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How to untie G-quadruplex knots and why?

For more than two decades now, the prime objective of the chemical biology community studying G-quadruplexes (G4s) has been to use chemicals to interact with and stabilize G4s (i.e., G4-ligands) in cells to obtain mechanistic interpretations. This strategy has been undoubtedly successful, as demonstrated by the spectacular recent advances. However, these insights have also led to a fundamental rethinking of G4-targeting strategies: in light of the prevalence of G4s in the human genome, transcriptome and ncRNAome (collectively referred to as the G4ome), and particularly their involvement in human diseases (cancers and neuropathologies), should we continue to search for and develop G4-stabilizing ligands or would it not be wise to invest efforts in designing and exploiting molecular tools able to unfold G4s? Perhaps provocative, this question invites us to take a new and fresh look at the wealth of data accumulated on the functional relevance of G4s. In this review, we first focus on how, when and where G4s fold in cells; then, we describe the enzymatic systems the cells have evolved to counteract G4 folding (i.e., G4-helicases) and how they have been used as biomolecular tools to manipulate G4s in cells; finally, we present the strategies currently being implemented by chemical biologists on G4-ligands and G4-helicase to devise new molecular G4-unwinding agents.

1.Introduction

The central dogma of biology, heralded by Francis Crick in 1957, [START_REF] Crick | On protein synthesis[END_REF][START_REF] Crick | Central dogma of molecular biology[END_REF][START_REF] Cobb | 60 years ago, Francis Crick changed the logic of biology[END_REF] has been instrumental in the emergence of modern biology. In science, a dogma is "usually based on some recognized authority (here, one of the discoverers of the DNA double helix structure) [START_REF] Watson | Molecular structure of nucleic acids[END_REF][START_REF] Wilkins | Molecular structure of deoxypentose nucleic acids[END_REF][START_REF] Franklin | Molecular configuration in sodium thymonucleate[END_REF] whose pronouncements are unconditionally accepted". [START_REF] Öpik | About dogma in science, and other recollections of an astronomer[END_REF] A dogma is therefore useful as it provides a basis of accepted knowledge that does not need to be re-demonstrated in each new study.

Somewhat paradoxically, a dogma also fuels studies aiming at challenging its ideas, through permanent verification or reconsideration. [START_REF] Kuhn | The structure of scientific revolutions[END_REF] A dogma is therefore bound to evolve, most often at a pace dictated by the technical advances in the field.

Crick's dogma describes the flow of genetic information from DNA to proteins. In his view, DNA is a barcode waiting to be scanned to meet cellular needs. This point has recently been challenged: while the role of DNA as the repository of genetic information is unquestionable, researchers have uncovered that DNA is not structurally placid and that it can fold into a variety of structures that deviate from the Watson-Crick duplex. The exact roles of this structural plasticity are only now unfolding.

The first-in-class example of alternative DNA structures is undoubtedly the G-quadruplex (G4), a four-stranded structure that folds from guanine (G)-rich sequences. [START_REF] Sen | Formation of parallel four-stranded complexes by guanine-rich motifs in DNA and its implications for meiosis[END_REF] This structure is highly thermodynamically stable and folds spontaneously when a G-rich DNA strand escapes its duplex structure, i.e., when the double helix melts to allow for DNA transactions (replication, transcription). Initially suspected to form at telomeres, [START_REF] Schaffitzel | In vitro generated antibodies specific for telomeric guanine-quadruplex DNA react with Stylonychia lemnae macronuclei[END_REF] bioinformatics [START_REF] Todd | Highly prevalent putative quadruplex sequence motifs in human DNA[END_REF][START_REF] Huppert | Prevalence of quadruplexes in the human genome[END_REF][START_REF] Bedrat | Re-evaluation of G-quadruplex propensity with G4Hunter[END_REF] and then sequencing techniques [START_REF] Chambers | High-throughput sequencing of DNA G-quadruplex structures in the human genome[END_REF][START_REF] Hänsel-Hertsch | G-quadruplex structures mark human regulatory chromatin[END_REF][START_REF] Hänsel-Hertsch | Landscape of G-quadruplex DNA structural regions in breast cancer[END_REF][START_REF] Kwok | G-quadruplexes: prediction, characterization, and biological application[END_REF] have progressively raised G4s to the status of key genetic levers, highly prevalent in the human genome, governing gene expression and genomic stability. [START_REF] Spiegel | The structure and function of DNA G-quadruplexes[END_REF][START_REF] Varshney | The regulation and functions of DNA and RNA G-quadruplexes[END_REF][START_REF] Raguseo | Chemical-biology approaches to probe DNA and RNA G-quadruplex structures in the genome[END_REF][START_REF] Rhodes | G-quadruplexes and their regulatory roles in biology[END_REF] After three decades of research, the time is now ripe to look at the wealth of knowledge accumulated with hindsight: are G4s the promising genetic switches able to defeat Crick's dogma? Or are they one-off, ad hoc events that threaten the genetic integrity of human cells? As discussed hereafter, there is no easy way to address these questions and every answer calls for some nuance. Nature has evolved an efficient enzymatic arsenal (helicases) to regulate G4 formation in vivo, as if to comply with Crick's dogma. Scientists are also now conceiving molecular tools to exploit G4 unwinding systems to uncover the roles of G4s in genetic diseases, in an approach that fits the general concept of chemical biology defined by Linus Pauling in 1954 (see section 4a). (22) In the following sections, we will attempt to portray the G4 landscape in its true colors: what is a G4? G4-DNA versus G4-RNA? Where, when and how do G4s fold within cells? At what cost and for which mechanistic uses? We go on to describe the cell's innate strategy to regulate G4 formation using helicases. Next, we detail the approaches currently investigated by chemical biologists to harness nature's own techniques to untie G4 knots and exploit them in oncology, ageing and age-related diseases. One thing is sure: the visionary ideas of Francis Crick, expressed more than 60 years ago, continue to spark debates among scientists and provide a fertile ground on which ever more innovative science is flourishing.

