF] Izumi | Y box-binding protein-1 binds preferentially to single-stranded nucleic acids and exhibits 3"-->5" exonuclease activity[END_REF][START_REF] Gaudreault | YB-1 promotes strand separation in vitro of duplex DNA containing either mispaired bases or cisplatin modifications, exhibits endonucleolytic activities and binds several DNA repair proteins[END_REF][START_REF] Guay | Formation of a nuclear complex containing the p53 tumor suppressor, YB-1, and the Werner syndrome gene product in cells treated with UV light[END_REF]. Moreover, under conditions of DNA-damaging stress, YB-1 was shown to accumulate in the nucleus where it can activate transcription of some genes involved in DNA repair and may be this way contribute to cell survival (En-Nia et al.

2005; Lasham et al. 2003).

In addition to its ability to recognize disturbed DNA structures, numerous reports indicate that YB-1 interacts with many protein factors involved in DNA repair. YB-1 binds to a number of proteins acting in all steps of base excision repair (BER) [START_REF] Ise | Transcription factor Y-box binding protein 1 binds preferentially to cisplatin-modified DNA and interacts with proliferating cell nuclear antigen[END_REF][START_REF] Eliseeva | Y-box-binding protein 1 (YB-1) and its functions[END_REF]. YB-1 stimulates the enzymatic activity of hNTH1 and NEIL2 and facilitates the binding of XPC-HR23B [START_REF] Marenstein | Stimulation of human endonuclease III by Y boxbinding protein 1 (DNA-binding protein B). Interaction between a base excision repair enzyme and a transcription factor[END_REF][START_REF] Guay | The human endonuclease III enzyme is a relevant target to potentiate cisplatin cytotoxicity in Y-box-binding protein-1 overexpressing tumor cells[END_REF][START_REF] Das | Stimulation of NEIL2-mediated oxidized base excision repair via YB-1 interaction during oxidative stress[END_REF][START_REF] Fomina | Y-box binding protein 1 (YB-1) promotes detection of DNA bulky lesions by XPC-HR23B factor[END_REF]. YB-1 was also reported to affect DNA cleavage at apurinic sites by NEIL1 [START_REF] Fomina | Inhibition of abasic site cleavage in bubble DNA by multifunctional protein YB-1[END_REF].

Interestingly, embryonic stem cells delivered from YB-1-heterezygous mice (YB-1 +/-) showed a higher sensitivity to cisplatin and mitomycin C, but not to etoposide, X-ray or UV irradiation [START_REF] Shibahara | Targeted disruption of one allele of the Y-box binding protein-1 (YB-1) gene in mouse embryonic stem cells and increased sensitivity to cisplatin and mitomycin C[END_REF], which suggest that YB-1 presence in cell participates in cell protection from DNA-damaging stress.

When DNA-damage condition is applied to cells YB-1 is subjected to a proteolytic cleavage after its Glu-219 amino acid residues by 20S proteasome with the subsequent accumulation of short YB-1 1-219 product in the nucleus [START_REF] Sorokin | Proteasome-mediated cleavage of the Y-box-binding protein 1 is linked to DNA-damage stress response[END_REF]. Recent work demonstrated that the over-expression of this truncated YB-1 1-219 form, which mimics cleavage product by 20S proteasome, increases cell resistance to doxorubicin. Moreover, in response to etoposide or doxorubicin treatment, YB-1 1-219 was shown to co-localize with key component of the DNA repair machinery, such as phosphorylated γH2AX, Mre11 and Rad50 [START_REF] Kim | The proteolytic YB-1 fragment interacts with DNA repair machinery and enhances survival during DNA damaging stress[END_REF]).

The reports above suggest that YB-1 is a potential component of the DNA repair machinery. Taking into account the large number of partners of this protein we can speculate that YB-1 could play the role of a scaffold protein to assemble DNA repair complex. However, the precise mechanisms of YB-1 role in this process remain obscure.

YB-1 in Pre-mRNA Splicing

In the nucleus YB-1 is able to bind pre-mRNAs during transcription, as it was shown for the YB-1 homolog from C. tentans [START_REF] Soop | A p50-like Y-box protein with a putative translational role becomes associated with pre-mRNA concomitant with transcription[END_REF]. YB-1 is detected in spliceosomes at all steps of the assembly of spliceosomal A-and B-complexes [START_REF] Deckert | Protein Composition and Electron Microscopy Structure of Affinity-Purified Human Spliceosomal B Complexes Isolated under Physiological Conditions[END_REF][START_REF] Hartmuth | Protein composition of human prespliceosomes isolated by a tobramycin affinity-selection method[END_REF].

In eukaryotes, pre-mRNA splicing occurs co-transcriptionally i.e. before pre-mRNA is fully synthesized. YB-1 associates with transcriptional complex through the interaction with oncoproteins TLS and EWS. This interaction serves as a bridge between hyper-phosphorylated tail of RNA polymerase II and spliceosome [START_REF] Chansky | Oncogenic TLS/ERG and EWS/Fli-1 fusion proteins inhibit RNA splicing mediated by YB-1 protein[END_REF][START_REF] Rapp | RNA splicing mediated by YB-1 is inhibited by TLS/CHOP in human myxoid liposarcoma cells[END_REF][START_REF] Dutertre | Cotranscriptional exon skipping in the genotoxic stress response[END_REF]. Interestingly, DNA-damaging stress was shown to affect the interaction between EWS and YB-1. Disruption of this interaction prevents the involvement of YB-1 in the splicing and, consequently, leads to exon skipping in some mRNAs. For instance, treatment of cells with the topoisomerase I inhibitor camptothecin, results in the production of alternative forms of MDM2, which are not functional. MDM2 is an ubiquitin ligase of the transcription factor p53 [START_REF] Dutertre | Cotranscriptional exon skipping in the genotoxic stress response[END_REF]). This protein is involved in cell survival during the conditions of mild stress and induces the activation of apoptosis triggered by severe stress. The absence of a functional form of MDM2 leads to the accumulation of p53, which can help cell to properly respond to stress.

YB-1 was also reported to participate in the alternative exon selection during the splicing of CD44 pre-mRNAs. YB-1 stimulates the inclusion of exon v4 in CD44 mRNA via recognition of A/C-rich exon enhancer element (ACE) within this mRNA [START_REF] Stickeler | The RNA binding protein YB-1 binds A/C-rich exon enhancers and stimulates splicing of the CD44 alternative exon v4[END_REF]. Moreover, YB-1 positively affects the activity of the splicing factor Tra2-β1, which stimulates the inclusion of the v4 and v5 exons [START_REF] Watermann | Splicing Factor Tra2-1 Is Specifically Induced in Breast Cancer and Regulates Alternative Splicing of the CD44 Gene[END_REF]. YB-1 also mediates exon inclusion in CD44 mRNA and this is is specifically stimulated by phosphatase PP2Cγ [START_REF] Allemand | Alternative splicing regulation by interaction of phosphatase PP2Cγ with nucleic acid-binding protein YB-1[END_REF]. Recently, it was demonstrated that YB-1 recognizes two CAUC motifs in exon v5 and its upstream polypyrimidine tract. In this way YB-1 stimulates splicing by the recruitment of factor U2AF65 to the weak polypyrimidine tract (W. J. [START_REF] Wei | YB-1 binds to CAUC motifs and stimulates exon inclusion by enhancing the recruitment of U2AF to weak polypyrimidine tracts[END_REF]).

There are some other examples of the involvement of YB-1 in alternative splicing. Thus, in complex with p72 it participates to the regulation of the splicing of NF1 (neurofibromatosis type 1) mRNA [START_REF] Skoko | The pathological splicing mutation c.6792C > G in NF1exon 37 causes a change of tenancy between antagonistic splicing factors[END_REF]); together with MBLN-1 in the splicing of α-actinine mRNA [START_REF] Onishi | MBNL1 associates with YB-1 in cytoplasmic stress granules[END_REF]); and finally with hnRNP C and hnRNP L in the splicing of MuSK mRNA [START_REF] Nasrin | HnRNP C, YB-1 and hnRNP L coordinately enhance skipping of human MUSK exon 10 to generate a Wnt-insensitive MuSK isoform[END_REF].

So far, YB-1 is rather considered as a facultative splicing factor, which interacts only with some specific pre-mRNAs. The detailed mechanism of its action in this process remain however be elucidated.

YB-1 is a major mRNA packing protein

mRNA in eukaryotic cell is never free and always accompanied by RBPs [START_REF] Spirin | Storage of messenger RNA in eukaryotes: envelopment with protein, translational barrier at 5" side, or conformational masking by 3" side?[END_REF]. As an RBP, YB-1 was identified about 40 years ago during the search for the protein composition of cytoplasmic mRNPs. Based on their functional state it is possible to discriminate two classes of cytoplasmic mRNPs: polysomal, those that are engaged in translation and free untranslatable mRNPs. The high protein to RNA ratio is a typical feature of both mRNP classes: 2:1 for polysomal mRNPs (buoyant density in CsCl is 1.45 g/cm 3 ) and 3:1 in case of free mRNPs (buoyant density in specific mRNAs. For example, it participates to the stabilization of IL-2 mRNA in Tcells with activated JNK cascade (C. Y. [START_REF] Chen | Nucleolin and YB-1 are required for JNK-mediated interleukin-2 mRNA stabilization during T-cell activation[END_REF], and to GM-SCF mRNA [START_REF] Capowski | Y Box-Binding Factor Promotes Eosinophil Survival by Stabilizing Granulocyte-Macrophage Colony-Stimulating Factor mRNA[END_REF], renin mRNA [START_REF] Skalweit | Posttranscriptional Control of Renin Synthesis: Identification of Proteins Interacting With Renin mRNA 3'-Untranslated Region[END_REF] or VEGF mRNA [START_REF] Coles | A multi-protein complex containing cold shock domain (Ybox) and polypyrimidine tract binding proteins forms on the vascular endothelial growth factor mRNA. Potential role in mRNA stabilization[END_REF]). YB-1 cooperates with other proteins to prolong the lifetime of these mRNAs, but the precise mechanisms responsible for this phenomenon are still to be enlightened.

In another domain YB-1 appears as a component of cytoplasmic RNAcontaining granules: P-bodies, stress granules (SGs) and transport RNA granules in neurons [START_REF] Yang | Probing the mRNA processing body using protein macroarrays and "autoantigenomics[END_REF][START_REF] Fritzsche | Interactome of Two Diverse RNA Granules Links mRNA Localization to Translational Repression in Neurons[END_REF]. All these structures are enriched in ribosome-free mRNA; YB-1, as the major component of non-translated mRNPs, could be used for stabilization of mRNAs within SGs. Nevertheless, the role of YB-1 in the formation of SGs remains controversial. Several reports indicate its necessity for SGs formation. For instance, YB-1 facilitates SGs formation mediated by the cleavage products of tRNAs (tiRNAs), which are produced during stress [START_REF] Ivanov | Angiogenin-Induced tRNA Fragments Inhibit Translation Initiation[END_REF][START_REF] Ivanov | G-quadruplex structures contribute to the neuroprotective effects of angiogenin-induced tRNA fragments[END_REF]. tiRNAs are produced after the cleavage of tRNA in anticodon loop by the stress-induced RNAse angiogenin. 5'-fragments of some cleaved tRNAs, like 5'-tRNA Ala in complex with YB-1 displace eIF4F from mRNA and induce global translational repression. In addition to this mechanism, YB-1 is also reported to positively regulate translation of the key SGs component G3BP [START_REF] Somasekharan | Identification and quantification of newly synthesized proteins translationally regulated by YB-1 using a novel Click-SILAC approach[END_REF]. On the other hand, recent reports indicated that YB-1 is rather a negative regulator of SGs formation, when overexpressed in cells [START_REF] Tanaka | Roles of YB-1 under arsenite-induced stress: Translational activation of HSP70 mRNA and control of the number of stress granules[END_REF]. According to this model, massive polysomes dissociation is a first consequence of stress impact on the cell [START_REF] Bounedjah | Free mRNA in excess upon polysome dissociation is a scaffold for protein multimerization to form stress granules[END_REF]. In this condition, the amount of free mRNA is in excess compared to the RNA-stabilizing proteins, like YB-1. Consequently, aggregation-prone proteins, like TIAR and TIA1, can get the access to mRNA and initiate the formation of SGs. Overexpression of YB-1 or another RNA-stabilizing protein like HuR, in turn, prevents SGs by the formation of isolated mRNPs that do not tend to aggregation [START_REF] Bounedjah | Free mRNA in excess upon polysome dissociation is a scaffold for protein multimerization to form stress granules[END_REF][START_REF] Bley | Stress granules are dispensable for mRNA stabilization during cellular stress[END_REF].

Role of YB-1 in translation regulation

Experiments on model in vitro system provided information about the global influence of YB-1 on translation [START_REF] Lyabin | YB-1 protein: functions and regulation[END_REF]. Initially, YB-1 was described as a protein responsible for the inactive state of globin mRNA within free mRNPs in rabbit reticulocytes [START_REF] Minich | Purification and characterization of the major 50-kDa repressor protein from cytoplasmic mRNP of rabbit reticulocytes[END_REF]. When isolated YB-1 was added to globin mRNA, in amount corresponding to it in native non-translatable mRNPs, protein synthesis was completely blocked [START_REF] Evdokimova | The major protein of messenger ribonucleoprotein particles in somatic cells is a member of the Y-box binding transcription factor family[END_REF]. Inhibition of translation appeared to take place at the level of initiation as YB-1 prevents the binding of 43S PIC to mRNA [START_REF] Nekrasov | The mRNA-binding Protein YB-1 (p50) Prevents Association of the Eukaryotic Initiation Factor eIF4G with mRNA and Inhibits Protein Synthesis at the Initiation Stage[END_REF]. Transient transfection of COS-1 cells with YB-1 expression vector also revealed a significant decrease in the efficiency of protein synthesis [START_REF] Davydova | Overexpression in COS cells of p50, the major core protein associated with mRNA, results in translation inhibition[END_REF]. The observation that a relatively slight increase of YB-1 level in cells leads to the global repression of translation designated YB-1 as a major repressor of protein synthesis [START_REF] Evdokimova | Translational regulation by Y-box transcription factor: involvement of the major mRNA-associated protein, p50[END_REF]. The YB-1 homolog from X. laevis, FRGY2, also efficiently block translation either when added to mRNA in vitro or when overexpressed in somatic cells [START_REF] Matsumoto | Translational repression dependent on the interaction of the Xenopus Y-box protein FRGY2 with mRNA. Role of the cold shock domain, tail domain, and selective RNA sequence recognition[END_REF][START_REF] Ranjan | Masking mRNA from translation in somatic cells[END_REF]. Analysis of isolated domains of YB-1 and FRGY2 demonstrated that CTD is responsible for the inhibition of translation and act as efficiently as full-length protein [START_REF] Matsumoto | Translational repression dependent on the interaction of the Xenopus Y-box protein FRGY2 with mRNA. Role of the cold shock domain, tail domain, and selective RNA sequence recognition[END_REF][START_REF] Nekrasov | The mRNA-binding Protein YB-1 (p50) Prevents Association of the Eukaryotic Initiation Factor eIF4G with mRNA and Inhibits Protein Synthesis at the Initiation Stage[END_REF]. The mechanism of inhibition involves displacement of eIF4F from mRNA [START_REF] Evdokimova | The major mRNA-associated protein YB-1 is a potent 5' capdependent mRNA stabilizer[END_REF][START_REF] Bader | Y box-binding protein 1 induces resistance to oncogenic transformation by the phosphatidylinositol 3-kinase pathway[END_REF]. Due to its strong affinity to RNA YB-1 at saturating concentration could displace initiation factors from mRNA.

Surprisingly, it was also demonstrated that depletion of YB-1 from rabbit reticulocyte lysates or addition of an excess of mRNA to the system results in complete arrest of translation [START_REF] Minich | Role of cytoplasmic mRNP proteins in translation[END_REF][START_REF] Evdokimova | The major protein of messenger ribonucleoprotein particles in somatic cells is a member of the Y-box binding transcription factor family[END_REF][START_REF] Pisarev | Positive and Negative Effects of the Major Mammalian Messenger Ribonucleoprotein p50 on Binding of 40 S Ribosomal Subunits to the Initiation Codon of beta -Globin mRNA[END_REF]. The lack of YB-1 leads to polysomes dissociation and accumulation of 48S PIC, thus inducing the inhibition of protein synthesis at the initiation stage [START_REF] Evdokimova | The major core protein of messenger ribonucleoprotein particles (p50) promotes initiation of protein biosynthesis in vitro[END_REF]. There are several hypotheses to explain the positive effect of YB-1 on translation. First, YB-1, in its function as a general RNA-binding protein, is believed to prevent the interaction of the initiation factors with all mRNA sequence allowing them to accumulate only around 5' UTR [START_REF] Minich | Role of cytoplasmic mRNP proteins in translation[END_REF][START_REF] Svitkin | General RNA binding proteins render translation cap dependent[END_REF]. Second, YB-1 is an RNA chaperone and can facilitate scanning of 5' UTR by 43S PIC until it reaches initiation codon, inducing the unwinding of secondary structures [START_REF] Skabkin | The major messenger ribonucleoprotein particle protein p50 (YB-1) promotes nucleic acid strand annealing[END_REF]. It is important to mention that the stimulating effect of YB-1 on translation is observed only at relatively low YB-1:mRNA ratio. Further increase of YB-1 concentration ultimately leads to the formation of non-translated mRNPs and inhibition of protein synthesis.

