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Titre : Origine et conséquences fonctionnelles des variant structuraux dans la tumorigénèse hépatique. Résumé : Le cancer du foie est très hétérogène, avec un large spectre d'étiologies, de caractéristiques histologiques et de voies biologiques dérégulées. Les projets de séquençage à grande échelle réalisés durant la dernière décennie ont révélé de nombreuses mutations driver et des changements du nombre de copies. Cependant, le rôle des variant structuraux (VS) dans la tumorigénèse du foie est encore mal compris. Au cours de mon projet de doctorat, j'ai développé des approches informatiques innovantes intégrant des données de séquençage du génome entier et de l'ARN pour identifier de nouveaux variant structuraux dans les cancers du foie. J'ai mis au jour des fusions récurrentes impliquant des oncogènes ROS1 et FRK, conduisant à une activation constitutive de la voie JAK/STAT et au développement d'adénomes hépatocellulaires inflammatoires (AHC). J'ai également décrit un mécanisme oncogène original impliquant la perte d'éléments régulateurs post-transcriptionnels, conduisant à une surexpression massive d'IL6 dans un cas clinique d'AHC inflammatoire associé à l'amylose. Enfin, j'ai identifié les VS driver affectant les éléments régulateurs dans les carcinomes hépatocellulaires (CHC), y compris les événements d'enhancer hijacking activant les oncogènes CCNE1 ou TERT. Afin de mieux comprendre l'origine des VS, j'ai mis en place un cadre d'analyse de signature prenant en compte la nature et la taille des variation structuraux identifiées dans chaque tumeur. Cette approche m'a permis de mettre en évidence les sous-groupes de HCC présentant des signatures de VS particulières. En particulier, j'ai découvert un nouveau sousgroupe de CHC clinique-moléculaire qui est caractérisé par l'activation de CCNA2 ou CCNE1 par des mécanismes drivers. Ces tumeurs (CCN-HCC) représentent 7% des carcinomes hépatocellulaire et présentent une signature spécifique de réarrangements (signature RS1) liés au stress réplicatif, avec des centaines de duplications focales et des « Template Insertion Cycles ». Les CCN-HCC sont des tumeurs agressives mais peuvent être ciblées par des inhibiteurs de la réponse ATR au stress réplicatif. Dans l'ensemble, ces travaux contribuent à affiner la caractérisation moléculaire des tumeurs hépatiques bénignes et malignes en révélant de nouveaux gènes drivers et mécanismes moléculaires. Ces résultats ont des implications cliniques, car la définition de sous-groupes homogènes de cancers est essentielle pour développer des thérapies efficaces et adaptées.

I INTRODUCTION 1. Cancer is a disease of the genome

Cancer is the second leading cause of death worldwide after cardiovascular diseases and correspond to a major public health concern, with 9.6 million deaths from cancer worldwide in 2018 [START_REF] Ferlay | Estimating the global cancer incidence and mortality in 2018: GLOBOCAN sources and methods[END_REF]. First description of cancer was written approximately 2600BC, found in the Edwin Smith Papyrus, where Egyptian physician Imhotep describes breast cancer as a "bulging mass in the breast" that was resistant to any known treatment available at that time [START_REF] Mukherjee | The emperor of all maladies : a biography of cancer[END_REF]. Medicine development during modern era led in the 17 th and 18 th centuries to various observations that directed strong links between chemical exposures and cancer development. Of note, in 1777, Percival Pott from London described an enrichment of scrotal cancers in chimney sweeps, which was caused by soot that was collected in the skin folds of the scrotum [START_REF] Brown | Percivall Pott (1714-1788) and chimney sweepers' cancer of the scrotum[END_REF]. However, our understanding of cancer at the cellular and molecular level was initiated by its first scientific description using modern microscopes [START_REF] Lin | Rudolf Virchow: Creator of Cellular Pathology[END_REF].