2.

A nucleic acid structure with a strong identity 2a. G-quadruplex-forming sequences are pervasive in the human genome and transcriptome. G4 structure [START_REF] Burge | Quadruplex DNA: sequence, topology and structure[END_REF] hinges on the self-association of four guanines to form a supramolecular macrocycle referred to as the G-quartet (figure 1A). [START_REF] Stefan | Applications of guanine quartets in nanotechnology and chemical biology[END_REF] The stability of the G-quartet originates in the 8 hydrogen (H) bonds on both and Hoogsteen(25) faces, (4 H-bonds per G, whereas canonical GC association involves only 3 Watson-Crick interactions per base) reinforced by either p- [START_REF] Gilli | Evidence for resonanceassisted hydrogen bonding from crystal-structure correlations on the enol form of the. beta.-diketone fragment[END_REF] or s-bonds, [START_REF] Fonseca Guerra | Telomere structure and stability: covalency in hydrogen bonds, not resonance assistance, causes cooperativity in guanine quartets[END_REF] or both. In physiological conditions, the presence of cations such as K + or Na + is instrumental within the G-quartet, being coordinated to the four inwardly pointing carbonyl groups of the Gs, thereby decreasing the high electronic density at the heart of the macrocycle and overcoming the enthalpic penalty of G4 formation. [START_REF] Zaccaria | RNA versus DNA G-Quadruplex: The Origin of Increased Stability[END_REF] A nucleic acid sequence, both DNA and RNA, is termed a putative G-quadruplex forming sequence (PQFS) if it comprises four or more runs of consecutive Gs (at least two, but more often three). [START_REF] Todd | Highly prevalent putative quadruplex sequence motifs in human DNA[END_REF][START_REF] Huppert | Prevalence of quadruplexes in the human genome[END_REF][START_REF] Bedrat | Re-evaluation of G-quadruplex propensity with G4Hunter[END_REF][START_REF] Kwok | G-quadruplexes: prediction, characterization, and biological application[END_REF] Upon strand folding, consecutive Gs will form consecutive G-quartets that will stack on each other, further stabilizing the resulting edifice through p-stacking interactions and cation chelation between G-quartet layers (figure 1A).

Bioinformatics studies identified >300,000 DNA PQFS in the human genome, corresponding to the sequence G≥3NxG≥3NxG≥3NxG≥3 (where G is guanine, and N any intervening nucleobase, and x ranges from 1 to 7). [START_REF] Todd | Highly prevalent putative quadruplex sequence motifs in human DNA[END_REF] Later, the definition of PQFS was extended to higher x values (i.e. longer loops with x ≤ 15,(29) then ≤ 21) [START_REF] Chambers | High-throughput sequencing of DNA G-quadruplex structures in the human genome[END_REF] and, coupled with sequencing-based techniques, [START_REF] Kwok | G-quadruplexes: prediction, characterization, and biological application[END_REF][START_REF] Rodriguez | Unravelling the genomic targets of small molecules using high-throughput sequencing[END_REF] the number of PQFS was raised to > 500,000 sequences corresponding to G≥3NxG≥3NyG≥3NxG≥3 (x ≤ 7, y ≤ 21, in K + -rich conditions). The prevalence of G4-DNA in our genome is thus firmly established; that of RNA PQFS has also been scrutinized, bearing in mind that structures and functions are more intimately correlated in RNA than in DNA. [START_REF] Wan | Understanding the transcriptome through RNA structure[END_REF][START_REF] Mortimer | Insights into RNA structure and function from genome-wide studies[END_REF][START_REF] Ganser | The roles of structural dynamics in the cellular functions of RNAs[END_REF] G4-RNA are pervasive as well, with > 3,000 PQFS corresponding to G≥3NxG≥3NyG≥3NxG≥3 (x ≤ 12, y ≤ 21, in K + -rich conditions) in a pool of purified polyadenylated (polyA) mRNAs, [START_REF] Kwok | rG4-seq reveals widespread formation of G-quadruplex structures in the human transcriptome[END_REF] and > 6,000 PQFS from rough cell extracts (including coding and non-coding RNAs).( 35) Example of the thermal denaturation of (D) a G4 (G4-DNA, black line; G4-RNA, red line) labeled with a fluorescein (FAM, green circle) at its 5'-end and a tetramethylrhodamine (red circle) at its 3'-end, monitored by the modification of the FAM fluorescence (FRET-melting assay); and (E) an unlabeled G4-RNA, monitored by the modification of its circular dichroism (CD) signal (CD-melting assay).