Despite the fact that YB-1 is called a major translational regulator, there are more and more evidences demonstrating that it rather associates with specific species of mRNA in the cell. For instance, microarray analysis of mRNAs bound to YB-1 in NIH 3T3 cells showed that only 18% of total mRNA is detected in complexes with YB-1 [START_REF] Evdokimova | Akt-Mediated YB-1 Phosphorylation Activates Translation of Silent mRNA Species[END_REF]. Functional analysis of identified transcripts revealed that one third of YB-1-assosiated mRNAs encode cell growth factors, their receptors and proteins involved in the transduction of the signals in the cell (e.g. GADD45β, GM-CSF, TGF-α,β, VEGF etc.). Among these mRNAs there are a lot of so-called 'weak' mRNAs; their translation is taking place only at high concentration of initiation factors most probably because of structured 5' UTRs.

Authors proposed a hypothesis where YB-1 inhibits translation of these mRNAs in normal condition, but in condition of stimulation by growth factors the inhibition is alleviated via phosphorylation of YB-1 by Akt. In this way, YB-1 maintain a 'backup' pool of mRNAs which may be rapidly engaged in translation when cell need them [START_REF] Evdokimova | Y-box binding protein 1: providing a new angle on translational regulation[END_REF][START_REF] Evdokimova | Akt-Mediated YB-1 Phosphorylation Activates Translation of Silent mRNA Species[END_REF]). In another study, using the same immunoprecipitation followed by microarray technique, but using MCF7 cells [START_REF] Dong | RNA-binding specificity of Y-box protein 1[END_REF], surprisingly, showed that the sets of mRNA bound to YB-1 was rather different than NIH3T3 cells. Most likely the sets of mRNA bound by YB-1 could depend from the cell type or of the growing conditions.

Fig. 15. Influence of YB-1 on translation depending on its ratio to mRNA (with modifications from Lyabin, 2014).

Recently iCLIP-seq (individual nucleotide-resolution crosslinking

immunoprecipitation coupled to deep sequencing) approach was applied for YB-1 to identify its binding sites on mRNA in U251-MG cells. It was demonstrated that 96.3% of identified sites are located in mRNAs of coding genes consistent with its function as a major mRNA packing protein. The binding sites were identified in the majority of transcripts, where 51% of them are located in 3' UTR and 36% in coding regions. Interestingly, YB-1 crosslinking sites are grouped in clusters implying its distribution on mRNA in form of multimers rather than single molecules. Authors also found that YB-1 associates more often to the -UYAUC sequence; about 20 % of all identified sequences containing this site. In addition to its binding to mRNA, interaction with hairpin of miRNAs was detected, implying an important role in biogenesis of these type of non-coding RNAs (S.-L. [START_REF] Wu | Genome-wide analysis of YB-1-RNA interactions reveals a novel role of YB-1 in miRNA processing in glioblastoma multiforme[END_REF].

YB-1 thus appears to be able to both stimulate and inhibit translation depending on its ratio to mRNA (Fig. 15). In the cell the amount of YB-1 is not sufficient to bind all mRNAs. Interestingly, some mRNAs possesses a higher affinity to YB-1; these are so called 'specific' mRNAs. For example, preferential binding sites were identified in the 5' UTR of TGFβ, 3' UTR of YB-1 and in (+) strand of Dengue virus [START_REF] Jenkins | A Conserved Stem Loop Motif in the 5′Untranslated Region Regulates Transforming Growth Factor-β1 Translation Y. A. Yuan[END_REF][START_REF] Skabkina | YB-1 Autoregulates Translation of Its Own mRNA at or prior to the Step of 40S Ribosomal Subunit Joining[END_REF][START_REF] Lyabin | Interplay between Y-box-binding protein 1 (YB-1) and poly(A) binding protein (PABP) in specific regulation of YB-1 mRNA translation[END_REF][START_REF] Paranjape | Y box-binding protein-1 binds to the dengue virus 3'-untranslated region and mediates antiviral effects[END_REF]. In all cases, YB-1 inhibits translation of corresponding mRNAs at a quite low concentration, which appears not sufficient to inhibit the global protein synthesis. On the other hand, YB-1 can stimulate translation initiation of IREScontaining mRNAs at relatively high concentration, when cap-dependent translation is inhibited. For instance, by this mechanism, YB-1 stimulates the translation of the proto-oncogene Myc, of the regulators of epithelial-mesenchymal transition (EMT)

Snail1 and most probably of the key stress granule component G3BP [START_REF] Cobbold | Upregulated c-myc expression in multiple myeloma by internal ribosome entry results from increased interactions with and expression of PTB-1 and YB-1[END_REF][START_REF] Evdokimova | Translational Activation of Snail1 and Other Developmentally Regulated Transcription Factors by YB-1 Promotes an Epithelial-Mesenchymal Transition[END_REF][START_REF] Somasekharan | YB-1 regulates stress granule formation and tumor progression by translationally activating G3BP1[END_REF].

From these examples it seems likely that a strong bias in the binding of YB-1 to some mRNAs exists in the cell. Nevertheless, it remained unclear how YB-1 could accumulates on specific mRNAs but not on others, while being mostly an unspecific RNA-binding protein. It is possible to imagine at least two different mechanisms: i) by itself YB-1 doesn't have a preferences to subsets of mRNAs and is homogeneously distributed among all of them in the cell. This idea is consistent with its role as a general RNA-binding protein [START_REF] Svitkin | General RNA binding proteins render translation cap dependent[END_REF]. The rearrangements of these mRNPs into compact structures, corresponding to the non-translated mRNPs, with possible attraction of additional YB-1 molecules, is initiated by auxiliary protein factor that posses higher specificity to some mRNA structures or sequences [START_REF] Spirin | Storage of messenger RNA in eukaryotes: envelopment with protein, translational barrier at 5" side, or conformational masking by 3" side?[END_REF]. Another possibility implies that distribution of YB-1 is not homogeneous by itself. The bias is achieved by the preferential binding of YB-1 to some RNA motifs, like UYAUC for example, with following amplification of the signal by the cooperative binding of several YB-1 molecules. This model doesn't not exclude that nucleation can be mediated by YB-1 itself, but with the help of additional factors.

Nucleo-cytoplasmic distribution of YB-1

The majority of YB-1 is localized in the cytoplasm where it associates with mRNA and, probably, with some other classes of RNA [START_REF] Eliseeva | Y-box-binding protein 1 (YB-1) and its functions[END_REF][START_REF] Wu | Genome-wide analysis of YB-1-RNA interactions reveals a novel role of YB-1 in miRNA processing in glioblastoma multiforme[END_REF]. Several reports indicate that in the cytoplasm, YB-1 can also interact with the cytoskeleton. Thus, actin-binding site was identified in its N-terminal part [START_REF] Ruzanov | Interaction of the universal mRNA-binding protein, p50, with actin: a possible link between mRNA and microfilaments[END_REF]. On the other hand, YB-1 can interact both with free tubulin and microtubules [START_REF] Chernov | Atomic force microscopy reveals binding of mRNA to microtubules mediated by two major mRNP proteins YB-1 and PABP[END_REF][START_REF] Chernov | YB-1 promotes microtubule assembly in vitro through interaction with tubulin and microtubules[END_REF].

Due to these properties, it was proposed that YB-1 could participate in the localization of mRNPs on the cytoskeleton. However, the distribution of YB-1 in the cytoplasm is rather diffuse and this idea requires further investigation. Initially, the idea that YB-1 and it homologs exit from the nucleus in complex with newly synthesized mRNA was proposed [START_REF] Ranjan | Masking mRNA from translation in somatic cells[END_REF]. The presence of mRNA in the cytoplasm seemed to be important for the cytoplasmic localization of YB-1. If the level of mRNA in the cytoplasm decreases for some reasons, this could lead to the release of YB-1 and to its nuclear translocation. In the nucleus YB-1 can activate transcription and in this way regulate the amount of mRNA in the cell. This hypothesis is supported by the fact that mutations in the RNA-binding motif RNP1 lead to the nuclear accumulation of YB-1. This was explained by the decreased affinity of YB-1 for mRNA and its disability to exit from the nucleus [START_REF] Bader | Inhibition of Protein Synthesis by Y Box-Binding Protein 1 Blocks Oncogenic Cell Transformation[END_REF].

Despite predominant cytoplasmic localization there are several cases where YB-1 can accumulate in the nucleus. First, it goes to this compartment at the G1/S transition and activates transcription of cyclines A and B1 promoting cell cycle progression [START_REF] Jurchott | YB-1 as a cell cycle-regulated transcription factor facilitating cyclin A and cyclin B1 gene expression[END_REF]. Second, YB-1 can translocate to the nucleus under several stress conditions, like treatment with DNA-damaging drugs, UV-irradiation, oxidative stress and hyperthermia (Koike, Uchiumi, Ohga, Toh, Wada, Kohno & Kuwano 1997a;[START_REF] Das | Stimulation of NEIL2-mediated oxidized base excision repair via YB-1 interaction during oxidative stress[END_REF][START_REF] Fujita | Increased nuclear localization of transcription factor Y-box binding protein 1 accompanied by up-regulation of P-glycoprotein in breast cancer pretreated with paclitaxel[END_REF][START_REF] Stein | Hyperthermia-induced nuclear translocation of transcription factor YB-1 leads to enhanced expression of multidrug resistance-related ABC transporters[END_REF]. In this cases YB-1 can activate transcription of genes involved in multidrug resistance or be directly involved in DNA repair process [START_REF] Gaudreault | YB-1 promotes strand separation in vitro of duplex DNA containing either mispaired bases or cisplatin modifications, exhibits endonucleolytic activities and binds several DNA repair proteins[END_REF][START_REF] Kim | The proteolytic YB-1 fragment interacts with DNA repair machinery and enhances survival during DNA damaging stress[END_REF]). In addition, adenovirus infection causes translocation of YB-1 to the nucleus where it participates in transcription of late virus genes. Finally, cytoplasm-to-nucleus transition is promoted by cytokines and some growth factors [START_REF] Higashi | Y-box-binding protein YB-1 mediates transcriptional repression of human alpha 2(I) collagen gene expression by interferon-gamma[END_REF][START_REF] Basaki | Akt-dependent nuclear localization of Y-box-binding protein 1 in acquisition of malignant characteristics by human ovarian cancer cells[END_REF].

The detailed mechanisms leading to nuclear accumulation of YB-1 are not yet completely understood. Nevertheless, there are strong evidences that posttranslational modifications can play an important role in this process. For instance, Akt and RSK kinases can phosphorylate YB-1 at S102, and this may consequently result in the transfer of YB-1 to the nucleus, as it was shown in MDA-MB-231 and MCF-7 cells [START_REF] Sutherland | Akt phosphorylates the Y-box binding protein 1 at Ser102 located in the cold shock domain and affects the anchorage-independent growth of breast cancer cells[END_REF]. However, this mechanism seems to be cell type specific, because in NIH3T3 and CEF cells this phosphorylation doesn't lead to YB-1 translocation. Another situation where YB-1 moves to the nucleus implies it's processing by the 20S proteasome. This proteolysis is taking place in endothelial cells after the stimulation with thrombin or in NIH3T3 cell when DNA-damaging stress is applied [START_REF] Stenina | Thrombin activates a Y boxbinding protein (DNA-binding protein B) in endothelial cells[END_REF][START_REF] Stenina | Thrombin induces the release of the Y-box protein dbpB from mRNA: a mechanism of transcriptional activation[END_REF][START_REF] Sorokin | Proteasome-mediated cleavage of the Y-box-binding protein 1 is linked to DNA-damage stress response[END_REF]. 20S proteasome cleaves YB-1 in the CTD immediately before Glu220 and create truncated form of YB-1, which still has a NLS, but no CRS. On the other hand, YB-1 is completely digested by 26S proteasomes after the E3-ubiqitinilation by E3-ligases FBX33 or RBBBP6 [START_REF] Lutz | Proteasomal degradation of the multifunctional regulator YB-1 is mediated by an F-Box protein induced during programmed cell death[END_REF][START_REF] Chibi | RBBP6 Interacts with Multifunctional Protein YB-1 through Its RING Finger Domain, Leading to Ubiquitination and Proteosomal Degradation of YB-1[END_REF]). In addition, the association of YB-1 with several protein factors induces its nuclear translocation. For instance, the splicing factor SRp30C stimulates the translocation of YB-1 to the nucleus [START_REF] Raffetseder | Splicing Factor SRp30c Interaction with Y-box Protein-1 Confers Nuclear YB-1 Shuttling and Alternative Splice Site Selection[END_REF]. The import of YB-1 to the nucleus is stimulated by p53 [START_REF] Zhang | Nuclear localization of Y-box factor YB1 requires wild-type p53[END_REF][START_REF] Homer | Y-box factor YB1 controls p53 apoptotic function[END_REF]). Nevertheless, this mechanism is not properly understood for the moment and requires further investigation.

There is only a few data about the factors responsible for the transfer of YB-1 though the nuclear pore. Export of YB-1 seems to be not dependent from exportin Crm1 [START_REF] Bader | Inhibition of Protein Synthesis by Y Box-Binding Protein 1 Blocks Oncogenic Cell Transformation[END_REF]. There are some indication that YB-1 is transferred to the nucleus in complex with karyopherin β2 (B. J. [START_REF] Lee | Rules for Nuclear Localization Sequence Recognition by Karyopherinβ2[END_REF].

YB-1 in cancer

Quite long time ago, it was found that the amount of YB-1 and of its mRNA are often increased in different types of tumors [START_REF] Eliseeva | Y-box-binding protein 1 (YB-1) and its functions[END_REF]. There are numerous reports in the literature indicating a high correlation between nuclear localization of YB-1 or its elevated expression level with aggressiveness of tumors and poor prognosis. One of the first reports, linking YB-1 and cancer, demonstrated that nuclear localization of YB-1 is associated with multidrug resistance in breast cancer cells [START_REF] Bargou | Nuclear localization and increased levels of transcription factor YB-1 in primary human breast cancers are associated with intrinsic MDR1 gene expression[END_REF]). Later, it was shown that the amount of YB-1 is frequently higher in tumor tissues compared to the surrounding normal tissues [START_REF] Bargou | Nuclear localization and increased levels of transcription factor YB-1 in primary human breast cancers are associated with intrinsic MDR1 gene expression[END_REF][START_REF] Janz | Y-box factor YB-1 predicts drug resistance and patient outcome in breast cancer independent of clinically relevant tumor biologic factors HER2, uPA and PAI-1[END_REF][START_REF] Dahl | Nuclear detection of Y-box protein-1 (YB-1) closely associates with progesterone receptor negativity and is a strong adverse survival factor in human breast cancer[END_REF][START_REF] Gluz | Y-box-binding protein YB-1 identifies high-risk patients with primary breast cancer benefiting from rapidly cycled tandem high-dose adjuvant chemotherapy[END_REF]). The same observation was also made in some other types of malignancies, like in non-small lung cancer, hepatocellular carcinoma, stomach cancer, bladder cancer, gastric cancer, cervical cancer, prostate cancer and diffuse large B-cells lymphoma [START_REF] Shibahara | Nuclear expression of the Y-box binding protein, YB-1, as a novel marker of disease progression in non-small cell lung cancer[END_REF][START_REF] Giménez-Bonafé | YB-1 is upregulated during prostate cancer tumor progression and increases P-glycoprotein activity[END_REF][START_REF] Yasen | The up-regulation of Y-box binding proteins (DNA binding protein A and Y-box binding protein-1) as prognostic markers of hepatocellular carcinoma[END_REF][START_REF] Hanzawa | Y-box binding protein-1 expression in diffuse large B-cell lymphoma: an impact on prognosis in the rituximab era[END_REF][START_REF] Wu | Strong YB-1 expression is associated with liver metastasis progression and predicts shorter disease-free survival in advanced gastric cancer[END_REF][START_REF] Zhang | Overexpression of Y-box binding protein-1 in cervical cancer and its association with the pathological response rate to chemoradiotherapy[END_REF][START_REF] Song | Twist1 and Y-box-binding protein-1 are potential prognostic factors in bladder cancer[END_REF]. For breast and non-small lung cancers an increased risk of metastasis was observed [START_REF] Evdokimova | Translational Activation of Snail1 and Other Developmentally Regulated Transcription Factors by YB-1 Promotes an Epithelial-Mesenchymal Transition[END_REF][START_REF] Gessner | Nuclear YB-1 expression as a negative prognostic marker in nonsmall cell lung cancer[END_REF]). Consequently, YB-1 is considered as a versatile prognostic marker in a number of tumors and its elevated level should be considered as a sign to apply more intensive therapy [START_REF] Lasham | YB-1: oncoprotein, prognostic marker and therapeutic target?[END_REF][START_REF] Kosnopfel | Y-box binding protein 1 -A prognostic marker and target in tumour therapy[END_REF][START_REF] Habibi | Redefining prognostic factors for breast cancer: YB-1 is a stronger predictor of relapse and disease-specific survival than estrogen receptor or HER-2 across all tumor subtypes[END_REF]. It has to be mentioned, that some observations are inconsistent considering intracellular localization of YB-1 even in the same type of tumors [START_REF] Kosnopfel | Y-box binding protein 1 -A prognostic marker and target in tumour therapy[END_REF]). This could be explained by the difference in staining protocols and in the antibodies that were used for immunofluorescence. The antibodies raised against different YB-1 epitopes could give different staining results. Moreover, it was reported that 'specific' YB-1 antibodies cross-react with hnRNP A1 [START_REF] Cohen | Genotoxic stress-induced nuclear localization of oncoprotein YB-1 in the absence of proteolytic processing[END_REF]. It raised the concerns that nuclear localization of YB-1 could be significantly overestimated [START_REF] Woolley | Prognostic Association of YB-1 Expression in Breast Cancers: A Matter of Antibody L. Zhang[END_REF]. Indeed, light microscopy, which is used is most of the cases does not allow to distinguish where YB-1 is localized -in the nucleus or perinucleolar region.