2b. The formation of G-quadruplexes is intimately linked to genetic transactions. The strong bias in the genomic/transcriptomic distribution of PQFS towards key functional regions lends credence to widespread G4 regulatory roles (telomeres, replication origins and gene promoters for G4-DNA; 3'-and 5'-untranslated regions (UTR) for G4-RNA). [START_REF] Varshney | The regulation and functions of DNA and RNA G-quadruplexes[END_REF][START_REF] Rhodes | G-quadruplexes and their regulatory roles in biology[END_REF][START_REF] Maizels | G4-associated human diseases[END_REF] For instance, the notable enrichment of DNA PQFS in gene promoters (with > 8,000 PQFS localised < 1kb upstream of gene transcription start sites (TSS))( 37) is suggestive of a G4-mediated control of gene expression at the transcriptional level. Similarly, the strong enrichment of RNA PQFS in UTRs (with > 2,000 and > 500 PQFS in 3'-and 5'-UTR, respectively, in polyA mRNA) [START_REF] Kwok | rG4-seq reveals widespread formation of G-quadruplex structures in the human transcriptome[END_REF] is suggestive of a G4-mediated control of gene expression at the translational level. However, whether G4s contribute to or perturb cellular functions faces systematic analysis. For instance, G4-DNA can, on one hand, act as a roadblock to polymerases (i.e. inhibiting gene expression) and on the other hand help recruit transcription factors (i.e. favoring gene expression). [START_REF] Kim | The interplay between G-quadruplex and transcription[END_REF] Similarly, G4-RNA in 5'-UTRs can, on one hand, act as a physical obstacle to ribosome entry (cap-dependent translation; i.e. inhibiting gene expression) and, on the other hand, facilitate ribosomes' entry (cap-independent translation; i.e. favoring gene expression). [START_REF] Bugaut | 5 '-UTR RNA G-quadruplexes: translation regulation and targeting[END_REF][START_REF] Kharel | Properties and biological impact of RNA G-quadruplexes: from order to turmoil and back[END_REF] To address these conundrums further research is required.

The formation of G4s in cells, whose prevalence has been demonstrated through a wealth of optical methods, (41,[START_REF] Umar | G-Quadruplex-Based Fluorescent Turn-On Ligands and Aptamers: From Development to Applications[END_REF] is thus intimately linked to genetic transactions (figure 1B) that are replication and transcription for G4-DNA, and translation for G4-RNA. ChIP-seq investigations performed with the BG4 antibody confirmed an enrichment of G4s at transcriptionally active sites, linked to nucleosome depletion and open chromatin state. [START_REF] Chambers | High-throughput sequencing of DNA G-quadruplex structures in the human genome[END_REF] Recently, a G4P-ChIP technique, performed with a dimeric, truncated DHX36 helicase (see section 3c), confirmed both the prevalence of QFS in living human cells (> 120,000 G4P peaks, 60% of which in promoter regions) and the transcription-dependence of G4 formation. [START_REF] Zheng | Detection of genomic G-quadruplexes in living cells using a small artificial protein[END_REF] Similarly, while the formation of G4-RNA seems to be globally repressed in vivo, [START_REF] Guo | RNA G-quadruplexes are globally unfolded in eukaryotic cells and depleted in bacteria[END_REF] functional ncRNAs involved in gene expression (among many other biological functions) [START_REF] Cech | The noncoding RNA revolution-trashing old rules to forge new ones[END_REF] exert their cellular effects via the transient formation of G4-RNA. [START_REF] Yang | Transcriptome-wide identification of transient RNA Gquadruplexes in human cells[END_REF] G4 folding in vivo could thus represent another layer of non-genetic, non-epigenetic but structural regulation of gene expression.

2c. G-quadruplexes are structurally defined and thermodynamically stable. The threedimensional structure of G4s is dictated by the sequence they fold from. The G-runs provide the structural basis of the G4 core, allowing G-quartets to stack on top of each other. The number and nature of the intervening nucleobases N (vide supra) offer structural diversity, forming loops of different length (≤ 21), orientation (lateral, diagonal or edgewise loops, figure 1C) and nature (single-stranded or forming bulges). G4-DNA has high structural plasticity (adopting conformations most often referred to as parallel, antiparallel and hybrid-type G4 structure, or types I-III) [START_REF] Karsisiotis | Topological Characterization of Nucleic Acid G-Quadruplexes by UV Absorption and Circular Dichroism[END_REF], while G4-RNA is mostly restricted to a parallel structure, owing to the influence of the additional 2'-OH of the RNA backbone believed to be involved in an additional extended H-bond network. This network might also explain why G4-RNA are generally more stable than their G4-DNA counterparts (vide infra).

Subtle changes in either the nucleic acid sequences (i.e. the nature of Nx) or the experimental conditions in which the PQFS are studied (i.e. the cationic nature of the buffer, the stabilizing Na + or K + versus the non-stabilizing Li + ) have profound effects on the way G4s fold upon themselves and on the stability of the resulting edifices. A wide array of biophysical and spectroscopic methods have been developed to understand the thermodynamic and kinetic parameters that govern G4 folding. [START_REF] Jaumot | Experimental Methods for Studying the Interactions between G-Quadruplex Structures and Ligands[END_REF][START_REF] Murat | Methods for investigating G-quadruplex DNA/ligand interactions[END_REF] Experiments based on an increase of temperature (so-called melting) have been particularly popular: [START_REF] Mergny | Following G-quartet formation by UVspectroscopy[END_REF][START_REF] Rachwal | Quadruplex melting[END_REF][START_REF] Risitano | The stability of intramolecular DNA quadruplexes with extended loops forming inter-and intra-loop duplexes[END_REF] the temperaturepromoted transition from the folded (low temperature) to the unfolded conformation (high temperature) of a PQFS can easily be monitored by fluorescence (e.g. FRET, for fluorescence resonance energy transfer, figure 1D), [START_REF] Rachwal | Quadruplex melting[END_REF][START_REF] De Cian | Fluorescence-based melting assays for studying quadruplex ligands[END_REF] absorbance (UV-vis) [START_REF] Mergny | Following G-quartet formation by UVspectroscopy[END_REF] or circular dichroism (CD, figure 1E) [START_REF] Masiero | A non-empirical chromophoric interpretation of CD spectra of DNA Gquadruplex structures[END_REF][START_REF] Kypr | Circular dichroism and conformational polymorphism of DNA[END_REF] spectroscopy and has been used to conveniently characterize G4 stability via the measurement of the mid-transition temperature (or melting temperature, Tm) at which 50% of the G4 is unfolded. For instance, melting experiments have been instrumental to demonstrate that both the length and nature of nucleobases constituting the G4 loops (Nx) are critical for G4 stability. As an example, the A-to-T substitution in the 3 loops of the G4-DNA d[ 5 ' (G3N3)3G3 3 ' ] triggers a dramatic drop in G4 stability as shown by a decrease of the Tm from 74 (N = T) to 50 °C (N = A) assessed by FRET-melting, in a 1mM K + -containing buffer. [START_REF] Rachwala | Sequence effects of single base loops in intramolecular quadruplex DNA[END_REF] Similarly, increasing the length of the central loop of the G4-DNA d[ 5 ' G3TG3TxG3TG3 3 ' ] destabilizes the resulting G4 as demonstrated by a decrease of the Tm from 84 (x = 2) to 62 °C (x = 15) assessed by UV-melting in a 100 mM K + -containing buffer. [START_REF] Guedin | How long is too long? Effects of loop size on G-quadruplex stability[END_REF] The difference of stability between G4-DNA and G4-RNA was also conveniently demonstrated by both CDmelting, [START_REF] Joachimi | A comparison of DNA and RNA quadruplex structures and stabilities[END_REF] with a Tm = 65 °C for d[ 5 ' G3(T2AG3)3 3 ' ] (the human telomeric sequence) versus 73 °C for r[ 5 ' G3(U2AG3)3 3 ' ] (the telomeric transcript) in 100 mM K + and by FRET-melting (figure 1D), with a Tm of 51 °C for d[ 5 ' G3(T2AG3)

3 3 ' ] (in 10 mM K + ) versus 63 °C for r[ 5 ' G3(U2AG3)3 3 ' ] (in 1 mM K + ).
The stability of G4s determined in vitro corresponds to their ability to trigger genetic instability in vivo. For instance, a study in S. Cerevisiae has demonstrated that shortening the central loop (underlined) of the CEB25 G4 d[ 5 ' A2G3TG3TGTA2GTGTG3TG3T 3 ' ] from 9-to 1-nt loop d[ 5 ' A2G3TG3TG3TG3T 3 ' ] increases the stability of the resulting G4s (with Tm = 55 and 74 °C, respectively), which correlates with a spectacular increase of the genomic instability, from 0.5 to 67% of minisatellites rearrangements in helicase-deficient colonies. [START_REF] Piazza | Short loop length and high thermal stability determine genomic instability induced by G-quadruplex-forming minisatellites[END_REF] These results indicate the extent to which G4s threaten the genetic stability and the importance of the G4-helicases in safeguarding this stability (further discussed below). Initially postulated to be 'melting proteins' by Sen & Gilbert in 1988,(9) the pivotal roles of helicases in managing the threat of G4s was uncovered only nine years later, with the description of the SV40 large T-ag helicase. [START_REF] Baran | The SV40 large T-antigen helicase can unwind four stranded DNA structures linked by Gquartets[END_REF] 3. Enzymatic unwinding of DNA and RNA [START_REF] Abdel-Monem | Enzymic Unwinding of DNA: 1. Purification and Characterization of a DNA-Dependent ATPase from Escherichia coli[END_REF][START_REF] Abdel-Monem | Enzymic Unwinding of DNA: 2. Chain Separation by an ATP-Dependent DNA Unwinding Enzyme[END_REF] 3a. Helicases & genetic diseases. Helicases were discovered in 1976, initially referred to as 'DNA unwinding proteins' [START_REF] Abdel-Monem | Enzymic Unwinding of DNA: 1. Purification and Characterization of a DNA-Dependent ATPase from Escherichia coli[END_REF][START_REF] Abdel-Monem | Enzymic Unwinding of DNA: 2. Chain Separation by an ATP-Dependent DNA Unwinding Enzyme[END_REF][START_REF] Mackay | Selective inhibition of the dnase activity of the recBC enzyme by the DNA binding protein from Escherichia coli[END_REF] and the term helicase was officially coined in 1979. [START_REF] Kuhn | Evidence for two mechanisms for DNA unwinding catalyzed by DNA helicases[END_REF] Helicases are enzymes with the eponymous ability to unwind DNA helices. A total of 95 different helicases, 31 for DNA and 64 for RNA, have now been reported. [START_REF] Brosh | History of DNA Helicases[END_REF] The two most studied families are the RecQ family, including Bloom (BLM), Werner (WRN), and RecQ-like helicase 1, 4 and 5 (RECQL1, RECQL4 and RECQL5, respectively); and the iron-sulfur (Fe-S) family, including xeroderma pigmentosum group D (XPD), Fanconi anaemia complementation group J (FANCJ, also known as BRCA1 interacting protein C-terminal Helicase 1 (BRIP1)), regulator of telomere length helicase 1 (RTEL1) and DEAD/H-Box helicase 11 (DDX11). [START_REF] Estep | RecQ and Fe-S helicases have unique roles in DNA metabolism dictated by their unwinding directionality, substrate specificity, and protein interactions[END_REF] Accumulating evidence points to the critical role of helicases in genome maintenance, [START_REF] Brosh | DNA helicases involved in DNA repair and their roles in cancer[END_REF] being involved in DNA damage response and repair. [START_REF] Brosh | History of DNA Helicases[END_REF] They exert their safeguarding activity via the resolution of higher-order DNA structures that are transiently formed either during DNA repair (e.g. the Holliday junction [START_REF] Holliday | A mechanism for gene conversion in fungi[END_REF][START_REF] Liu | Happy Hollidays: 40th anniversary of the Holliday junction[END_REF] intermediate of homologous recombination) or during genetic transactions (e.g. the 5' flap intermediates during replication, [START_REF] Brosh | Processing of DNA replication and repair intermediates by the concerted action of RecQ helicases and Rad2 structure-specific nucleases[END_REF] or the Rloops during transcription).( 71) Helicases also participate in genome maintenance, resolving higher-order structures that fold from hard-to-replicate sequences, [START_REF] Técher | The impact of replication stress on replication dynamics and DNA damage in vertebrate cells[END_REF][START_REF] Bochman | DNA secondary structures: stability and function of G-quadruplex structures[END_REF] chiefly G4s (vide infra), [START_REF] Mendoza | Gquadruplexes and helicases[END_REF][START_REF] Sauer | G-quadruplex unwinding helicases and their function in vivo[END_REF][START_REF] Lansdorp | Helicases FANCJ, RTEL1 and BLM Act on Guanine Quadruplex DNA in Vivo[END_REF] that can act as physical barriers to polymerase advancement along their DNA substrates.