The elevated YB-1 level and its nuclear localization were also correlated with increased resistance of tumors to radio and chemotherapies [START_REF] Shibahara | Nuclear expression of the Y-box binding protein, YB-1, as a novel marker of disease progression in non-small cell lung cancer[END_REF][START_REF] Janz | Y-box factor YB-1 predicts drug resistance and patient outcome in breast cancer independent of clinically relevant tumor biologic factors HER2, uPA and PAI-1[END_REF][START_REF] Gessner | Nuclear YB-1 expression as a negative prognostic marker in nonsmall cell lung cancer[END_REF][START_REF] Fujita | Increased nuclear localization of transcription factor Y-box binding protein 1 accompanied by up-regulation of P-glycoprotein in breast cancer pretreated with paclitaxel[END_REF][START_REF] Zhang | Overexpression of Y-box binding protein-1 in cervical cancer and its association with the pathological response rate to chemoradiotherapy[END_REF][START_REF] Xu | Nuclear expression of YB-1 in diffuse large B-cell lymphoma: correlation with disease activity and patient outcome[END_REF]). This fact was previously linked to the transcriptional activation of genes encoding multi-drug resistance proteins MDR1 and MVP/LRP (major vault protein/lung-resistance related protein). Nevertheless, the recent discovery demonstrating the absence of DNA-binding specificity of YB-1 seriously questioned this proposal [START_REF] Dolfini | YB-1 (YBX1) does not bind to Y/CCAAT boxes in vivo[END_REF]. The nuclear localization of YB-1 and transcriptional activation of ABCB1 and MVP genes seemed thus to be rather independent events [START_REF] Kosnopfel | Y-box binding protein 1 -A prognostic marker and target in tumour therapy[END_REF]. However, the cell sensitivity to anticancer drugs indeed appears dependent on YB-1. Thus, knockdown or knockout of YB-1 in cells of different origin increase its sensitivity to DNA damaging drugs (e.g. cisplatin, doxorubicin, etoposide and mitomycin C) and oxidative stress [START_REF] Ohga | Role of the human Y box-binding protein YB-1 in cellular sensitivity to the DNA-damaging agents cisplatin, mitomycin C, and ultraviolet light[END_REF][START_REF] Shibahara | Nuclear expression of the Y-box binding protein, YB-1, as a novel marker of disease progression in non-small cell lung cancer[END_REF]Z. H. Lu et al. 2005;[START_REF] Schittek | The increased expression of Y box-binding protein 1 in melanoma stimulates proliferation and tumor invasion, antagonizes apoptosis and enhances chemoresistance[END_REF][START_REF] Shiota | Clusterin Is a Critical Downstream Mediator of Stress-Induced YB-1 Transactivation in Prostate Cancer[END_REF]. Conversely, the overexpression of YB-1 has a protective effect, decreasing cell sensitivity to DNA-damaging drugs [START_REF] Bargou | Nuclear localization and increased levels of transcription factor YB-1 in primary human breast cancers are associated with intrinsic MDR1 gene expression[END_REF][START_REF] Chatterjee | The Y-box binding protein YB-1 is associated with progressive disease and mediates survival and drug resistance in multiple myeloma[END_REF][START_REF] Guay | The strand separation and nuclease activities associated with YB-1 are dispensable for cisplatin resistance but overexpression of YB-1 in MCF7 and MDA-MB-231 breast tumor cells generates several chemoresistance signatures[END_REF]. YB-1 also protects cells from UV-and X-ray irradiation [START_REF] Ohga | Role of the human Y box-binding protein YB-1 in cellular sensitivity to the DNA-damaging agents cisplatin, mitomycin C, and ultraviolet light[END_REF][START_REF] Toulany | Impact of oncogenic K-RAS on YB-1 phosphorylation induced by ionizing radiation[END_REF]). This positive effect could be explained by its direct involvement in DNA repair process or by affecting pre-mRNA splicing [START_REF] Kim | The proteolytic YB-1 fragment interacts with DNA repair machinery and enhances survival during DNA damaging stress[END_REF][START_REF] Dutertre | Cotranscriptional exon skipping in the genotoxic stress response[END_REF].

Moreover, YB-1 also increases the resistance of breast, ovary and prostate cancer cells to drugs affecting the microtubule dynamics [START_REF] Shiota | Interaction between docetaxel resistance and castration resistance in prostate cancer: Implications of twist1, YB-1, and androgen receptor[END_REF][START_REF] Kang | Role of Focal Adhesion Kinase in Regulating YB-1-Mediated Paclitaxel Resistance in Ovarian Cancer[END_REF][START_REF] Shiota | Inhibition of RSK/YB-1 signaling enhances the anti-cancer effect of enzalutamide in prostate cancer[END_REF]). The mechanism is still obscure, but it was shown that activity of the RSK kinase, as well as the phosphorylation of YB-1 on Ser102 are playing an important role in this process.

Many evidences indicate that YB-1 is able to stimulate cell proliferation. The decrease of YB-1 level by its knockdown or knockout slows down cell proliferation [START_REF] Oda | Nuclear expression of YB-1 protein correlates with Pglycoprotein expression in human osteosarcoma[END_REF][START_REF] Shibao | Enhanced coexpression of YB-1 and DNA topoisomerase II alpha genes in human colorectal carcinomas[END_REF][START_REF] Uchiumi | YB-1 is important for an early stage embryonic development: neural tube formation and cell proliferation[END_REF][START_REF] Matsumoto | Significance of the Y-box proteins in human cancers[END_REF], while its overexpression leads to hyperplasia [START_REF] Bergmann | YB-1 provokes breast cancer through the induction of chromosomal instability that emerges from mitotic failure and centrosome amplification[END_REF], as it was demonstrated in many cell lines. Cancer cells deficient in YB-1 looses the ability to anchorage-independent growth and soft agar colony formation [START_REF] Stratford | Epidermal growth factor receptor (EGFR) is transcriptionally induced by the Y-box binding protein-1 (YB-1) and can be inhibited with Iressa in basal-like breast cancer, providing a potential target for therapy[END_REF];

C. [START_REF] Lee | Targeting YB-1 in HER-2 overexpressing breast cancer cells induces apoptosis via the mTOR/STAT3 pathway and suppresses tumor growth in mice[END_REF][START_REF] Gao | Inhibition of Y-box binding protein-1 slows the growth of glioblastoma multiforme and sensitizes to temozolomide independent O6methylguanine-DNA methyltransferase[END_REF]). YB-1 can regulate cell proliferation by several mechanisms. First, YB-1 was reported to activate transcription of genes directly involved in DNA replication, like DNA polymerase α and DNA topoisomerase II α [START_REF] Shibao | Enhanced coexpression of YB-1 and DNA topoisomerase II alpha genes in human colorectal carcinomas[END_REF][START_REF] En-Nia | Transcription factor YB-1 mediates DNA polymerase alpha gene expression[END_REF]. Second, YB-1 regulates the amount of proteins involved in cell cycle progression: cyclins A and B1 [START_REF] Jurchott | YB-1 as a cell cycle-regulated transcription factor facilitating cyclin A and cyclin B1 gene expression[END_REF].

Third, YB-1 is involved in the regulation of expression of other oncogenes. For example, YB-1 is responsible for IRES-dependent translation of c-myc [START_REF] Cobbold | Identification of internal ribosome entry segment (IRES)trans-acting factors for the Myc family of IRESs[END_REF][START_REF] Bommert | The feed-forward loop between YB-1 and MYC is essential for multiple myeloma cell survival[END_REF]) and transcriptional activation PIK3CA, which is a key component of PI3K/AKT [START_REF] Astanehe | The transcriptional induction of PIK3CA in tumor cells is dependent on the oncoprotein Y-box binding protein-1[END_REF].

YB-1 protects several cell lines from apoptosis [START_REF] Chatterjee | The Y-box binding protein YB-1 is associated with progressive disease and mediates survival and drug resistance in multiple myeloma[END_REF][START_REF] Lee | Targeting YB-1 in HER-2 overexpressing breast cancer cells induces apoptosis via the mTOR/STAT3 pathway and suppresses tumor growth in mice[END_REF][START_REF] Shiota | Clusterin Is a Critical Downstream Mediator of Stress-Induced YB-1 Transactivation in Prostate Cancer[END_REF]. This mechanism could be realized by the interaction of YB-1 with the regulator of apoptosis p53. When YB-1 interacts with it, it decreases the ability of p53 to activate the transcription of pro-apoptotic genes [START_REF] Zhang | Nuclear localization of Y-box factor YB1 requires wild-type p53[END_REF][START_REF] Homer | Y-box factor YB1 controls p53 apoptotic function[END_REF].

YB-1 is participating not only to malignant cell transformation, but also stimulates metastasis. When expression of YB-1 is suppressed in cancer cells, their capability for invasion and migration is reduced, a process which could be explained by the ability of YB-1 to activate the expression of metalloproteinase MMP-2 (Matrix metalloproteinase 2) [START_REF] Lovett | YB-1 alters MT1-MMP trafficking and stimulates MCF-7 breast tumor invasion and metastasis[END_REF][START_REF] Mertens | A synergistic interaction of transcription factors AP2 and YB-1 regulates gelatinase A enhancer-dependent transcription[END_REF]. When overexpressed in the cytoplasm, YB-1 is able to induce epithelial-mesenchymal transition (EMT) of breast cancer MCF10AT cells which have a constitutively activated Ras-MAPK pathway [START_REF] Evdokimova | Translational Activation of Snail1 and Other Developmentally Regulated Transcription Factors by YB-1 Promotes an Epithelial-Mesenchymal Transition[END_REF]. The mechanism behind this was discovered and it implies YB-1 stimulation of IRES-dependent translation of oncogenes, such as Snail1 [START_REF] Evdokimova | Translational Activation of Snail1 and Other Developmentally Regulated Transcription Factors by YB-1 Promotes an Epithelial-Mesenchymal Transition[END_REF]). In breast cancer, YB-1 overexpression suppresses cell growth and stimulates metastasis.

However, despite the fact that YB-1 has a primary oncogenic effect when overexpressed there are some cases when it behaves as antioncoprotein. It is known that oncogenic transformation of chicken embryonic fibroblasts caused by the activation of PI3K/Akt leads to the suppression of YB-1 synthesis [START_REF] Bader | Y box-binding protein 1 induces resistance to oncogenic transformation by the phosphatidylinositol 3-kinase pathway[END_REF].

Expression of additional YB-1 prevents oncogenic transformation. In this case YB-1 works at the level of translational inhibition. When phosphorylated by Akt kinase at S102 YB-1 cannot prevent translation of weak templates encoding proliferative factors [START_REF] Evdokimova | Akt-Mediated YB-1 Phosphorylation Activates Translation of Silent mRNA Species[END_REF][START_REF] Bader | Inhibition of Protein Synthesis by Y Box-Binding Protein 1 Blocks Oncogenic Cell Transformation[END_REF].

Taking into account all the observations mentioned above it is becoming clear that this protein is not only a versatile marker of many types of cancer transformation, but also an important player in these processes [START_REF] Lasham | YB-1: oncoprotein, prognostic marker and therapeutic target?[END_REF][START_REF] Kosnopfel | Y-box binding protein 1 -A prognostic marker and target in tumour therapy[END_REF]. In this context drug design directed against this protein may be of interest for the finding of novel strategies to fight cancer.

Regulation of YB-1 synthesis

The human YB-1 gene is located on the chromosome 1 (1p34) and consists of 19 kbp and has eight exons. In its promoter region, the gene of YB-1 has several Eboxes motifs (CATCTG), GATA-motif and CG-repeats required for its transcription [START_REF] Makino | Structural and functional analysis of the human Y-box binding protein (YB-1) gene promoter[END_REF]. Transcription of YB-1 is activated by GATA1 and GATA2 transcription factors. In addition c-Myc, Twist and Max interact with E-box providing means for the activation of YB-1 synthesis by various stimuli [START_REF] Shiota | Twist promotes tumor cell growth through YB-1 expression[END_REF][START_REF] Uramoto | p73 Interacts with c-Myc to regulate Y-box-binding protein-1 expression[END_REF][START_REF] Yokoyama | Regulation of YB-1 gene expression by GATA transcription factors[END_REF].

After the splicing, YB-1 mRNA has a length of about 1500 nucleotides. The 5' and 3' UTRs contain regulatory sequences important for its translation [START_REF] Lyabin | Alternative Forms of Y-Box Binding Protein 1 and YB-1 mRNA E. Jan[END_REF][START_REF] Skabkina | Poly(A)-binding Protein Positively Affects YB-1 mRNA Translation through Specific Interaction with YB-1 mRNA[END_REF]. The 3' UTR of YB-1 mRNA contains regulatory element (RE), which is recognized by YB-1 itself allowing it to autoregulate its own synthesis [START_REF] Skabkina | YB-1 Autoregulates Translation of Its Own mRNA at or prior to the Step of 40S Ribosomal Subunit Joining[END_REF][START_REF] Lyabin | Interplay between Y-box-binding protein 1 (YB-1) and poly(A) binding protein (PABP) in specific regulation of YB-1 mRNA translation[END_REF]). The higher affinity of YB-1 to RE could provide an explanation for how YB-1 inhibits its translation at low concentration. The inhibition of YB-1 translation is taking place at the step of 43S PIC requirement, with concentration of YB-1 optimal for translation of other mRNAs [START_REF] Skabkina | YB-1 Autoregulates Translation of Its Own mRNA at or prior to the Step of 40S Ribosomal Subunit Joining[END_REF]. In addition to YB-1, some other RBPs were identified to specifically interact with the 3' UTR of YB-1 mRNA. For example, PABP and hnRNP Q were shown to interfere with YB-1 for translation regulation of YB-1 mRNA (Eliseeva, Ovchinnikov, et al. 2014;[START_REF] Lyabin | Identification of proteins specifically interacting with YB-1 mRNA 3′ UTR and the effect of hnRNP Q on YB-1 mRNA translation[END_REF] The YB-1 synthesis is strictly dependent on the activity of the mTORC1 pathway. The regulatory sequence ensuring the response to mTORC1 is located within its 5' UTR [START_REF] Hsieh | The translational landscape of mTOR signalling steers cancer initiation and metastasis[END_REF][START_REF] Lyabin | YB-1 synthesis is regulated by mTOR signaling pathway[END_REF]. Initially, PRTE or a TOPlike motif was reported to be responsible for this effect [START_REF] Hsieh | The translational landscape of mTOR signalling steers cancer initiation and metastasis[END_REF]. However, other studies demonstrated that truncated forms of YB-1 mRNAs, lacking these sequences, are still sensitive to the mTORC1 signaling pathway [START_REF] Lyabin | YB-1 synthesis is regulated by mTOR signaling pathway[END_REF].

The recent report indicates that one of the major targets of mTORC1 in cell -4E-BP is not required for the specific inhibition of YB-1 synthesis (Lyabin & Ovchinnikov

OBJECTIVES OF WORK

The main goal of this work is to better understand the mechanism of YB-1 interaction with nucleic acids at both the molecular and cellular levels. YB-1 is an important player in diverse cellular processes, and an alteration of its interaction with nucleic acids and proteins could eventually lead to diseases.

The chronology of my work is as follows: I started my Ph.D. project with the aim to better understand the nuclear functions of YB-1 and, in particular its role in DNA repair. Multiple reports indicated that YB-1 translocates to the nucleus under conditions of DNA-damaging stress. First of all, we wanted to find clear-cut conditions where YB-1 accumulates in the nucleus, using different DNA-damaging agents as triggers for translocation. Unfortunately, with such drugs and using different cell lines, we failed to find any conditions for YB-1 translocation. However, we found that prolonged incubation with actinomycin D efficiently induced redistribution of YB-1 in the cell from the cytoplasm to the nucleus. Actinomycin D is a widely used inhibitor of RNA synthesis, which intercalates between two DNA strands. The next question was what is the real cause of this translocation -transcriptional inhibition or DNA damage? To answer this, we tested pure transcriptional inhibitors on their ability to induce changes in the cellular localization of YB-1. Interestingly, we found that these drugs are as efficient as actinomycin D to induce nuclear accumulation of YB-1. These results clearly indicated that the shuttling of YB-1 depends on the ongoing transcription and mRNA levels in the cell. When in the nucleus, YB-1 has a homogeneous distribution and is not enriched at sites of DNA damages. It was difficult to link the presence of YB-1 in the nucleus with its participation of in DNA repair and thus we turned our attention to the mechanisms and roles of YB-1 in the regulation of translation.

This work was initiated in 2010, when, during my master studies, under supervision of Professor Lev Ovchinnikov, I studied the mechanism of YB-1 oligomerization and its ability to form amyloid-like fibrils [START_REF] Guryanov | Formation of amyloid-like fibrils by Y-box binding protein 1 (YB-1) is mediated by its cold shock domain and modulated by disordered terminal domains[END_REF] [START_REF] Evdokimova | The major core protein of messenger ribonucleoprotein particles (p50) promotes initiation of protein biosynthesis in vitro[END_REF]; ii) increasing the YB-1 to mRNA ratio leads to the binding of more YB-1 molecules to mRNA with a re-organization mRNP to "beadson-a-string" structures. These saturated mRNPs were proposed to be similar to free non-translated mRNPs.