Most of the information collected about helicases stems from the diseases originating in their dysregulation. For instance, overexpression of RECQL1 [START_REF] Futami | RecQL1 DNA repair helicase: A potential tumor marker and therapeutic target against hepatocellular carcinoma[END_REF] and RECQL5( 78) is a signature of several cancers [START_REF] Su | Human RecQL4 helicase plays critical roles in prostate carcinogenesis[END_REF] and FANCJ is frequently mutated in breast cancers. [START_REF] Cantor | Hereditary breast cancer and the BRCA1associated FANCJ/BACH1/BRIP1[END_REF] Mutations in helicase genes are also responsible for severe inheritable genetic disorders:

Cockayne syndrome (dwarfism, mental retardation, skin and skeletal abnormalities) is due to the mutation of XPD; [START_REF] Lehmann | The xeroderma pigmentosum group D (XPD) gene: one gene, two functions, three diseases[END_REF][START_REF] Broughton | MOLECULAR AND CELLULAR ANALYSIS OF THE DNA-REPAIR DEFECT IN A PATIENT IN XERODERMA-PIGMENTOSUM COMPLEMENTATION GROUP-D WHO HAS THE CLINICAL-FEATURES OF XERODERMA-PIGMENTOSUM AND COCKAYNE-SYNDROME[END_REF] Bloom syndrome (growth retardation and immunodeficiency) to that of BLM; [START_REF] Ellis | The Bloom's syndrome gene product is homologous to RecQ helicases[END_REF] Werner syndrome (or 'adult progeria', early ageing) to that of WRN; [START_REF] Yu | Positional cloning of the Werner's syndrome gene[END_REF] Rothmund-Thomson syndrome (or 'poikiloderma congenitale', abnormalities in skin and skeleton, premature ageing) to that of RecQL4; [START_REF] Kitao | Mutations in RECQL4 cause a subset of cases of Rothmund-Thomson syndrome[END_REF] Fanconi anemia (developmental abnormalities, bone marrow failure) to that of FANCJ; [START_REF] Levran | The BRCA1-interacting helicase BRIP1 is deficient in Fanconi anemia[END_REF][START_REF] Levitus | The DNA helicase BRIP1 is defective in Fanconi anemia complementation group[END_REF][START_REF] Litman | BACH1 is critical for homologous recombination and appears to be the Fanconi anemia gene product FANCJ[END_REF] etc.

Collectively, these examples show that the lack of helicase activity triggers the accumulation of unresolved forked DNA that is responsible for severe genetic disorders and cancer predisposition. They also confirm that structure-prone DNA sequences can jeopardize overall genetic stability. A way to tackle this threat is to use helicases as molecular tools to unfold these higher-order structures. As further detailed hereafter, this has been particularly studied with the subfamily of helicases known as the G4-helicases. [START_REF] Mendoza | Gquadruplexes and helicases[END_REF][START_REF] Sauer | G-quadruplex unwinding helicases and their function in vivo[END_REF][START_REF] Lansdorp | Helicases FANCJ, RTEL1 and BLM Act on Guanine Quadruplex DNA in Vivo[END_REF] Table 1. Main mammalian G4-helicases. 3b. An enzymatic machinery to unfold G-quadruplexes. Beyond RecQ and Fe-S helicases, a novel overlapping family is now being classified, the G4-helicases. [START_REF] Brosh | History of DNA Helicases[END_REF][START_REF] Mendoza | Gquadruplexes and helicases[END_REF][START_REF] Sauer | G-quadruplex unwinding helicases and their function in vivo[END_REF][START_REF] Lansdorp | Helicases FANCJ, RTEL1 and BLM Act on Guanine Quadruplex DNA in Vivo[END_REF]107) These helicases unwind G4s in vitro and evidence is now accumulating to support a similar activity in vivo. The most studied mammalian G4-helicases are undoubtedly BLM, WRN, FANCJ and RTEL1, along with Pif1 (Petite integration frequency 1)(108,109) and DHX36 (DEAH (Asp-Glu-Ala-His)-box Helicase 36)(110) (table 1). is supposed to trigger the G4 unfolding in an ATP-independent manner, a mechanical rotation that is dynamically counteracted by spontaneous G4 refolding. This partial opening is disruptive enough to allow for the hybridization of the complementary strand via Watson-Crick base pairing. G4-RNA unwinding is thought to occur via a different mechanism in which ATP hydrolysis is required. [START_REF] Kim | The interplay between G-quadruplex and transcription[END_REF]190) The depletion of DHX36 results in the impairment of a wide range of mRNA, which accumulate in stress granules. (191) The activity of DHX36 was also shown to be impeded by G4 ligands (including the PDS and PhenDC3).( 192) G4-helicases are thus key players for controlling G4 dynamics in cells and their catalytic efficiency can be modulated by a series of DNA-binding protein partners including the replication protein A (RPA), POT1, the proliferating cell nuclear antigen (PCNA) and the DNA repair protein REV1 (Table 1). RPA is a ssDNA binding protein (ssBP) described to greatly enhance the DNA unwinding properties of both Fe-S and RecQ helicases, although RPA was also shown to unfold telomeric G4 in vitro alone. (193,194) This heterotrimeric protein complex, which comprises 3 subunits commonly referred to as RPA70, RPA32 and RPA14 (70, fused ScPif1 with hemagglutinin (HA) to perform a coIP (using anti-HA coated beads) with Pif1-HA and the transcriptional activator and G4 binder, Sub1. Again, it was hypothesized that Sub1 could recruit G4-resolving helicases at G4 sites during transcription, thereby suppressing G4associated genome instability and offering protection against toxicity triggered by a G4 ligand, in this case the porphyrin TMPyP4 (further discussed below, see section 4b).( 226 helicases have proven to be highly efficient and versatile molecular tools to investigate helicase dynamics and function, as well as G4 landscapes in cells. More recently, a series of G4 probes (G4P) were designed on the basis of the dimerization of the G4-binding domain of DHX36 (a 23-amino acid segment referred to as RHAU23) conjugated to either His/Flag tags (for purification purposes) or NLS sequences (for controlling the subcellular localization of the G4P).( 43) As discussed in section 2b, G4Ps enabled the detection of > 120,000 QFS in living cells (70% of which being associated with genes, 60% within 2kb around the TSS) via the G4P-ChIP method, that is, substantially more QFS detected than by G4-ChIP performed with BG4, ascribed to its smaller size (6.7 kDa versus >30 kDa for BG4) and the technical difference in protocols implemented (G4P is incubated live while BG4 is added after cell fixation). 22) Since then, the notion has progressively evolved towards a more general concept in which chemicals are used as "reversible modulators" of biological systems "to gain a deep understanding of cell circuitry and disease biology".( 229)

The latter definition perfectly suits G4s and G4-ligands. Cell-permeable G4-specific small molecules have been used for decades to interact with G4s in cells in the hope of providing mechanistic interpretations. This approach has enabled significant progress beginning in the late 1990s.(230-232) However, most of the reported G4 ligands were intended to be used as drugs,(233-237) rather than chemical biology probes, [START_REF] Raguseo | Chemical-biology approaches to probe DNA and RNA G-quadruplex structures in the genome[END_REF]41,[START_REF] Umar | G-Quadruplex-Based Fluorescent Turn-On Ligands and Aptamers: From Development to Applications[END_REF] bypassing the stage of molecular mechanistic study in order to directly develop novel therapeutics, often in cancer.

From a chemical design point of view, the conformational polymorphism of G4-DNA (see section 2c) might explain why its targeting is challenging. This difficulty is further compounded by the fact that G4 conformation can commonly be ligand-induced. Targeting G4-RNA could be considered simpler for its relative topological simplicity (only forming parallel structures), however this topology lacks well-defined binding sites. Hundreds of G4-ligands have been designed and studied over the past decades,(233-237) with some successful examples (e.g. BRACO19,(238-240) PhenDC3,(241-244) PDS (214,(244)(245)(246) and CX-5461),(244,247) which mostly interact through p-stacking atop the external accessible G-quartet (Figure 4). Notable advances have been made in terms of selectivity for the G4 structure over dsDNA, but this field still faces tremendous challenges: next-generation G4-ligands will have to meet expectations in terms of G4-DNA vs G4-RNA specificity,(248-251) and of their ability to discriminate different G4 topologies. This is particularly important given that an overwhelming majority G4 ligands have been designed against a particular subclass of G4s (e.g. G4s in promoters or telomeres); however, given the very high number of possible PQFS targets in our genome and transcriptome (see section 2a), the chance of success is limited. Yet, the anticancer properties of G4 ligands are undoubtedly established. The mechanisms by which they exert this activity remain to be deciphered. The link between a global antiproliferative effect observed on ligand treatment and the cellular processes involving the G4s for which an in vitro affinity has been determined (e.g. G4-forming sequences from promoters or telomeres in solution) is often hastily established. As G4s are intimately linked to genetic transactions (see section 2b), G4 ligands can stabilize physically barriers to polymerases in general, triggering DNA damage (Figure 4).(252,253) It may be more elegant to consider G4s as genetic switches with specific spatiotemporal control over key cellular processes, compared to considering G4s as genome-wide triggers for creating DNA damage, however this latter, simpler rationale offers a mechanistic model that accounts for most of the cell-based studies collected so far. Therefore, in light of the propensity of G4-stabilising ligands to trigger genetic instability, and the association with severe genetic dysregulations (see section 2c), it is surprising that, to date, most if not all efforts by chemical biologists have been focused on G4 stabilization rather than destabilization. This may stem from the difficulty in designing small molecules able to mimic G4 helicases.