The physicochemical properties of mRNPs formed by the full-length YB-1

were extensively studied and it was discovered that they have a buoyant density similar to the natural non-translated mRNPs [START_REF] Skabkin | Structural organization of mRNA complexes with major core mRNP protein YB-1[END_REF]). Nevertheless, the contribution of each domain of YB-1 for mRNA binding and oligomerization remains poorly understood due to the difficulties to decipher its structure-activity relationships as mentioned above.

In the present work we decided to investigate in vitro and in vivo the properties of YB-1 and of its isolated fragments to enlighten their role in the formation of mRNPs and to use this information as a guide for further structural research on YB-1. In order to obtained purified recombinant proteins we overexpressed YB-1 and selected YB-1 fragments in E. coli and performed several steps of chromatography to obtain pure products. For example, for the purification of Surprisingly, we failed to detect any difference in mRNPs formed whatever the ratio.

All the mRNP complexes had a typical "beads-on-a-string" structure. When concentration of YB-1 was not enough to saturate all mRNAs, free mRNA molecules were detected along with fully packed mRNPs (Fig. 3A andD). This observation led us to the conclusion that the binding of YB-1 to mRNA should be highly cooperative.

Further analysis of YB-1 fragments revealed that the truncated YB-1 1-219 form at concentration below the saturation also cooperatively binds to mRNA while other mRNA molecules remains unbound from of YB-1 1-219 . CTD, nevertheless, was distributed homogeneously between all mRNA molecules pointing the important role of CSD for the cooperative binding of YB-1. The observations obtained using AFM were confirmed by classical gel-shift assays. Strikingly, and in agreement with AFM observations, at low YB-1:mRNA ratio we detected two bands corresponding most likely to the two types of mRNP complexes -saturated ones, which were strongly retarded and another band considered as free mRNAs or unsaturated mRNPs which migrated more quickly (Fig. 3C).

The non-homogenous distribution of YB-1 among mRNAs in the cell can induce a specific inhibition of translation of the selected transcripts. This idea is consistent with recent large-scale analysis of the YB-1 targets in cell. As it was shown, YB-1 does not bind to all mRNAs in the cell but interacts only with subpopulation of mRNA [START_REF] Somasekharan | Identification and quantification of newly synthesized proteins translationally regulated by YB-1 using a novel Click-SILAC approach[END_REF][START_REF] Evdokimova | Akt-Mediated YB-1 Phosphorylation Activates Translation of Silent mRNA Species[END_REF]). Moreover, iCLIP experiments performed for YB-1 demonstrated that crosslinked sites are grouped into clusters, a result which could be interpreted as a presence of cooperatively bound groups of YB-1 on mRNA (S.-L. [START_REF] Wu | Genome-wide analysis of YB-1-RNA interactions reveals a novel role of YB-1 in miRNA processing in glioblastoma multiforme[END_REF]. Our experiments using an in vitro translation system demonstrated that binding of YB-1 to mRNA causes the formation of stable mRNPs with consequent inhibition of translation. To take into account all this information, we proposed here a novel model, which provided a mechanistic view of the formation of non-translated mRNPs by YB-1 based on its cooperativity (Fig. 8A).

YB-1 is a DNA-binding protein

Since its discovery YB-1 is believed to regulate gene expression either by interacting with DNA or RNA [START_REF] Hudson | The structure, function and evolution of proteins that bind DNA and RNA[END_REF]. It was proposed early that YB-1 could affect gene expression starting from transcription in the nucleus to mRNA translation in the cytoplasm [START_REF] Bouvet | A role for transcription and FRGY2 in masking maternal mRNA within Xenopus oocytes[END_REF]. However, under normal conditions YB-1 is detected only in cytoplasm. Consequently, research on YB-1 was mostly focused on its functions in translational regulation. Nevertheless, a number of reports indicated that under several stress conditions, like treatment with anti-cancer drugs, YB-1 becomes enriched in the nucleus [START_REF] Ohga | Role of the human Y box-binding protein YB-1 in cellular sensitivity to the DNA-damaging agents cisplatin, mitomycin C, and ultraviolet light[END_REF]Koike, Uchiumi, Ohga, Toh, Wada, Kohno & Kuwano 1997a;[START_REF] Sorokin | Proteasome-mediated cleavage of the Y-box-binding protein 1 is linked to DNA-damage stress response[END_REF]. A correlation between nuclear localization of YB-1 and cancer progression was also reported, implying a putative function in the nucleus [START_REF] Kamura | Is nuclear expression of Y box-binding protein-1 a new prognostic factor in ovarian serous adenocarcinoma?[END_REF][START_REF] Shibahara | Nuclear expression of the Y-box binding protein, YB-1, as a novel marker of disease progression in non-small cell lung cancer[END_REF][START_REF] Yahata | Increased nuclear localization of transcription factor YB-1 in acquired cisplatin-resistant ovarian cancer[END_REF][START_REF] Fujita | Increased nuclear localization of transcription factor Y-box binding protein 1 accompanied by up-regulation of P-glycoprotein in breast cancer pretreated with paclitaxel[END_REF]. YB-1 in the nucleus may regulate transcription of some genes, like multidrug resistance protein 1 (MDR1) [START_REF] Bargou | Nuclear localization and increased levels of transcription factor YB-1 in primary human breast cancers are associated with intrinsic MDR1 gene expression[END_REF], or directly participate in the DNA repair process [START_REF] Gaudreault | YB-1 promotes strand separation in vitro of duplex DNA containing either mispaired bases or cisplatin modifications, exhibits endonucleolytic activities and binds several DNA repair proteins[END_REF][START_REF] Kim | The proteolytic YB-1 fragment interacts with DNA repair machinery and enhances survival during DNA damaging stress[END_REF]. Recently, the role of YB-1 as bone fide transcription factor was seriously questioned indicating that it is rather a non-specific partner of DNA [START_REF] Dolfini | YB-1 (YBX1) does not bind to Y/CCAAT boxes in vivo[END_REF][START_REF] Dolfini | Targeting the Y/CCAAT box in cancer: YB-1 (YBX1) or NF-Y&quest[END_REF]. Moreover, despite reports showing its preferential binding to mismatches or damaged DNA [START_REF] Ise | Transcription factor Y-box binding protein 1 binds preferentially to cisplatin-modified DNA and interacts with proliferating cell nuclear antigen[END_REF]), its interaction with dsDNA remains relatively weak (Kd~µM) [START_REF] Izumi | Y box-binding protein-1 binds preferentially to single-stranded nucleic acids and exhibits 3"-->5" exonuclease activity[END_REF]). We thus wonder, in this situation, how YB-1 can compete for the binding to DNA with other DNAbinding proteins present in the nucleus. Here, we wanted to answer to the following question -is the binding of YB-1 to DNA also cooperative as observed for RNA?

Acting as a multimer, rather than an isolated protein, YB-1 could compete more efficiently in the cell nucleus with other factors for DNA binding.

As the binding of YB-1 to DNA appears non-specific we chose to work with the pBR322 plasmid, as a model DNA. Actually, the binding of YB-1 to long DNA was never investigated before. However, cooperativity could be observed only when long nucleic acids are used -it allows sufficient amount of protein molecules to multimerize on it. First, we compared the binding of full-length YB-1 to supercoiled and relaxed pBR322 plasmid, as DNA topology has a crucial impact on the recognition of DNA in cells and should be considered. Interestingly, we found that YB-1 binds more efficiently to supercoiled than to relaxed DNA as revealed by AFM (Fig. 5A). It was also detected that YB-1 forms multimers along supercoiled DNA, which were presumably concentrated at DNA crosses. These observations were confirmed by competitive gel-shift assays (Fig. 5B) and clearly indicate a cooperative interaction of YB-1 with such form of DNA.

We also investigated the binding of truncated YB-1 fragments to supercoiled DNA in order to decipher which domain is responsible for the cooperativity. The truncated YB-1 1-219 form retained its ability to multimerize at DNA crosses (Fig. 5B) acting similarly to the full-length protein (YB-1 1-324 ). In other hands, CTD, despite its ability to recognize DNA crosses, doesn't proceed to further polymerization. The capacity to bind DNA crosses could be explained by the formation of the 'salt bridge' in between two DNA helixes, but the absence of CSD prevents cooperative polymerization.

In addition, we tried another question: what could be the functional consequence of YB-1 binding to the DNA crosses? Topoisomerases II are known to recognize these structures and relax DNA in the cell. We used kinetoplast DNA (kDNA), which represents a network of many circular DNAs and serves as a model substrate to study Topoisomerase II activity. When YB-1 was pre-incubated with kDNA it results in a significant decreases of the Topoisomerase II activity (Fig. 7A).

This observation indicates that YB-1 and Topoisomerase II may recognize and compete for the same type of 3D DNA structures. 1) CTD1 is mostly positively charged (net charge: +12 e -) and displays two positively charged clusters containing 6 and 10 positive charges. Their average charge density is +0.54 and +0.5e -per residues is also significant. In contrast, the only putative cluster of negative charge of CTD1 contains only 4 net negative charges and a low charge density (-0.29 e -per residues). In the presence of highly negatively charged RNA, we can reasonably assume that the weakly negatively charged cluster cannot compete with RNA for the binding to the two positive clusters of CTD1.

2) CTD2 possesses two positively charged clusters (+10 and +8 e -) and two negative clusters (-7 and -5 e -), which may lead to an electrostatic attraction to the positively charged clusters (electrostatic zipper).

Figure S4. CSD but not CTD form multimers in vitro.

Protein-protein interactions were detected for the indicated YB-1 constructs (0.5 mg/ml) using 0.1 % Glutaraldehyde for 10 min at room temperature. APCSD is a construct with A/P and CSD domains (N-terminal terminus of YB-1). A significant multimerization was only detected in the presence of CSD or APCSD while YB-1, YB-1-tr and CTD mostly remain in their monomeric state when free in solution. The presence of the CTD in latter constructs may be responsive for a self-repulsion of electrostatic origin and thus prevents their self-attraction.

AFM images of YB-1 constructs by atomic force microscopy reveal the formation of multimolecular complex in the presence of CSD but not for CTD. Same conditions as (A) without glutaraldehyde: Incubation time: 30 min. A) The statistical analyze indicate that the two populations were statistically different with the highest significance for a critical height of about 3.3 nm (dashed ellipse), which give two populations: 3.98 ± 0.46 nm and 2.3 ± 0.4 nm (figure 4B).

B) Whatever the critical height, the two populations were not statistically different.

We then considered that only one population exists (1.8 ± 0.33 nm, figure 3B with CTD). A) In vitro translation assays in rabbit reticulocyte system of a mixture of Luc mRNA (~1500 nt, 0.25 pmoles) and HA-YB-1 mRNA (~1500 nt, 0.25 pmoles) at varying concentration of YB-1. YB-1 was directly added to the equimolar mixture of Luc and YB-1 mRNA. We observed that the translation repression exerted by YB-1 is similar for both mRNAs.

B) Anti-YB-1 was used to control the concentration of YB-1 under the conditions tested in figure 4B.

We noticed the presence of both endogenous YB-1 from the rabbit reticulocyte extracts and HA-YB-1 (see arrow). We also noticed the gradual increase of the recombinant YB-1 concentration which exceeds that of endogenous YB-1 and HA-YB-1, which was a prerequisite to analyze translation inhibition mediated by YB-1. molecules to associate together. In agreement with this idea recent report indicated that YB-1 is forming oligomers when ionic strength is elevated [START_REF] Guryanov | The major mRNP protein YB-1: Structural and association properties in solution[END_REF]. Even more, it was shown that YB-1 can form long reversible amyloid-like fibrils in buffers with high salt concentration, for example in 2M LiCl [START_REF] Selivanova | YB-1 is capable of forming extended nanofibrils[END_REF][START_REF] Guryanov | Formation of amyloid-like fibrils by Y-box binding protein 1 (YB-1) is mediated by its cold shock domain and modulated by disordered terminal domains[END_REF]. Gel-filtration profile shows that YB-1 elutes as single peak with an estimated molecular mass around 67 kDa (Fig. S9B). The higher than expected apparent molecular mass could be explained by the unstructured nature of YB-1, and even during SDS-PAGE it migrates with relative molecular mass of 50 kDa, despite that fact its molecular weight is of about 36 kDa. The former detection of oligomers of 800 kDa most probably was caused by the contamination of the sample by nucleic acids or by using buffers with high salt concentration during the gel-filtration [START_REF] Evdokimova | The major protein of messenger ribonucleoprotein particles in somatic cells is a member of the Y-box binding transcription factor family[END_REF][START_REF] Gaudreault | YB-1 promotes strand separation in vitro of duplex DNA containing either mispaired bases or cisplatin modifications, exhibits endonucleolytic activities and binds several DNA repair proteins[END_REF]). On the other hand, crosslinking using glutaraldehyde has demonstrated that large oligomers, which cannot enter to the gel, are formed only in the presence of RNA or DNA, but not when YB-1 was pure (Fig. S2B). Taken together, these data indicate that YB-1 is a highly soluble protein, which oligomerazes only in the presence of nucleic acids.

ii) YB-1 is organized in three domains, but little is known about their individual contribution to mRNP formation. It is believed, that the CSD domain plays the most important role in the recognition and binding of YB-1 to mRNA. This idea comes from the fact that it belongs to the family of Cold-Shock Proteins (CSPs) and possesses two highly conserved RNA-binding motifs (RNP-1 and RNP-2). In bacteria, these proteins work as RNA chaperons during the exposition to low temperature. Nevertheless, the affinity of CSD alone to mRNA is quite low and lies in the micromolar range [START_REF] Murray | Nucleic acid-binding properties of the Xenopus oocyte Y box protein mRNP3+4[END_REF]. The affinity of full length YB-1 to mRNA is considerably higher, and could thus not be simply explained by the input of CSD. The long unstructured C-terminal domain (CTD), which is highly positively charged, seems to be the main contributor to the strong and non-specific binding of YB-1 to mRNA. Indeed, in our experiments the CTD appeared to bind strongly to mRNA in vitro as well as in vivo (Fig. 1 and 2), while CSD did not interact with it in both condition. Actually, it is not surprising because most of well-established RNAbinding domains usually possess very moderate affinity to RNA and in order to increase it, they are usually presented in several copies per one RBP [START_REF] Lunde | RNA-binding proteins: modular design for efficient function[END_REF]). Thus, even though the role of CSD in mRNA binding should not be questioned, it seems that it is the CTD who is mainly responsible for the binding of YB-1 to mRNA; being a highly positively charged domain it can efficiently interact with sugar-phosphate mRNA backbone. The CSD, in turn, could mediate sequencespecific recognition of mRNA performing the role of an accurate tuner to modulate mRNA:YB-1 interactions.

iii) At low YB-1:mRNA ratio, YB-1 binding is highly cooperative -YB-1 doesn't distribute among all mRNA molecules equally, but instead accumulates only on a part of it. This is the principal novelty that we point out compared to the previous proposed model [START_REF] Skabkin | Structural organization of mRNA complexes with major core mRNP protein YB-1[END_REF]. Our experiments indicate that once interaction of YB-1 with mRNA happened it automatically leads to the oligomerization of YB-1 along mRNA due to the ability of YB-1 to self-associate (Fig. 3). The cooperative behavior of YB-1 is also retained in the presence of non-cooperative protein competitors like G3BP1 (Fig 4A and B). This fact indicates that the cooperative binding of YB-1 could also take place in the cell, where many other RBPs compete with it. We also found that increasing the ionic strength negatively affects cooperativity (Fig. S2A). This could explain why in previous work this phenomenon was not detected [START_REF] Skabkin | Structural organization of mRNA complexes with major core mRNP protein YB-1[END_REF]. When buffer solution with slightly elevated salt concentration is used, it could impair the cooperative loading of YB-1 on mRNA, underlying the electrostatic nature of this phenomenon. [START_REF] Skabkina | YB-1 Autoregulates Translation of Its Own mRNA at or prior to the Step of 40S Ribosomal Subunit Joining[END_REF]). Nevertheless our in vitro studies did not detect any preferential binding of YB-1 to its own mRNA compared to the 2Luc mRNA. This could be explained by the following reasons. First, in such in vitro system mRNAs are naked and the presence of multiple non-specific sites could hinder the specific one.

Nevertheless, in a cellular context where many protein competitors are presented and mRNA is never free of partners even a small preference for the binding could provide the source for initial YB-1 binding and its further oligomerization along mRNA.

Alternatively, additional more specific protein factors could serves as adaptors for the YB-1 binding to some mRNAs. So, even if YB-1 lacks the ability for real sequence specificity it could work as efficient translational repressor in the cell.

The results obtained during this work provide a better understanding of translational inhibition by the formation of non-translatable mRNPs by YB-1. The discovery of the cooperative mode of YB-1 binding to mRNA simply explains its function as a translational repressor in the cell. The complete answer concerning the structural organization of these mRNPs could be obtained only by using highresolution structural methods. In this concern, the method of cryo-electron microscopy seems to be very promising. Another unanswered question is how the specific loading of YB-1 on some mRNA is realized. However, whatever the mechanism is it seems likely that strong bias to the distribution among mRNAs exists in the cell.

YB-1 specifically binds to DNA crosses and multimerizes on it

The model of cooperative YB-1 binding also accounts for DNA. Idea that YB-1 binds to specific DNA structures as a multimer rather than an isolated protein, provides a rational explanation how it could compete with other DNA-binding proteins, that are present in the nucleus. On the whole, the mechanism of cooperative binding is similar to that taking place on mRNA. The CSD domain mediates the intermolecular cooperativity, while the interaction with DNA is provided by the CTD.