4b. How to destabilize G-quadruplexes and why?

The quest for molecules that could unwind G4s and rescue helicase deficiency is a yet emerging but highly promising topic.( 254)

This research is technically impeded by the lack of standard assays and protocols to reliably assess G4 destabilization, in sharp contrast to the stabilization of G4s (see section 2c).

To date, only a handful of compounds have been described with such a property (figure 4), some of them being a subject of debate (vide infra). However, there is no consensus on the cellular relevance of these compounds as their unwinding capabilities were assessed in vitro with assays tailored for a single study only. Beyond established techniques of nucleic acid denaturation applied to G4s, including heating (see above) and urea,(255) chemicals such as metallic ions (e.g., copper)(256) and complexes(257,258) as well as natural compounds (e.g., polyamines such as spermine) have been used in large excess as a way to study the dynamics of G4 folding and unfolding. The systematic analysis of the G4-unwinding agents really started with TMPyP4 (figure 4B), a ligand that has been thoroughly used for stabilizing G4s, (259,260) owing to its large aromatic structure that overlaps efficiently the external G-quartet of a G4 while its positively charged pyridinium arms interact with the negatively charged G4 grooves.(261) For instance, TMPyP4 was used in the seminal study on the genetic expression regulation of the c-myc oncogene via stabilization of the G4 found in its promoter region.( 262) unfolding presumably through groove binding (kinetic event) followed by the intercalation of the ligand within the G4 structure, in which it acts as a lever that opens the G4 backbone.

Several derivatives were later developed,(290) and studied for their G4-stabilising properties, along with their antiproliferative activity against T. brucei parasite and HeLa cancer cells. NMR titrations confirmed the ability of bispyridinium stiff-stilbenes to disrupt the external G-quartet upon binding (1:2 G4:ligand ratio, in K + -conditions), which was also reported with a bispyridinium dithienylethene (DTE) derivative (at 1:3.6 G4:ligand ratio in both K + and Na + ). DTE can be reversibly photoswitched (lex = 450/635 nm) between a 'closed' and an 'open' conformation, the former behaving as a classical G4 external stacker, while the latter disrupts the external G-quartet through partial intercalation.(291)

Summary & outlook

Over twenty years of research have enabled us to attain our current molecular understanding of the roles that G4s play in human cells and diseases. The functional relevance of G4s has progressed at a pace dictated by the advances in chemical biology methodology.

As the field currently stands, scientists are able to foster G4 cellular effects using G4-stabilizing compounds (such as through inflicting severe damage on the cancer cell genome, thus inducing lethal genetic aberrations in anticancer strategies), as well as alleviate G4-mediated cellular processes using G4-resolving molecular tools, one of the key challenges on the way to providing those eagerly awaited therapeutics to fight neurological disorders and age-related diseases. The genetic diseases listed in Table 1 are currently suffering from severe drug attrition: most of the treatments applied so far are either protective (e.g., protection from sunlight, against aggressive infections for Bloom's syndrome patients)(292) or prospective (e.g., the targeting of p38 MAPK signaling pathway in Werner Syndrome-derived cells),( 293) but none of them tackle the molecular origins of the disease. We do not propose to predict which direction should be followed within G4 research. However, we summarize here the knowledge and tools now available to enable further investigations into G4-unwinding. We described the two types of G4-unwinders that are currently being investigated: the G4helicases on one hand, which are increasingly used as biomolecular tools mostly for optical imaging but also to reverse detrimental G4-mediated cellular effects; and small molecule G4destabilizers on the other hand, with a particular focus on the current issues that must be addressed to make small molecules reliable candidates for manipulating G4s in cells. To date, these are mostly technical issues (e.g. the lack of standard assays to assess G4-destabilization in vitro)(294) but the recent results described here leave no doubts as to the forthcoming development of such promising molecular tools, which will find application ranging from fundamental research tools to potential new genetic disease therapy.

Significance

Small molecule-mediated G-quadruplex (G4)-stabilization has been the privileged chemical biology approach to gain insights into G4 cellular biology. An alternative approach is now emerging, relying on the use of molecular tools able to unfold G4s, which shed new light on G4 regulatory roles. In this review, we describe in detail the different strategies implemented to unwind G4s (using either unfolding proteins, known as G4-helicases, or G4-disrupting smallmolecules), with all their strengths and weaknesses, and what could be the therapeutic consequences of manipulating G4 in cells to treat genetic diseases.