Nevertheless, the physical properties of DNA differ from that of RNA which alter the mechanism of multimer formation.

i)

The nuclear functions of YB-1 proposed so far relied on its putative preferential binding to the promoter regions of some genes or to damaged DNA [START_REF] Bargou | Nuclear localization and increased levels of transcription factor YB-1 in primary human breast cancers are associated with intrinsic MDR1 gene expression[END_REF][START_REF] Ise | Transcription factor Y-box binding protein 1 binds preferentially to cisplatin-modified DNA and interacts with proliferating cell nuclear antigen[END_REF][START_REF] Gaudreault | YB-1 promotes strand separation in vitro of duplex DNA containing either mispaired bases or cisplatin modifications, exhibits endonucleolytic activities and binds several DNA repair proteins[END_REF]). Nevertheless, recent reports indicated a weak affinity of YB-1 to the specific sites, including the Y-box motif [START_REF] Dolfini | YB-1 (YBX1) does not bind to Y/CCAAT boxes in vivo[END_REF]. This finding seriously questioned the ability of YB-1 to serve as a transcriptional factor, when it is in the nucleus [START_REF] Dolfini | Targeting the Y/CCAAT box in cancer: YB-1 (YBX1) or NF-Y&quest[END_REF]. Similarly, the slightly elevated preference of YB-1 to damaged DNA doesn't explain how it could compete with the many other factors that possess a higher affinity and specificity to DNA. In this work we advance another view where YB-1 is considered as a protein that binds to DNA as a multimer, rather than an isolated protein. The sum of YB-1:DNA and YB-1:YB-1 interactions provides the energy benefit, which should diminish the chance to be displaced by other proteins.

ii) DNA topology is playing an important role for the binding of YB-1 to DNA as we found a strong preference to supercoiled plasmid compare to relaxed or linear ones (Fig. 5A andB). We clearly observed, that YB-1 is able to make multimers in the vicinity of two parallel DNA helixes, which start from DNA crosses. The difference in persistence lengths between RNA and DNA could explain why YB-1 has a higher affinity to mRNA. The flexibility of single stranded RNA allows several YB-1 molecules to associate on its surface into oligomers inducing RNA bending. In contrast, the double stranded DNA is very rigid which prevents such short-ranged bending. Nevertheless, at DNA crosses, YB-1 molecules located on two different DNA helixes could interact with each other without mechanical constraints.

iii)

We further advanced proposal for what could be the physiological consequence of YB-1 binding to DNA crosses. Our attention was turned towards

Topoisomerase II -an enzyme, which also recognizes the same structures and participates in DNA relaxation in the cell. Moreover, the elevated level of topoisomerase II was reported to correlate with nuclear localization of YB-1 [START_REF] Shibao | Enhanced coexpression of YB-1 and DNA topoisomerase II alpha genes in human colorectal carcinomas[END_REF]. Here, we found that the binding of YB-1 to DNA crosses strongly interferes with Topoisomerase II activity (Fig. 7). Most probably, when in the nucleus, YB-1 could compete with enzymes dedicated to DNA binding preventing DNA relaxation. In this context, a special attention should be paid to the YB-1 1-219 fragment which is generated during the genotoxic stress by the cleavage of YB-1 by the of 20S proteasome [START_REF] Sorokin | Proteasome-mediated cleavage of the Y-box-binding protein 1 is linked to DNA-damage stress response[END_REF]. This fragment is indeed a very good candidate to play such a role due to: i) its intrinsic ability to localize inside the nucleus; ii) the fact that it also cooperatively multimerizes at the DNA crosses (Fig. 5D); iii) the recent observation showing that it interacts with several DNA repair factors and protects the cell from genotoxic stress [START_REF] Kim | The proteolytic YB-1 fragment interacts with DNA repair machinery and enhances survival during DNA damaging stress[END_REF].

In this work we proposed a new mechanistic view on the YB-1 binding to DNA, which is based on its cooperativity. Reconsidering YB-1 as a multimeric rather than a monomeric protein could give further insight in its nuclear functions and allows a better understanding of its participation to drug resistance in cancer cells. Biomolecules) focuses its research in two main directions: i) investigation of the microtubule dynamics [START_REF] Clément | N-Terminal Stathmin-like Peptides Bind Tubulin and Impede Microtubule Assembly †[END_REF][START_REF] Hamon | Rapid Assembly and Collective Behavior of Microtubule Bundles in the Presence of Polyamines[END_REF][START_REF] Lefèvre | The C terminus of tubulin, a versatile partner for cationic molecules: binding of Tau, polyamines, and calcium[END_REF] and ii) studying of interaction between proteins and nucleic acids [START_REF] Chernov | Atomic force microscopy reveals binding of mRNA to microtubules mediated by two major mRNP proteins YB-1 and PABP[END_REF][START_REF] Hamon | High-resolution AFM imaging of single-stranded DNAbinding (SSB) protein--DNA complexes[END_REF][START_REF] Pastré | Specific DNA-Protein Interactions on Mica Investigated by Atomic Force Microscopy[END_REF]). In addition, recent interest of the laboratory emerged concerning the molecular and cellular biology of RBPs and in particular their role in the formation of SGs [START_REF] Chernov | Role of Microtubules in Stress Granule Assembly: MICROTUBULE DYNAMICAL INSTABILITY FAVORS THE FORMATION OF MICROMETRIC STRESS GRANULES IN CELLS[END_REF][START_REF] Bounedjah | Macromolecular crowding regulates assembly of mRNA stress granules after osmotic stress: new role for compatible osmolytes[END_REF][START_REF] Bounedjah | Free mRNA in excess upon polysome dissociation is a scaffold for protein multimerization to form stress granules[END_REF]). These investigations need reliable methods to describe protein-protein interactions. AFM, analytical centrifugation, nuclear magnetic resonance (NMR) spectroscopy, crystallography and various biochemical techniques allow to extensively characterize the interaction between such proteins in vitro.

However, the panel of methods to search for and to validate putative interactions between proteins in vivo is more limited.

The most common technique to investigate the interaction between proteins in cellular context is co-immunoprecipitation assay (Co-IP). However, despite the easiness of the technique and its relatively low cost it often results in the contamination by non-specific proteins. In order to solve this problem classical Co-IP was combined with stable isotope labeling with amino acids in cell culture (SILAC)

technique [START_REF] Trinkle-Mulcahy | Identifying specific protein interaction partners using quantitative mass spectrometry and bead proteomes[END_REF]. In this method cells transfected with the targeted protein are cultured in "heavy" medium ( 13 C-substituted arginine and lysine), while in parallel control untransfected cells are growing in "light" medium ( 12 C).

After lysis both cell extracts are mixed together and immunoprecipitation and massspectroscopy are performed after. The methodology to distinguish genuine interactions from non-specific ones was also provided making this method one of the most powerful technique for the analysis of protein complexes [START_REF] Boulon | Establishment of a protein frequency library and its application in the reliable identification of specific protein interaction partners[END_REF]. For example, it was successfully applied for the detection of intermediate complexes during RNA polymerase II assembly [START_REF] Boulon | HSP90 and Its R2TP/Prefoldin-like Cochaperone Are Involved in the Cytoplasmic Assembly of RNA Polymerase II[END_REF].

The existent techniques to detect protein-protein interactions in intact living cells are restricted to the investigation of between proteins located in particular compartments, like cytoplasm or vesicles, and these techniques often require sophisticated equipment. For instance, detection of FRET (fluorescent resonance energy transfer) signal strongly depends on the orientation between donor and acceptor molecules, which should be always considered. Yeast two hybrid system is powerful technique, but it often gives false positive results and suffers from insufficient conservation of factors implicated in protein-protein interactions in mammalians cells, e.g. in post-translational modifications. Some other methods, like split-GFP or proximity ligation both have their strength and limitations and should be interpreted carefully. Recently, the original approach was developed to detect proteinprotein interactions in living cells. Fluorescent two-hybrid (F2H) assay utilizes the ability of lac repressor to specifically interact with lac operator sequence, which in this experimental system is stably integrated in chromosome. Fluorescent bait protein is tethered to lac repressor and appeared as clearly detected fluorescent spot inside the nucleus. The interaction between bait and pray proteins is revealed by co-localization using fluorescent microscopy [START_REF] Zolghadr | A fluorescent two-hybrid assay for direct visualization of protein interactions in living cells[END_REF][START_REF] Yurlova | The fluorescent two-hybrid assay to screen for proteinprotein interaction inhibitors in live cells: targeting the interaction of p53 with Mdm2 and Mdm4[END_REF]. Despite the originality of the method the interaction between bait and pray is taking place inside the nucleus, what could distort the information about the interaction between proteins, which are normally localized in the cytoplasm. To overcome this difficulty the method based on the targeting of bait protein to the cytoplasmic face of plasma membrane of yeast cells was proposed [START_REF] Shibasaki | Detection of protein-protein interactions by a combination of a novel cytoplasmic membrane targeting system of recombinant proteins and fluorescence resonance energy transfer[END_REF]. The combination of this approach with FRET seems to be very prominent for the detection of proteinprotein interactions in the cytoplasm.

The long standing expertise in the investigation of microtubules both at in vitro and in vivo in the laboratory inspired us the idea of a novel technique that could be developed in order to investigate protein-protein interactions in the cytoplasm of living cell. Indeed, the microtubule cytoskeleton has a unique pattern in cell under the fluorescent microscope appearing as a filamentous network, and this pattern is easily distinguished from other background cellular structures. Using this property, we decided to create an experimental system where one protein of interest is brought to microtubules thanks to a dedicated microtubule interaction module (bait), while another one remains free to diffuse in the cytoplasm (prey). When both proteins are overexpressed in cells, the degree of co-localization of these two putative partners on microtubules could thus be used as indicator of interaction between these proteins.

To drive the bait protein onto microtubules we fused it to Tau, a microtubuleassociated protein. The C-terminal domain of Tau has a strong affinity to microtubules while its unstructured N-terminal domain could be use to make the fusion with desired protein. To validate if system is actually working, we created a fusion construct containing Tau on one side and YB-1 on the other side. YB-1 is one of extensively studied protein during the last years in the laboratory and its ability to form oligomers provides a good basis to test the system. YB-1-RFP-Tau was used as bait in this study and YB-1-GFP as a prey. In addition, we also investigated the interaction between YB-1 and other RBPs such as Lin28 and G3BP. Finally, we demonstrated that method is also valid to study the interaction between membrane proteins as connexin 43 and CLD10. Cells expressing YB-1-RFP-Tau and YB-1-GFP were fixed using either:

• 4% paraformaldehyde (PFA) for 45' at 37°C

• ice-cold methanol for 30'

• ice-cold methanol for 30' followed by PBS wash and 4% PFA treatment for 45' at 37°C Images of living cells were used as a control. 

Introduction

YB-1 is a multifunctional protein, which participate to diverse cellular processes. In normal condition YB-1 is detected only in the cytoplasm as revealed by fluorescent microscopy. This indicates that its steady-state localization is predominantly cytoplasmic, even if it shuttles between these compartments (Eliseeva, Lyabin, et al. 2014). It is worth to note that the absence of YB-1 signal in the nucleus can not be accounted to hiding of the epitope recognized by the antibodies used to detect YB-1, because, when fused to GFP-or HA-tags and overexpressed in mammalian cells, YB-1 also appears exclusively cytoplasmic in cells [START_REF] Chernov | Role of Microtubules in Stress Granule Assembly: MICROTUBULE DYNAMICAL INSTABILITY FAVORS THE FORMATION OF MICROMETRIC STRESS GRANULES IN CELLS[END_REF][START_REF] Sorokin | Proteasome-mediated cleavage of the Y-box-binding protein 1 is linked to DNA-damage stress response[END_REF]. This fact in is a good agreement with the role of YB-1 in translation regulation and in the "packing" of mRNA in the cytoplasm [START_REF] Lyabin | YB-1 protein: functions and regulation[END_REF].

Beyond, its cytoplasmic localization, YB-1 has been shown for quite a long time, to shuttle between the cytoplasm and the nucleus in specific condition (Koike, Uchiumi, Ohga, Toh, Wada, Kohno & Kuwano 1997b;[START_REF] Sorokin | Proteasome-mediated cleavage of the Y-box-binding protein 1 is linked to DNA-damage stress response[END_REF][START_REF] Jurchott | YB-1 as a cell cycle-regulated transcription factor facilitating cyclin A and cyclin B1 gene expression[END_REF]. The nuclear localization of YB-1 was often correlated with cancer cell transformation and with the acquisition of multidrug resistance [START_REF] Shibahara | Nuclear expression of the Y-box binding protein, YB-1, as a novel marker of disease progression in non-small cell lung cancer[END_REF][START_REF] Janz | Y-box factor YB-1 predicts drug resistance and patient outcome in breast cancer independent of clinically relevant tumor biologic factors HER2, uPA and PAI-1[END_REF][START_REF] Lasham | YB-1: oncoprotein, prognostic marker and therapeutic target?[END_REF], and it was proposed that, in the nucleus, YB-1 participates to the activation of transcription of genes involved in the multidrug resistance [START_REF] Bargou | Nuclear localization and increased levels of transcription factor YB-1 in primary human breast cancers are associated with intrinsic MDR1 gene expression[END_REF]). Later, a direct involvement of YB-1 in DNA repair and the regulation of alternative splicing were also put forward [START_REF] Gaudreault | YB-1 promotes strand separation in vitro of duplex DNA containing either mispaired bases or cisplatin modifications, exhibits endonucleolytic activities and binds several DNA repair proteins[END_REF][START_REF] Dutertre | Cotranscriptional exon skipping in the genotoxic stress response[END_REF]) (see literature review part 5.1.2. and 5.1.3.). The change in the sub-cellular localization of YB-1 could have a crucial impact on the cell fate. Despite the importance of these observations in fact molecular mechanisms that govern the nucleo-cytoplasmic distribution of YB-1 were far from being understood. Several models were proposed to explain how YB-1 can accumulate in the nucleus. First of all, it was reported that DNA-damaging drugs in general seem to drive YB-1 to the nucleus (Koike, Uchiumi, Ohga, Toh, Wada, Kohno & Kuwano 1997b;[START_REF] Zhang | Nuclear localization of Y-box factor YB1 requires wild-type p53[END_REF][START_REF] Sorokin | Proteasome-mediated cleavage of the Y-box-binding protein 1 is linked to DNA-damage stress response[END_REF], and such translocation was proposed to be linked to the cleavage of YB-1 by the 20S proteasome after its Glu219 [START_REF] Sorokin | Proteasome-mediated cleavage of the Y-box-binding protein 1 is linked to DNA-damage stress response[END_REF]. Thus YB-1 1-219 lacking its CRS (cytoplasmic retention signal) is then released from cytoplasmic mRNA and became free to move to the nucleus [START_REF] Stenina | Thrombin induces the release of the Y-box protein dbpB from mRNA: a mechanism of transcriptional activation[END_REF].

Another mechanism was proposed to account for the nuclear accumulation of YB-1 which relies on the phosphorylation of YB-1 at Ser102 [START_REF] Sutherland | Akt phosphorylates the Y-box binding protein 1 at Ser102 located in the cold shock domain and affects the anchorage-independent growth of breast cancer cells[END_REF].

However, despite these partial clues, the conditions leading to the change in the sub-cellular localization of YB-1 remain quite controversial. This was due to significant variation in the experimental condition used in the literature with concerned drugs, antibodies and cell lines. All these variations seriously impeded the identification of a clear, simple and common mechanism, which may underlie such translocation. In the present work, to attempt to progress in such understanding, we first decided to perform a comprehensive search for the drugs that induce a clear accumulation of YB-1 in the nucleus. Then we wanted to find a correlation between the action of the drug on known cellular mechanisms and YB-1 distribution throughout the cell in order to propose a mechanism of translocation. Enlightening this pathway is of particular interest to understand the putative participation of YB-1 in processes like DNA repair, transcription regulation and pre-mRNA splicing and could also help to develop new strategies in the context of cancer pharmacology.

Materials and methods

Cell lines

NRK-52E, Vero, MCF7 cells were obtained from the ATCC. They were cultivated in Dulbecco's modified Eagle's medium (DMEM) supplemented with 5% (v/v) fetal bovine serum (FBS), 2 mM L-glutamine and 1% antibiotics (penicillin and streptomycin) in a humidified 5% CO 2 atmosphere at 37°C. Transient transfection of plasmid DNA was performed using Lipofectamine™ 2000 (Invitrogen).

Cell treatments

In some experiments, cells were treated with doxorubicin (0.5 µg/mL), bleomycin (0.5 or 5 mU/mL), mitomycin C (10 µM), cisplatin (10 µM), camptothecin (10 µM), etoposide (10 µM), actinomycin D (0.5 or 5 µg/mL), 5,6-Dichlorobenzimidazole 1-β-D-ribofuranoside (100 µM), flavopiridol (0.5 µM) and α-amanitin (5 µg/mL) that were obtained from Sigma-Aldrich.

Immuno-fluorescence microscopy

Cells were fixed with 4% PFA in PBS for 20 min at 37°C. After fixation, cells were washed and incubated for 12 h at 4°C with either rabbit polyclonal anti-YB-1 antibodies raised using peptides against its C-(aa 312-324) or N-terminal parts (aa 1-20), or with anti-HA (Abcam) or anti-γH2AX (Abcam) antibodies in blocking solution (Tris-HCl pH 8.0, NaCl 100 mM, BSA 2%, Triton X100 0.15%). Cells were then washed three times with PBS after which appropriate secondary antibodies in blocking solution were added for 1 h at RT. After final washes with PBS, the samples were mounted for fluorescence microscopy imaging. For DNase and RNase treatments, cells were incubated with cytoskeleton (CSK) buffer (10 mM PIPES pH 6.8, 100 mM NaCl, 3 mM MgCl 2 , 0.5% Triton X-100, 300 mM sucrose) before fixation containing 0.5 U/µL DNase I or 5 µg/mL RNase I respectively for 30 min at 37°C prior to fixation.

In situ hybridization

After fixation with 4% PFA, cells were successively incubated in 100% methanol and in 70% ethanol for at least 10 minutes. Then they were placed in 1M TrisHLc pH 8.0 for 5 minutes. Cy3-conjugated oligo (dT) 40 probe (Sigma-Aldrich) was added in hybridization buffer (0.005% BSA, 1 mg/mL yeast RNA, 10% dextran sulphate, 25% formamide in 2XSSC) at 1 µg/mL and coverslips were then placed in a humidity chamber for 1 h at 37°C. Following hybridization, cells were rinsed once with 4XSSC incubation leaded to a more pronounced effect. Thus, it appears that the presence of different types of DNA damages does not lead for the nuclear translocation of YB-1, and that only actinomycin D is able to induce some redistribution of YB-1 from the cytoplasm to the nucleus. We can wonder now what is particular to actinomycin D with compared to the other drugs that we used. In addition, we observed that all the drugs we used here were able to induce the phosphorylation of γH2AX confirming the presence of DNA damage. The same results were obtained with all the cell lines we studied. NRK cell were transfected with pcDNA3-HA-YB-1 and treated with mitomycin C (as an example of the absence of translocation) and actinomycin D (partial translocation was detected). Presence of damages was visualized using antibodies to phosphorylated γH2AX. Scale bar 15 µM.

Transcriptional arrest leads to the accumulation of YB-1 to the nucleus

As only actinomycin D induced a nuclear re-localization of YB-1 in our conditions, we decided to investigate its action more precisely. First, we performed similar experiments with antibodies directed to endogenous YB-1. At this time commercial antibodies to N-terminal YB-1 fragment appeared on the market.

Antibodies against the N-and C-terminal parts of YB-1 both showed a nuclear relocalization of YB-1 when actinomycin D was added. This fact proves that YB-1 when in the nucleus has an entire CTD and that this translocation is taking place in the absence of YB-1 processing by the 20S proteasome (Fig. 2). We also found that prolonged incubation with actinomycin D increases the YB-1 signal in the nucleus indicating that a long period of time is required for such translocation (Fig. 3).

Actinomycin D is an anti-cancer drug that intercalates into GC-rich sequences [START_REF] Zhu | Transcription elongation factor P-TEFb is required for HIV-1 tat transactivation in vitro[END_REF][START_REF] Chao | Flavopiridol inhibits P-TEFb and blocks HIV-1 replication[END_REF]) and α-amanitin, which binds with high affinity close to the active site of RNAPII and prevents nucleotide incorporation what also results in the inhibition of transcription [START_REF] Bushnell | Structural basis of transcription: alpha-amanitin-RNA polymerase II cocrystal at 2.8 A resolution[END_REF]. The drugs were applied for different periods of time (3, 6, 12 and 24 h) and YB-1 was visualized using antibodies to its C-terminal domain. As shown on the Fig. 4, all the drugs used in the study induced a clear accumulation of YB-1 in the nucleus. This observation was indeed surprising because these drugs were never used to translocate YB-1 to the nucleus. This observation strongly suggests that the translocation of YB-1 to the nucleus rather results from the inhibition of active transcription than to the presence of nuclear DNA damage. As observed by immuno-fluorescence, the translocation of YB-1 to the nucleus is rather a slow than a fast process (Fig. 3). Moreover, the previous reports describing nuclear accumulation of YB-1 using DNA-damaging drugs, as a triggers, also indicated that it is not an instant event. For instance, [START_REF] Zhang | Nuclear localization of Y-box factor YB1 requires wild-type p53[END_REF] showed that after treatment with cisplatin and actinomycin D YB-1 is detected in the nucleus only after 24 hours, [START_REF] Sorokin | Proteasome-mediated cleavage of the Y-box-binding protein 1 is linked to DNA-damage stress response[END_REF] demonstrated that doxorubicin treatment takes 16 hours to observe YB-1 in the nucleus and Guay et al. (2008) found that cisplatin treatment required about 18 hours to detect YB-1 in this compartment [START_REF] Zhang | Nuclear localization of Y-box factor YB1 requires wild-type p53[END_REF][START_REF] Sorokin | Proteasome-mediated cleavage of the Y-box-binding protein 1 is linked to DNA-damage stress response[END_REF][START_REF] Guay | The strand separation and nuclease activities associated with YB-1 are dispensable for cisplatin resistance but overexpression of YB-1 in MCF7 and MDA-MB-231 breast tumor cells generates several chemoresistance signatures[END_REF]). We did not observed significant translocation of YB-1 to the nucleus even when prolonged incubation times with doxorubicin, cisplatin and bleomycin were used (>15 hours).

These discrepancy with previous results could be explain by different cell lines used in previous reports, like for example NIH3T3 with activated Ras cascade; this could 

Discussion

In this study, we analyzed subcellular distribution of YB-1 under normal conditions and in presence of different DNA-damaging drugs. Unexpectedly, we did not detect significant changes in the localization of HA-YB-1 when doxorubicin, camptothecin, etoposide, bleomycin, cisplatin or mitomycin C were added to the growing medium and incubated up to 12 hours (Fig. 1). The activity of the drugs was controlled by using antibodies to phosphorylated form of γH2AX, which serves as marker of double-strand breaks. All drugs induced strong phosphorylation of γH2AX, but nevertheless YB-1 remained in the cytoplasm and was absent in γH2AX foci (Fig. 1). This observation is inconsistent with proposed role of YB-1 in DNA repair and implies that DNA damage by itself is not a driving force for nuclear translocation of YB-1. The DNA damages are formed after few minutes after drugs addition to cells.

Logically, if YB-1 is involved in DNA repair process directly or participates in transcription activation of the genes implicated in cell survival it should appear in the nucleus as soon as possible and participate in one of these processes.

In our experimental system, nucleo-cytoplasmic ratio of YB-1 was changed only when actinomycin D was applied to cells (Table . 1). We found that process of nuclear accumulation of YB-1 requires several hours of incubation with the drug (Fig. 3). We linked the cytoplasmic localization of YB-1 with presence of active ongoing transcription. Indeed, when different inhibitors of transcription (DRB, flavopiridol, αamanitin) were investigated we found that they were as efficient as actinomycin D to induce accumulation of YB-1 in the nucleus. It means that active transcription is playing the key role in the sub-cellular localization of YB-1.

The fact that translocation requires several hours give to us an idea that shuttling of YB-1 to the nucleus could be linked to degradation of pre-existed mRNA in the cytoplasm. The average half-life of mRNA in cell is about 12 hours [START_REF] Schwanhäusser | Global quantification of mammalian gene expression control[END_REF]). In the cytoplasm YB-1 always exists in complex with mRNA. Inhibition of transcription blocks the production of newly synthesized mRNA and also could indirectly blocks the export of mRNA from the nucleus to the cytoplasm. When the amount of poly(A) + RNA in cells treated with different inhibitors of translation was estimated a decrease in its level was observed compare to control cells. There are two possible explanations why in these conditions YB-1 changes its localization. When mRNA is degraded YB-1 loses its partner and become free. First, when free from mRNA YB-1 moves back to the nucleus where it binds to

Conclusions and Perspectives

In the current work we provided new information on the role of YB-1 in the regulation of gene expression in nucleus and cytoplasm and we obtained some advances about the mechanisms of its interaction with nucleic acids. YB-1 is a dual RNA/DNA binding protein, which plays a role in both DNA and RNA related processes [START_REF] Lyabin | YB-1 protein: functions and regulation[END_REF]. Due to its ability to participate in a number of cellular events YB-1 appears as one of the major determinant of cell fate. Changes in the amount or intracellular localization of YB-1 were linked to cancer cell transformation. Many of previous works were focused on the role of YB-1 in the nucleus when its effect in cancer progression was studied. The reasons lye on several observations showing that YB-1 can translocate from the cytoplasm to the nucleus under genotoxic stress [START_REF] Sorokin | Proteasome-mediated cleavage of the Y-box-binding protein 1 is linked to DNA-damage stress response[END_REF]. Moreover, nuclear localization of YB-1 was also correlated with acquisition of multidrug resistance [START_REF] Bargou | Nuclear localization and increased levels of transcription factor YB-1 in primary human breast cancers are associated with intrinsic MDR1 gene expression[END_REF]. The role of YB-1 in the nucleus as a transcriptional regulator of several genes like MDR1 was also pointed out. Another explanation implies its direct participation in DNA repair [START_REF] Gaudreault | YB-1 promotes strand separation in vitro of duplex DNA containing either mispaired bases or cisplatin modifications, exhibits endonucleolytic activities and binds several DNA repair proteins[END_REF][START_REF] Kim | The proteolytic YB-1 fragment interacts with DNA repair machinery and enhances survival during DNA damaging stress[END_REF]). Nevertheless, these data remained controversial since YB-1 displays a low affinity for DNA and because its biding to DNA appeared rather unspecific [START_REF] Dolfini | YB-1 (YBX1) does not bind to Y/CCAAT boxes in vivo[END_REF]. The mechanisms of nuclear accumulation of YB-1 were not yet completely understood and a clear model describing the determinants of its localization in the cell was lacking when I started my research.

In the present work, we investigated the effect of different DNA-damaging drugs on the intracellular localization of YB-1. We used doxorubicin, cisplatin, actinomycin D and etoposide that were previously reported to induce a nuclear accumulation of YB-1 [START_REF] Zhang | Nuclear localization of Y-box factor YB1 requires wild-type p53[END_REF][START_REF] Sorokin | Proteasome-mediated cleavage of the Y-box-binding protein 1 is linked to DNA-damage stress response[END_REF]) and camptothecin, bleomycin and mitomycin C, which are also used as anti-cancer drugs and are able to induce DNA-damages. Unfortunately, we failed to observed nuclear translocation of YB-1 with most of the drugs. Localization of YB-1 remains unchanged when these drugs were applied to cells even after prolonged incubation. In our condition in MCF7, NRK and Vero cells the only drug, which was able to increase nucleus to cytoplasm ratio of YB-1, was actinomycin D. Besides its ability to induce DNA damages, actinomycin D is widely used to inhibit transcription [START_REF] Bensaude | Inhibiting eukaryotic transcription. Which compound to choose? How to evaluate its activity?[END_REF]). On the other hand, the prolonged exposure to DNA-damaging drugs could also induce inhibition of transcription [START_REF] Bensaude | Inhibiting eukaryotic transcription. Which compound to choose? How to evaluate its activity?[END_REF]. Based on these evidences we proposed that the level of active transcription, and may be amount of mRNA in the cytoplasm, could play a major role in the nucleo-cytoplasmic distribution of YB-1. To test this hypothesis we used transcriptional inhibitors, like DRB, flavopiridol and α-amanitin on their ability to change YB-1 localization. These drugs efficiently inhibit transcription, but do not induce DNA damage. Indeed, we observed strong redistribution of YB-1 from the cytoplasm to the nucleus after prolonged incubation with these drugs. Interestingly, incubation of cells with these drugs also results in a significant decrease in the level of cytoplasmic poly(A) + RNA.

The first idea that YB-1 is recruited co-transcriptionally on pre-mRNA in the nucleus and then exported to the cytoplasm in the form of mRNPs was proposed for FRGY2, an homolog of YB-1 from X. laevis [START_REF] Ranjan | Masking mRNA from translation in somatic cells[END_REF]). If the level of mRNA in the cytoplasm decreases for some reasons, this could lead to the release of YB-1 and to its nuclear translocation. In agreement with this model, we found that when in the nucleus, YB-1 associates presumably with RNA, but not with DNA, indicating that its functions in the regulation of gene expression is rather linked to RNA-than to DNA-related events.

To the best of our knowledge, the effect of DNA-damaging drugs on the nuclear accumulation of YB-1 was never considered in the context of transcription inhibition. We thus suggest that in the future, a careful difference should be made between the consequences of an inhibition of transcription or to the induction of DNA damage to interpret the sub-cellular localization of YB-1. In addition, the translocation of YB-1 could be in part cell type specific and some cell lines could possess some additional mechanisms that facilitate translocation YB-1 to the nucleus.

Moreover, concerns about the quality of antibodies that use to detect YB-1 were also raised [START_REF] Cohen | Genotoxic stress-induced nuclear localization of oncoprotein YB-1 in the absence of proteolytic processing[END_REF]).

Actually, nuclear functions of YB-1 could be overestimated in the process of cancer cell transformation and its intracellular transport could be dependent rather on mRNA level in different compartments. Next, we decided to turn our attention to the role of YB-1 in translation regulation where YB-1 is a confirmed regulator.

Regulation of translation of some mRNAs was also linked to cancer cell transformation and in the process of metastasis [START_REF] Evdokimova | Translational Activation of Snail1 and Other Developmentally Regulated Transcription Factors by YB-1 Promotes an Epithelial-Mesenchymal Transition[END_REF]. Indeed, the role of YB-1 in translation regulation is well established and could be a main mechanism how YB-1 controls gene expression in the cell. YB-1 is known to bind selectively to some specific mRNAs, especially those implicated in cell growth [START_REF] Evdokimova | Akt-Mediated YB-1 Phosphorylation Activates Translation of Silent mRNA Species[END_REF], and this selectivity being at the heart of its role as a translation regulator. We therefore deciphered the yet unknown molecular mechanisms leading to such selectivity toward mRNA.

We examined at the single molecule level using high resolution AFM the binding of YB-1 to 2Luc mRNA (luciferases from Renilla reinformis and Photinus pyralis). At saturating concentration, YB-1 forms typical "beads-on-a-string" structures, as reported previously [START_REF] Skabkin | Structural organization of mRNA complexes with major core mRNP protein YB-1[END_REF]). To capture a putative cooperative binding of YB-1 to mRNA, we analyzed its interaction at YB-1 concentrations well below the saturation level. We rapidly noticed a striking inhomogeneous repartition of YB-1 among mRNA molecules. Some mRNAs formed "beads-on-a-string" structures as observed at saturating YB-1 concentration, while other mRNA appeared free of YB-1 or in complex with few YB-1 molecules. Using gel mobility shift assay in order to verify these results, we noticed the appearance of two distinct bands in the gel which should result from the coexistence of saturated YB-1:mRNA complexes and of free or unsaturated mRNA, a typical feature of a cooperative behavior. We identified the unstructured CTD of YB-1 as critical for the interaction with RNA but, alone, the CTD cannot trigger a cooperative binding to RNA. We found that it is rather the CSD of YB-1, a highly conserved structured domain known to bind to RNA that is responsible for the cooperativity.

As the cooperative binding of YB-1 to mRNA leads to an inhomogeneous distribution of YB-1 among mRNA, we then explored whether cooperativity may participate to the preferential binding of YB-1 to some specific mRNA while avoiding other ones. We found that the pre-incubation of one of the mRNA with YB-1 results in the formation of stable complexes, where dissociation of isolated molecules is complicated by the energy benefit to stay in form of oligomer. This result provides the basis for a selective inhibition of translation where nucleation of YB-1 oligomerization on some mRNA could be triggered by the preference of YB-1 to some sequences within mRNA by itself or thanks to the help of additional factors. In light of the present results, we advanced a novel mechanism leading to the selection of specific mRNA, using YB-1 as a model: a preferential protein multimerization based on a cooperative binding to mRNA.

The cooperative binding of YB-1 to mRNA seems to be at the heart of the selection of specific mRNA. Despite the novelty of this funding the real understanding of this phenomenon requires further structural investigations. Several experiments could be designed based on this discovery to provide new insights in the regulation of translation by RBPs, that possess the ability to cooperatively bind to mRNA and in this way regulate translation.

First interesting point is to decipher whether the CSD induces a cooperative binding of the other members of the cold-shock protein family. If so it will help to generalize the model we propose for RNA selection based on a cooperative binding mediated by the cold-shock domain. We are thinking that Lin28 and UNR (Upstream of N-Ras) could be interesting candidates. Lin28 displays, like YB-1, a single coldshock domain and is known to play a critical role in cancerogenesis [START_REF] Viswanathan | Lin28 promotes transformation and is associated with advanced human malignancies[END_REF]). The action of Lin28 is not only linked to its targeting of let7 miRNA but, as now recognized, also to its binding to mRNA in order to regulate translation, which may have putative critical consequences in cancer [START_REF] Zhou | LIN28/LIN28B: An emerging oncogenic driver in cancer stem cells[END_REF]. In contrast, to Lin28 and YB-1, UNR possess five cold shock domains. Its role in translation regulation is well recognized, in particular in IRES-mediated translation [START_REF] Mihailovich | Eukaryotic cold shock domain proteins: highly versatile regulators of gene expression[END_REF].

Taking into account the role of these proteins in cancer development, the finding of novel drugs that can target the cooperativity requires to obtain structural data at the atomic level. For this purpose, it seems to be prominent to identify by nuclear magnetic resonance spectroscopy (NMR), or other structural methods, which residues from the CSD are implicated in the cooperative binding of YB-1 to mRNA.

Then, is would be necessary to validate whether the residues identified by NMR are involved in the cooperative binding of YB-1 to mRNA using a mutation-based approach. Mutated YB-1 should lose their selectivity for specific mRNAs, among them some coding for putative oncogenes. Interestingly, this information could help to develop potential drugs directed against the cooperative binding of YB-1, Lin28

and UNR to RNA. Targeting of this function could be an efficient strategy for cancer treatment.