Figure 1 .

 1 Figure 1. Schematic representation of (A) the transient formation of a G-quadruplex-DNA (G4-DNA) when a putative quadruplex forming sequence (PQFS) is freed from the duplex structure (inserts show detailed chemical structures of guanine (G) and G-quartet); (B) the G4-mediated stalling of the RNA polymerase during transcription; and (C) the possible G4 topologies: parallel, antiparallel and hybrid G4. [Created with BioRender]Example of the thermal denaturation of (D) a G4 (G4-DNA, black line; G4-RNA, red line) labeled with a fluorescein (FAM, green circle) at its 5'-end and a tetramethylrhodamine (red circle) at its 3'-end, monitored by the modification of the FAM fluorescence (FRET-melting assay); and (E) an unlabeled G4-RNA, monitored by the modification of its circular dichroism (CD) signal (CD-melting assay).

Figure 2 .

 2 Figure 2. X-ray structures of both BLM (A, PDB ID: 4CGZ)(111) and WRN (B, PDB ID: 4O3M)(112) in complex with a 3'-overhang of a dsDNA, of Pif1 with both 3'-and 5'-overhang of a dsDNA (or forked DNA) (C, PDB ID: 6L3G),(113) and of DHX36 in complex with a 3'-overhang of a G4 (D, PDB ID: 5VHE).(114) The DNA sequences are indicated; nucleotides in orange belong to the overhang. [Created with Chimera] Zakian's and Ferré-d'Amaré's models for G4-helicase-mediated G4-unfolding by Pif1 (E)(115) and DHX36 (F),(114) respectively, based on single-molecule FRET experiments and the X-ray crystallography structure seen in panel D. [Created with BioRender]
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 143 Figure 3. Optical imaging performed with GFP-labeled Pif1 (A-C) and FANCJ (D) in yeast (S. Pombe strain, A) and human cancer cells (U2OS (B,C) and HeLa cells (D)) showed the subcellular localization of Pif1 (A),(213) the presence of G4s in human cells through the colocalization with both G4-specific small-molecule (PDS-a) and protein (hPif1a) (B),(214) and demonstrated the recruitment of Pif1 (C)(216) and FANCJ (D)(220) to DNA-damage foci.

)

  Pif1 has received a great deal of attention, however other helicases have been genetically engineered and the resulting constructs used to further study their cellular activities. For example, Brosh et al. expressed wild type and mutated FANC-J fused with GFP in chicken DT40 cells for coIP investigations, thus identifying BRCA1 as a FANC-J interaction partner, and visualizing the recruitment of FANC-J to DNA damage sites upon exposure to the DNA cross-linking agent mitomycin C or the G4 ligand TMS.(227) This approach was further developed later, in both DT40 and HeLa cells, expanding the panel of FANC-J mutations studied (defective in dimerization, processivity and helicase activity), testing other DNA damaging agents (TMS, DNA crosslinking agent cisplatin, DNA polymerase inhibitor aphidicholin and DSB-inducer bleomycin), and identifying other interaction partners (e.g. DNA repair protein MRE11 that recruits FANC-J to DSB sites). The investigators used thorough colocalization investigations (with DNA damage marker gH2AX, HR marker RAD51 and interstrand cross-link repair marker XPB) (figure3d).(220,228) Overall, genetically engineered

4 .

 4 Chemical biology with G-quadruplexes 4a. How to stabilize G-quadruplexes and why? The notion of chemical biology dates back to a correspondence in 1975 between Linus Pauling and George W. Beadle, although they officially published the term in 1954.(

Figure 4 .

 4 Figure 4. Schematic representation (A) of the G4-mediated stalling of the RNA polymerase during transcription along with the rescue pathway by the action of G4-helicases (left), a possible rescue pathway by the action of G4-destabilizing compounds (right), and, conversely, reinforcement of the crisis situation by G4-ligands (center). [Created with BioRender] Chemical structures (B) of representative G4-ligands (upper row, i.e. BRACO-19,(238) PhenDC3,(241) PDS(245) and CX-5461)(247) and of G4-detsabilizing compounds (lower row, i.e. TMPyP4,(263) anthrathiophenedione,(264) TAP1(265) and stiff-stilbene).(266) Structures (C) of G4-ligand/G4 complexes obtained with BRACO19 in interaction with a bimolecular human telomeric (HTelo) G4 (PDB ID: 3CE5),(267) PhenDC3 in interaction with Pu24T (from c-myc promoter, PDB ID: 2MGN),(268) and TMPyP4 in interaction with both Pu24I (from c-myc promoter, PDB ID: 2A5R)(261) and the bimolecular HTelo (PDB ID: 2HRI),(269) from either X-ray (HTelo) or NMR investigations (c-myc). [Created with Chimera.] (D) Kaluzhny's and Galan's molecular dynamics models for small molecule-mediated G4-unfolding performed with the telomeric G4 (PDB ID: 143D)(270) and either the anthrathiophenedione(264) or stiff-stilbene.(266) [Created with BioRender]
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• G-quadruplexes (G4s) are pervasive in human genome and transcriptome

• Enzymes referred to as G4-helicases are known to unfold G4s in cells • G4-helicases can be used as molecular tools to manipulate G4s in cells • G4-stabilizing small molecules (G4-ligands) are currently studied as anticancer agents

• G4-disrupting molecules are new molecular tools with high therapeutic potential Graphical abstract