After the finding of cooperative binding of YB-1 to mRNA, we investigated the interaction of YB-1 with DNA using high resolution AFM imaging. Despite the fact, that affinity of YB-1 to DNA is significantly lower than for RNA, we detected a strong binding of YB-1 at the crosses of two DNA helixes. Interestingly, this interaction, with an increase of YB-1 concentration, results in formation of oligomers starting from these points. Thus, the interaction of YB-1 with DNA also appears to be highly cooperative where DNA crosses plays a role of nucleation points. In addition, we provided evidences that the binding of YB-1 to DNA crosses, interferes with the activity of topoisomerase II. Interestingly, the correlation between an elevated level of YB-1 and topoisomerase II was already observed early, but was rather assigned to transcriptional activity of YB-1 [START_REF] Shibao | Enhanced coexpression of YB-1 and DNA topoisomerase II alpha genes in human colorectal carcinomas[END_REF]. Here, we propose that the increase in the amount of Topoisomerase II in cells expressing higher amounts of YB-1 could be rather a compensative mechanism. Nevertheless, these results require further investigation, especially in a cellular context, because the conditions when YB-1 is localized in the nucleus are not yet completely understood and affinity of YB-1 to DNA is significantly lower than for mRNA.

Finally, using YB-1 as a model protein, we developed a new method to detect protein-protein interactions in the cell. This method relies on the unique pattern of the microtubule network, which could be easily distinguished from other background cellular structures. We used Tau protein, as an adaptor to bring YB-1 on microtubules (YB-1 is normally diffusively distributed in the cytoplasm). First of all, we confirmed the ability of YB-1 to bring mRNA on microtubules. Indeed, when the YB-1-RFP-Tau fusion protein was overexpressed in cells, it was possible to detect the enrichment of poly(A) + RNA on the microtubule network. Next, we demonstrated that YB-1-RFP-Tau is able to bring GFP-YB-1 on microtubules implying that both proteins (YB-1-RFP-Tau and GFP-YB-1) are components of the same mRNPs. This property is explained by the ability of YB-1 to form oligomeric structures and their formation is strongly depends on the presence of mRNA. In addition we expanded the application of the method for the search of a new YB-1 partners. The fact, that the cooperative binding of YB-1 to mRNA is mediated by its CSD focused our attention to Lin28, another eukaryotic RNA-binding protein. Lin28 also possesses a single CSD domain. Interestingly, we found that Lin28 interacts with YB-1, most probably because of the presence of CSD. In contrast, using G3BP, another cytoplasmic RBP, we didn't observe any co-localization with YB-1 most probably because it lacks CSD and is bound to another set of mRNAs.

In conclusion, this method represents a very simple and promising technique, which could be applied for the screening of potential protein-protein interactions in living cells. The key advantage of the method is its simplicity. Creating a library of plasmids for bait (fused to Tau protein) and prey proteins, everyone can perform a fast search for interesting partners using straightforward immunofluorescence microscopy.
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 10 Fig. 10. Mechanism of translational repression by 4E-BPs and 4E-HPs (Kong and Lasko, 2012) A) Translational repression by competitive inhibition of eIF4E binding to eIF4G. B) Translational repression by competitive inhibition of eIF4E binding to the cap by alternative cap-binding protein that cannot bind eIF4G.
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 11 Fig. 11. Mechanism of translational repression of msl2 mRNA (Gebauer, 2012). SXL binds to both the 5' and 3' UTRs of msl2 mRNA to achieve strong repression.
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 12 Fig. 12. Possible mechanism of mRNA masking (with modifications from Spirin, 1994).Binding of a masking protein in the 3' UTR of mRNA may induced structural rearrangement of mRNP into condensed form, which will be inaccessible to initiation factors, ribosomes and ribonucleases.

  Initial experiments using YB-1 fragments allowed to identified two sequences responsible for its localization either in the cytoplasm or in the nucleus. Nuclear localization signal (NLS) was mapped between amino acid residues 186 and 205 (186-205), and cytoplasmic retention signal (CRS) between residues 267 and 293 (267-293)[START_REF] Bader | Inhibition of Protein Synthesis by Y Box-Binding Protein 1 Blocks Oncogenic Cell Transformation[END_REF]. Under normal conditions the effect of the CRS dominates over NLS and YB-1 is kept in the cytoplasm. In another work, three nuclear localization signals were described: NLS1 (149-156), NLS2 (184-194) and NLS3 (276-292)[START_REF] Van Roeyen | Cold shock Y-box protein-1 proteolysis autoregulates its transcriptional activities[END_REF]. Interestingly, all these sequences are enriched in arginine residues, which are known to drive proteins to the nucleus by a charge-dependent mechanism[START_REF] Musinova | A charge-dependent mechanism is responsible for the dynamic accumulation of proteins inside nucleoli[END_REF].
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 I Fig. I. Proposed scheme for the involvement of YB-1 in the formation of polysomal and free cytoplasmic mRNPs (Skabkin, 2004).
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 S2 Figure S2. The cooperative binding of YB-1 to mRNA depends on ionic strength.Cross-linking indicates that YB-1 multimerizes upon binding to RNA (2Luc mRNA) and DNA (pBR322).A) Gel mobility shift assays reflecting the influence of the ionic strength on the cooperative binding of YB-1 to 2Luc mRNA were performed under indicated concentrations of KCl. The appearance of two distinct migration bands is clearly detected at moderate ionic strength (50 mM KCl). At 250 mM KCl, YB-1 cooperativity is no longer detected as only a single migration band is observed. mRNA: 0.25 pmoles per well. B) In the absence of RNA or DNA, YB-1 is mostly in its monomeric state after its crosslinking by glutaraldehyde. On the other hand, in the presence of both DNA and RNA, we noticed the appearance of large YB-1-rich and DNA or RNA-rich bodies, which cannot enter into the gel being observed at the bottom of the well. The addition of RNAse or DNAse after crosslinking fails to dissociate the YB-1 multimers. These results indicate that direct YB-1:YB-1 interactions take place on both DNA and RNA which serve as scaffolds for the multimerization process. YB1-1:5 µg per well. DNA: 1 µg per well. RNA: 1 µg per well.
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 S3 Figure S3. Analysis of the charge distribution of CTD1 and CTD2.

  Figure S5. Analysis of the height distributions and determination of two statistically different populations.The height measurements obtained by AFM in a given condition were arbitrary separated in two populations using a varying critical height. The two populations correspond to height data points having a lower or larger height than the critical height. The plot represents the mean heights and the standard deviations of the two populations versus the critical height. We then determined for which critical height the two populations were significantly different, if any.

  Figure S6. YB-1 does not selectively inhibit translation without the preincubation step.

  Figure S7. YB-1 and YB-1-tr multimerization at DNA crosses leads to its selective binding to supercoiled DNA.The interactions of YB-1, YB-1-tr and G3BP (300 nM) with an equimolar mixture containing linear 1220 bp and supercoiled pBR322 DNA (2 nM each) were observed on mica by AFM. In the presence of YB-1 and YB-1-tr, YB-1 multimerization is detected exclusively on supercoiled DNA. Such pattern is not observed for G3BP used as control. The higher magnification image clearly highlights the highly selective binding of YB-1 to supercoiled DNA at DNA crossovers. Scale bar: 100 nm.
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 S8 Figure S8: CTD2 preferentially binds to supercoiled DNA while the binding of AP-CSD to mRNA or supercoiled and relaxed DNA is not detected. A) Gel mobility shift assay probing the binding of YB-1 of an equimolar mixture of supercoiled and nicked pBR322 DNA (70 fmoles). The quantity of protein ranged from 3 to 21 pmoles for both constructs. As CTD, AP-CSD (A/P +CSD domains) is not binding DNA significantly in vitro, which indicates that the A/P domain does not reinforce the binding of CSD to DNA. CTD2 shows a preferential binding to supercoiled DNA, most probably by forming a salt-bridge at the interface between two DNA helices. B) Gel mobility shift assay reflecting the binding of AP-CSD and CTD2. AP-CSD does not significantly reduce the mobility of mRNA. Similar results were obtained with the CSD alone. Increasing CTD2 leads to a gradual decrease of the nucleoprotein complex mobility.
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 S2 Figure S2. mRNA is preferentially brought to microtubules by YB-1-RFP-Tau.In cells expressing YB-1-RFP-Tau, the presence of mRNA and the 28S and 18S ribosomal subunits was probed via in situ hybridization. The bar plot represents means ± SD obtained from experimental measurements of the spearman coefficient (n=30 cells). **P<0.01; two-tailed t test. Colocalization between YB-1-RFP-Tau and RNA was more pronounced in the case of messenger than ribosomal RNA as shown in line profiles and in the bar plot. While performing these measurements, we considered that ribosomal RNAs are much more numerous than mRNAs and are thus proportionally less likely to be bound to the bait protein on microtubules. To prevent such bias, the measurement of the correlation includes a filtering step that removes the background signal and alleviates such putative bias in the measurements (see materials and methods).
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 S3 Figure S3. Investigations on the mechanism of YB-1 self-interaction.Western blots showing the presence of endogenous YB-1 and YB-1-GFP, with or without mutations in the cold-shock domain (Y72A/F74A), after pull down assays.Whole cell lysates (WCL) of HeLa cells expressing either wild type or mutated YB-1-GFP were used. The two point mutations alter YB-1 self-interaction as observed in cells (Figure3C).
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 S5 Figure S5. Methanol fixation followed by PFA treatment best reveals colocalization on microtubules in fixed HeLa cells. A) Methanol fixation followed by para-formaldehyde treatment is the most efficient fixation procedure to measure co-localization on microtubules in fixed cells.

B

  ) Plots represent representative line profiles of fluorescence signals. Microtubules were not clearly observed in the bait and prey images using PFA fixation or methanol alone. In the case of Methanol alone, Tau may dissociate from microtubules after the fixation step while preparing the sample for fluorescence microscopy.

Figure S6 .

 S6 Figure S6. Protocol for the quantification of co-localization between bait and prey on microtubules.A) Detailed protocol to quantify co-localization between bait and prey on microtubules. Images of bait and prey florescence, here YB-1-RFP-Tau and YB-1-GFP, obtained from fixed cells, were first spatially filtered by using Fast Fourier Transform (FFT). Low spatial frequencies, corresponding to feature larger than 2 µm, were discarded. Microtubule structures then appeared clearly in the images of the bait protein and, provided that co-localization occurs, in the images of the prey protein.Images of the bait and the prey were merged and proceed using the 'Pearson-Spearman Correlation Co-localization' plug-in for ImageJ.B) The measured correlation coefficient is very sensitive to the alignment of the bait and prey fluorescence images. When images are shifted, the ImageJ's plug in, 'Align RGB planes', can be used to correct the shift. The spearman coefficient representative of the co-localization between YB-1-GFP and YB-1-RFP-Tau then increases.

Fig. 1 .

 1 Fig. 1. Effect of DNA-damaging drugs on the intracellular localization of YB-1. NRK cell were transfected with pcDNA3-HA-YB-1 and treated with mitomycin C (as an example of the absence of translocation) and actinomycin D (partial translocation was detected). Presence of damages was visualized using antibodies to phosphorylated γH2AX. Scale bar 15 µM.

  of DNA and stabilizes topoisomerase I -DNA complexes what consequently blocks RNA polymerase progression[START_REF] Trask | Stabilization of type I topoisomerase-DNA covalent complexes by actinomycin D[END_REF]. Also actinomycin D induces double-strand breaks in DNA and leads to the phosphorylation of γH2AX at sites of the DNA breaks[START_REF] Mischo | Actinomycin D induces histone gamma-H2AX foci and complex formation of gamma-H2AX with Ku70 and nuclear DNA helicase II[END_REF].

Fig. 2 .

 2 Fig. 2. Accumulation of YB-1 in the nucleus is detected both by antibodies to its N-and C-terminal parts.Vero cells were treated with actinomycin D (0.5 µg/ml) for 24 hours and simultaneously stained with antibodies directed against N-and C-terminal parts of YB-1. Scale bar 50 µm.

Fig. 3 .

 3 Fig. 3. Accumulation of YB-1 in the nucleus with time.Vero cells were treated with actinomycin D (0.5 µg/ml) for 6, 12 or 24 hours and then stained with antibodies to CTD of YB-1. Scale bar 100 µm.

Fig. 4 .

 4 Fig. 4. Effect of the transcriptional inhibitors on YB-1 localization. Vero cells were treated for 24 hours with Actinomycin D (0.5 µg/ml), DRB (100µM), flavopiridol (1 µM) and α-amanitin (2 µg/ml) and than YB-1 was visualized using antibodies to its Cterminal domain. Scale bar 50 µm.

Fig. 5 .

 5 Fig. 5. Level of poly(A) + RNA and localization of YB-1. Vero cells were treated with actinomycin D, DRB and α-amanitin for 24 hours. After fixation cell were undergo hybridization with fluorescent prove to poly(A) + RNA. Scale bar 50 µm.

Fig. 6 .

 6 Fig. 6. In the nucleus YB-1 is bound to RNA, and not to DNA. Vero cells were treated with DRB (100µM) for 24 hours and then permeabilized by cytoskeleton (CSK) buffer supplemented with DNAse I or RNAse A. Scale bar 100 µm.

  

  

  

  

  

  

  

  

CsCl is 1.4 g/cm 3 ). Initially, YB-1 together with PABP was isolated as a major component of polysomal mRNPs [START_REF] Morel | Proteins Associated with globin RNA in Avian Erythroblasts: Isolation And Comparison with the Proteins Bound to Nuclear Messenger-like RNA[END_REF][START_REF] Blobel | Protein tightly bound to globin mRNA[END_REF][START_REF] Morel | The Duck-Globin Messenger-Ribonucleoprotein Complex[END_REF] (See chapter 2.3). PABP is a protein that specifically binds to the poly(A) tail of all mRNAs and regulates mRNA stability and translation efficiency. In turn, YB-1 was discovered as a protein interacting non-specifically along all mRNA sequence. Later, it was found that in non-translatable mRNPs, YB-1 is the main protein component, where it is at least twice more abundant than in polysomes [START_REF] Minich | Translational active mRNPs from rabbit reticulocytes are qualitatively different from free mRNA in their translatability in cell-free system[END_REF][START_REF] Minich | Role of cytoplasmic mRNP proteins in translation[END_REF]. It seems, that different YB-1/PABP ratio within these two classes of mRNPs reflects their different translational states. Interestingly, among all mRNP components YB-1 is the most strongly bound to mRNA: YB-1 completely dissociates from it only at 2M NaCl, while PABP is removed at 500 mM NaCl [START_REF] Minich | Role of cytoplasmic mRNP proteins in translation[END_REF].

Reconstruction of mRNPs in vitro using recombinant YB-1 and synthetic mRNAs indicates that YB-1 alone is able to form particles with physical properties similar to native mRNPs [START_REF] Skabkin | Structural organization of mRNA complexes with major core mRNP protein YB-1[END_REF]). Electron microscopy revealed that at low YB-1:mRNA ratio, typical for polysomal mRNPs, YB-1 binds to mRNA as a monomer by its two RNA-binding domains CSD and CTD. These complexes possess non-compact unfolded structure and it seems that it facilitates the access of translation initiation factors to the mRNA ends [START_REF] Svitkin | General RNA binding proteins render translation cap dependent[END_REF]. Increase of YB-1 to mRNA ratio leads to the formation of saturated complexes typical for native non-translated mRNPs. These structures appeared as 'beads-on-a-string' structures by electron microscopy imaging. Each multimer consists of 15-18 YB-1 molecules and is able to pack on its surface mRNA with a length of about 600-700 nucleotides inducing its significant compaction [START_REF] Skabkin | Structural organization of mRNA complexes with major core mRNP protein YB-1[END_REF]. mRNA in these complexes is exposed on the surface of YB-1 multimers and is very sensitive to endonucleases [START_REF] Evdokimova | The major protein of messenger ribonucleoprotein particles in somatic cells is a member of the Y-box binding transcription factor family[END_REF].

The formation of YB-1 saturated mRNPs is accompanied by the stabilization of mRNA, preventing its degradation in cell and cell lysates. YB-1 can regulate the stability of all cap-containing mRNAs globally, independently of their primary structure. CSD of YB-1 recognizes cap structure and prevents mRNA degradation by decapping. [START_REF] Evdokimova | The major mRNA-associated protein YB-1 is a potent 5' capdependent mRNA stabilizer[END_REF]. It is believed that in saturated mRNPs, mRNA termini are buried insides the YB-1 "globules" and not accessible to 5' and 3' exonucleases, which is usually used for mRNA degradation in cell. In addition to general mRNA stabilization, YB-1 can precisely regulate the stability of some 2016). These observations leave the room for further investigation of translational regulation mediated by mTORC1 and can result in the identification of new factors implicated in this regulation. of different YB-1 parts with mRNA and DNA, using high resolution AFM imaging. This, supplemented with biochemical and cellular studies, eventually resulted in the discovery of a cooperative binding of YB-1 to mRNA and DNA [START_REF] Kretov | mRNA and DNA selection via protein multimerization: YB-1 as a case study[END_REF].

This discovery provided a mechanistic explanation of non-homogenous distribution of YB-1 among mRNAs in the cell and also some clues about its interaction with DNA.

Indeed, this discovery allowed re-thinking the mode of the interaction of YB-1 with nucleic acids from a different point of view. The principle proposed in this work for YB-1 could be also applied to other RNA-binding proteins that possess a capacity to make multimers on nucleic acids.

Finally, I also participated in the development of a new method that was developed in INSERM U829 by efforts of Professor David Pastré and Dr. Mirela Boca [START_REF] Boca | Probing protein interactions in living mammalian cells on a microtubule bench[END_REF]. In this work we used YB-1 as a model protein to verify the viability of the principle. The method exploits the unique pattern of the microtubule network, which can be easily distinguished from other background structures. Besides its practical importance, this method allowed us to verify some ideas about ability of YB-1 to make oligomers in cellulo as well as its consequence of the point mutations on its ability to form oligomers.

For the sake of clarity, I will first present the results describing the cooperative binding of YB-1 to mRNA and DNA, then the new method designed to detect protein-protein interactions in cell. Finally, I will provide results concerning intracellular localization of YB-1 under different stress conditions.

RESULTS

Chapter 1: mRNA and DNA selection via protein miltumerization: YB-1 as a case study Dmitry A. Kretov, Patrick A. Curmi, Loic Hamon, Sanae Abrakhi, Bénédicte Desforges, Lev P. Ovchinnikov and David Pastré.

Nucleic Acids Research, 2015

Scientific context

YB-1 is an abundant intracellular soluble protein that affects many RNA and DNA-dependent processes in the cell. YB-1 performs numerous functions is based on two major properties: (i) its strong affinity to nucleic acids and (ii) its ability to form homo-oligomers [START_REF] Lyabin | YB-1 protein: functions and regulation[END_REF]. As it was discussed above, YB-1 is organized in three domains; two of them possess an affinity to nucleic acids -the central cold shock domain (CSD) and the C-terminal domain (CTD). Using bioinformatics analysis and circular dichroism spectroscopy it was shown that the Nterminal and the C-terminal domains have no regular secondary structure and appear to be intrinsically disordered [START_REF] Guryanov | The major mRNP protein YB-1: Structural and association properties in solution[END_REF]. This complicates structural investigation of the full-length YB-1 and so far only the structure of the isolated CSD was determined using NMR spectroscopy. There are also no available high-resolution structures of YB-1 in complex with RNA or DNA. Indeed, most of the information concerning its interaction with nucleic acids derived from biochemical investigations. Further advances in the understanding of the structural organization of YB-1, notably when in interaction with nucleic acids, are critically required.

YB-1 is a mRNA-binding protein

It was previously considered that YB-1 is mainly a major protein component of cytoplasmic mRNPs. Based on the centrifugation in CsCl gradients, glutaraldehyde crosslinking, gel-filtration and effect of YB-1 on in vitro translation, a model of mRNP formation by YB-1 was proposed (Fig. I) [START_REF] Evdokimova | Translational regulation by Y-box transcription factor: involvement of the major mRNA-associated protein, p50[END_REF][START_REF] Skabkin | Structural organization of mRNA complexes with major core mRNP protein YB-1[END_REF]). This model first implies that free YB-1 exists in solution in the form of multimers. Second, following its interaction with RNA, two different options were advanced -i) in an excess of mRNA, YB-1 binds to mRNA as a monomer after the dissociation of preexisting YB-1 oligomers. This interaction leads to the unfolding of the secondary structure of mRNA and induces translational activation (Skabkin et al. the full-length YB-1, we used Heparin Sepharose at a first stage, which allowed us to obtain protein with purity above 80%. Second, cation exchange chromatography on a MonoS column was used to remove residual contamination by nucleic acids. Indeed, the MonoS step allowed us to eliminate the peak with maximum absorption at 260 nm, which eluted in the free volume and which most probably corresponds to DNA and RNA fragments (Fig. S9A). Finally, size exclusion on Superose 12 was used to remove the remaining minor contaminants (Fig. S9B). Besides the full-length YB-1

(YB-1 1-324 ), we produced the following truncated YB-1 forms: YB-1 1-219 , which mimics the product of YB-1 cleavage by 20S proteasome [START_REF] Sorokin | Proteasome-mediated cleavage of the Y-box-binding protein 1 is linked to DNA-damage stress response[END_REF]; YB-1 1-129 , the N-terminal part of YB-1; YB-1 51-129 , the isolated CSD; YB-1 130-324 , the fulllength CTD and two separate parts of CTD (YB-1 130-219 and YB-1 220-324 ) (Fig. S1).

The CTD was divided into two parts, because first trials of purification of the fulllength CTD were complicated. All protein fragments were obtained with purity above 95% and were free from nucleic acids (OD280/260 > 2). For the detailed description of the production and purification process see the materials and methods section in the manuscript.

To investigate the interaction of YB-1 and its fragments with nucleic acids we chose to use Atomic Force Microscopy (AFM) imaging. This method not only provides information regarding the interaction between partners, here proteins and RNA, at the single molecular level, but also gives insights about the structural properties of mRNPs (height, shape, distribution). YB-1 is thought to bind nucleic acids rather non-specifically [START_REF] Minich | Purification and characterization of the major 50-kDa repressor protein from cytoplasmic mRNP of rabbit reticulocytes[END_REF]), so we decided to use 2Luc mRNA encoding luciferase from Renilla reinformis and Photinus pyralis (~3000 nt) as a substrate for YB-1 binding. The use of long mRNA facilitates its detection by AFM.

We estimate the binding of full-length YB-1 and its domains to mRNA and compared the structures. The typical 'beads-on-a-string' structures were observed for full-length YB-1 and for the truncated YB-1 1-219 form. It indicates that the formation of 'beadson-a-string' structures does not require the last part of CTD. Surprisingly, we did not detect any binding of isolated CSD to mRNA, while CTD appeared tightly bound to it but with a height of the complex with mRNA lower than that observed for full-length YB-1 and YB-1 1-219 (Fig. 1B andC).

As it was mentioned above, YB-1 was proposed to form two types of complexes with mRNA depending on the protein:mRNA ratio. We thus compared the structures of mRNPs that may appear for different full length YB-1:mRNA ratio.

Supplementary information

Figure S1. Purified recombinant proteins used in this study.

Visualization by Coomassie G250 after migration of proteins in SDS PAGE.

When the binding of YB-1 fragments to mRNA in the same conditions was studied, it appeared that the CSD domain is crucially required for cooperativity. For instance, the truncated YB-1 1-219 form was able to bind mRNA cooperatively, indicating the uselessness of the last part of CTD for it. Nevertheless, isolated CTD (YB-1 130-324 ) was strongly bound to mRNA, but it's distribution was homogeneous between all mRNAs at all protein:mRNA ratios used. Thus, even if the impact of CSD to mRNA binding is not significant, it could indirectly facilitate the formation 'beads-on-string' structures mediating YB-1:YB-1 interaction. There are several facts that support this idea. First, it was demonstrated that the CSD domain is responsible for the formation of amyloid-like fibrils by YB-1 and can form them alone even at physiological salt concentration [START_REF] Guryanov | Formation of amyloid-like fibrils by Y-box binding protein 1 (YB-1) is mediated by its cold shock domain and modulated by disordered terminal domains[END_REF]. Second, the cooperative binding of bacterial CSPs to mRNA is known for a long time, implying the ancient origins of the role of this domain in mediating protein-protein interaction [START_REF] Graumann | A family of cold shock proteins in Bacillus subtilis is essential for cellular growth and for efficient protein synthesis at optimal and low temperatures[END_REF][START_REF] Jiang | CspA, the Major Cold-shock Protein of Escherichia coli, Is an RNA Chaperone[END_REF]. Third, when the formation of mRNPs by FRGY2, a frog YB-1 homologue, was investigated it didn't escape from the authors that its binding is also cooperative [START_REF] Matsumoto | Visualization of the reconstituted FRGY2-mRNA complexes by electron microscopy[END_REF]. As CSD is the most conserved part between YB-1 and FRGY2 we thus hypothesize that it could be responsible for cooperativity, which appears as a critical feature of these proteins.

iv)

The formation of saturated complexes of YB-1 with mRNAs leads to an inhibition of translation of the targeted mRNAs in vitro and in vivo [START_REF] Minich | Role of cytoplasmic mRNP proteins in translation[END_REF][START_REF] Davydova | Overexpression in COS cells of p50, the major core protein associated with mRNA, results in translation inhibition[END_REF]). Previously, it was proposed that the cooperative oligomerization of YB-1 on mRNA could be triggered by the action of masking factors, which induce the structural reorganization of YB-1 mRNPs leading to the formation of 'beads-on-a-string' structures [START_REF] Spirin | Storage of messenger RNA in eukaryotes: envelopment with protein, translational barrier at 5" side, or conformational masking by 3" side?[END_REF]. Surprisingly, in our work we discovered that YB-1 by itself, without any additional factors, could cooperatively bind to mRNA and form saturated complexes. In addition, our results

indicate that YB-1 molecules are hardly released from mRNA once saturated YB-1:mRNA complexes have been formed (Fig. 4C). The release of YB-1 from mRNA is impeded most probably by the energy benefit to stay in the form of oligomers on mRNA. Using in vitro translation system based on rabbit reticulocyte lysates (RRL), we confirmed that the formation of saturated mRNPs by YB-1 consequently leads to the inhibition of protein synthesis.

Several reports indicated that YB-1 has a preference for some mRNA sequences, like its own mRNA, providing a means for autoregulation of its expression 

Micrographs show HeLa cells expressing different combinations of bait and prey

proteins. YB-1-GFP is not detected on microtubules in cells expressing G3BP1-RFP-Tau. In addition, G3BP1-GFP is not attracted onto microtubules using G3BP1-RFP-Tau as bait. Interestingly, Lin28-RFP-Tau brings Lin28-GFP to microtubules.

Discussion

In the present work we proposed a new method to detect protein-protein interactions in living and fixed cells using straightforward fluorescent microscopy.

This method exploits the ability of microtubules to form a clearly visible filamentous network inside the cell. Using as an adaptor the microtubule-associated protein Tau, we demonstrated that this technique could be applied to study the interaction between RBPs. In agreement with the fact that YB-1 has a strong tendency to form oligomers on mRNA (See chapter of results 1), we observed a high degree of co-localization between RFP-YB-1-Tau and GFP-YB-1. As it was discussed above, the intermolecular cooperativity of YB-1 is mediated by its CSD. Here, we also tested the interaction between YB-1 and Lin28, another CSD-containing protein. The colocalization was less striking than in the case of YB-1/YB-1 interaction, but more pronounced than with G3BP, implying that the interaction between different CSDcontaining proteins could take place in cell. These results were consistent with classical co-immunoprecipitation experiments confirming the reliability of this method.

Besides the investigation of protein-protein interactions between RBPs this method provides the good basis for investigation of the interaction between specific RBPs and its associated mRNAs. Indeed, YB-1, when it is put on microtubules induces the accumulation of the significant part of poly(A) + RNAs. Further elaboration specific probes a screening for different YB-1-associated mRNAs could be performed. In addition, we also found that when YB-1 with point mutations in a conservative RNP-1 motif was used as prey to interact with YB-1-RFP-Tau we found that the interaction was completely disrupted (Fig. 3C). It could be explained by two mechanisms: i) these mutations could have a serious consequence on the cooperative binding of YB-1 to mRNA and in this way prevent its oligomerization; ii) mutations in RNA binding motif could change the sets of mRNA associated with YB-1 and consequently mRNA bound to bait and to prey would be completely different, remaining no place for co-localization; iii) previous reports proposed that mutations in RNP1 of YB-1 completely abolished its interaction with mRNA [START_REF] Bader | Inhibition of Protein Synthesis by Y Box-Binding Protein 1 Blocks Oncogenic Cell Transformation[END_REF]. Nevertheless this does not seem to be realistic because it is the CTD of YB-1, which is responsible for strong and non-specific bind to mRNA. Moreover, we showed that YB-1 carrying mutations in the RNP1 still possess its strong affinity to mRNA, but cooperative binding in contrast is significantly impaired (See chapter 1 of resluts)

Moreover, this method is not restricted only to RBPs but could also be enlarged to other proteins. For instance, we provided evidences showing that connexin 43, a membrane-associated protein interacts with CLDN10, another membrane associated protein.

In conclusion, this method represents a powerful tool to detect protein-protein interactions in cellular context.

Chapter 3:

Intracellular localization of YB-1 in response to DNA-damage stress

and twice with 2XSSC. For additional immuno-fluorescence, after in situ hybridization, primary antibodies were diluted in 2XSSC supplemented with 0.1% Triton X-100 and incubated overnight for 12 h at 4°C. Cells were then washed three times and the appropriate secondary antibody was applied, diluted in 2XSSC + 0.1% Triton X-100. Cells were incubated for 1 h at room temperature before three final washes in 2XSSC and were mounted and examined as described above.

DNA damage does not lead to the nuclear accumulation of YB-1

Some of DNA-damaging drugs like cisplatin, doxorubicin and actinomycin D have been reported to induce nuclear translocation of YB-1 [START_REF] Gaudreault | YB-1 promotes strand separation in vitro of duplex DNA containing either mispaired bases or cisplatin modifications, exhibits endonucleolytic activities and binds several DNA repair proteins[END_REF][START_REF] Zhang | Nuclear localization of Y-box factor YB1 requires wild-type p53[END_REF][START_REF] Sorokin | Proteasome-mediated cleavage of the Y-box-binding protein 1 is linked to DNA-damage stress response[END_REF]. We chose these and some other DNA-damaging compounds in order to investigate their ability to change the sub-cellular localization of YB-1 (Table 1). First of all, we wanted to understand, which of these drugs can drive YB-1 to the nucleus. Cell lines of different origins (NRK -rat, Vero -monkey, MCF7 -human) were used to eliminate cell specific particularities. Drugs were applied to cells at the concentrations indicated in Table 1 and then cells were fixed after different time of incubation. As mentioned above, the translocation of YB-1 to the nucleus was proposed to be linked with its proteolysis by the 20S proteasome that results in the loss of hundred amino acids from its CTD [START_REF] Sorokin | Proteasome-mediated cleavage of the Y-box-binding protein 1 is linked to DNA-damage stress response[END_REF][START_REF] Stenina | Thrombin induces the release of the Y-box protein dbpB from mRNA: a mechanism of transcriptional activation[END_REF]. Unfortunately, the best antibodies that are usually used to detect YB-1 are raised against its last part in the C-terminal domain (aa 312-324). In the absence of good N-terminal antibodies we decided to use cells, which were transiently transfected with YB-1-encoding plasmid that carries a small N-terminal HA-tag.

Using commercially available anti-HA antibodies, we were able to detect the localization of YB-1 even if it was processed by the 20S proteasome. Surprisingly, we were not able to detect any significant changes in YB-1 localization using all the drugs at any time points up to 12 h (See Fig. 1). To check for the presence of DNA damages, we used antibodies to the phosphorylated form of γH2AX, which is usually modified at the sites of double-strand breaks [START_REF] Turinetto | Multiple facets of histone variant H2AX: a DNA double-strand-break marker with several biological functions[END_REF]. In our hands only actinomycin D induced a partial change in the nucleo-cytoplasmic distribution of YB-1 (Fig. 1). Interestingly, the prolonged Table 1. Effect of different DNA-damaging drugs on the translocation of YB-1 to the nucleus. NRK cells were transfected with pcDNA3-HA-YB-1 and than treated with drugs at the indicated concentrations and for the different period of time.

Drug

explain why some cells are more prone for translocation than others [START_REF] Sorokin | Proteasome-mediated cleavage of the Y-box-binding protein 1 is linked to DNA-damage stress response[END_REF]. Actually, most of the DNA-damaging drugs also induce inhibition of transcription, but to a lesser extent than "pure" transcriptional inhibitors [START_REF] Bensaude | Inhibiting eukaryotic transcription. Which compound to choose? How to evaluate its activity?[END_REF]. In this way it is difficult to distinguish what is the real driving force for nuclear accumulation of YB-1.

When in the cytoplasm, YB-1 always exists in a complex with mRNA and this association could be used for its anchoring in this compartment [START_REF] Ranjan | Masking mRNA from translation in somatic cells[END_REF].

Prolonged exposition to DNA-damaging drugs or transcriptional inhibitors could eventually lead to the degradation of mRNA in the cytoplasm because the mean halflife of the mRNA is eukaryotic cells is about 12 hours [START_REF] Schwanhäusser | Global quantification of mammalian gene expression control[END_REF].

Using in situ hybridization to detect poly(A) + RNA we estimated the amount of poly(A) + RNA in the cells before and after treatment with transcriptional inhibitors.

Indeed, strong decrease of poly(A) + RNA level was detected after 24 hours of incubation with actinomycin D, DRB and α-amanitin (Fig. 5). In other words, degradation of mRNA in the cytoplasm could release YB-1 with it consequent nuclear accumulation.

Partners of YB-1 in the nucleus

After discovering the correlation between transcription inhibition and the presence of YB-1 in the nucleus, we were curious to identify which kind of partner YB-1 may recognize in the nucleus. To answer this we performed separate digestion of either DNA or RNA in cells treated with DRB before fixation and then visualized YB-1 by using the antibodies to its C-terminal domain. Interestingly, we found that treatment of cells with DNAse I does not affect significantly YB-1 localization, while RNAse A treatment completely abolished detection of the signal (Fig. 6). This fact strongly indicates, than presence of RNA in the nucleus is strongly required for its localization in this compartment. In contrast to its function in the nucleus, the role of YB-1 in the regulation of translation was clearly established. YB-1 may therefore orchestrate a translation bias in order to promote cancer progression independently of its putative functions in the nucleus. Here we demonstrated, using atomic force microscopy and biochemical methods, that YB-1 binds mRNA in a highly cooperative manner and this has direct consequences on mRNA selection and following translational modulation. Beyond this research, we took advantage of our knowledge of the biology of YB-1 to develop a new method to detect protein-protein interactions in cellular context, using YB-1 as model protein.

Besides the fact that we confirmed ability of YB-1 to make oligomers in the presence of mRNA, we also highlighted its potential interaction with Lin28, using this method.