Then, in the early 20 th century, David Von Hansemann and Theodor Boveri's work led suggested that all cancers arise from a single cell undergoing genetic alterations that lead to abnormal behavior and uncontrolled cell division [START_REF] Boveri | Zur Frage der Entstehung Maligner Tumoren [Origin of malignant tumors[END_REF]. In the 1950's, Watson and Crick's findings on the double helix structure of DNA drastically accelerated genome comprehension [START_REF] Watson | Molecular structure of nucleic acids: A structure for deoxyribose nucleic acid[END_REF]. Three key studies paved the way for modern cancer genomics, as they described for the first time that cancers originate from somatic alterations in the human genome:

-In 1973, the Philadelphia chromosome (translocation between chromosomes 9 and 22) in chronic myeloid leukemia was the first identified genomic alteration related to cancer [START_REF] Rowley | A new consistent chromosomal abnormality in chronic myelogenous leukaemia identified by quinacrine fluorescence and Giemsa staining[END_REF].

-Ten years later, a single nucleotide base substitution (G>T) in the HRAS gene was shown to induce neoplastic cell transformation [START_REF] Reddy | A point mutation is responsible for the acquisition of transforming properties by the T24 human bladder carcinoma oncogene[END_REF].

-Another study showed the requirement of src gene in Rous sarcoma virus to form neoplasm into chicken cells [START_REF] Bishop | Cellular Oncogenes and Retroviruses[END_REF].
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Cancer cases dramatically increased in recent decades; in 2018 there were 18.1 million cases and 9.6 million deaths reported worldwide [START_REF] Ferlay | Estimating the global cancer incidence and mortality in 2018: GLOBOCAN sources and methods[END_REF], justifying the global research effort invested every year. The identification of molecular alterations at the origin of cancer has led to the development of effective targeted treatments in some specific tumor types. However, molecular studies revealed tremendous inter-and intraorgan heterogeneity. An exhaustive characterization of cancer subtypes and the molecular mechanisms driving them is essential for the development of effective treatments and diagnosis tools.

Hallmarks of cancer

The year 2000 marked the first sketch of important cellular capabilities fostering cancer development [START_REF] Hanahan | The hallmarks of cancer[END_REF]. This study highlighted six essential alterations in cell physiology that collectively dictate malignant growth (Figure 1):

-self-sufficiency in proliferative signaling; -insensitivity to growth suppressors (antigrowth) signals;

-evasion of programmed cell death (i.e.: apoptosis); -limitless replicative potential; -sustained angiogenesis; -tissue invasion and metastasis. Those biological features can be acquired through various mechanisms [START_REF] Hanahan | The hallmarks of cancer[END_REF].
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3 Some capabilities are required from the first steps of tumor growth, including selfsufficiency in proliferative signaling, insensitivity to growth suppressor signals, evading

apoptosis and a limitless replicative potential. Other, like angiogenesis and metastasis potential, become necessary as the tumor develops. Additional knowledge gained from genomic and functional studies led Hanahan and Weinberg to update their landscape of tumor cell capabilities with two additional hallmarks [START_REF] Hanahan | Hallmarks of cancer: The next generation[END_REF].

Firstly, tumor cells have the capability to modify or reprogram cell metabolism to accelerate neoplastic proliferation. Secondly, cancer cells are able to evade immunological destruction, in particular from T and B-lymphocytes, macrophages and NK-cells. In this update, authors also described two additional "enabling characteristics" of cancer cells that facilitate the acquisition of the hallmarks: genomic instability that accelerates the acquisition of driver events, and inflammation that contributes multiple hallmarks by supplying growth factors, pro-angiogenic factors, and extracellular matrix-modifying enzymes to the tumor microenvironment, sustaining proliferation, angiogenesis, invasion, and metastasis [START_REF] Hanahan | Hallmarks of cancer: The next generation[END_REF].

The alteration of functional capabilities mentioned above results from genomic alterations that can be inherited from parent genetic material or accumulated along cell divisions due to intrinsic mutational processes or environmental exposures. However, not all genomic alterations contribute to malignant transformation or cancer progression.

Genomic alterations that provide a selective growth advantage and contribute to cancer development are called "driver" mutations; those that do not are termed "passenger" mutations [START_REF] Stratton | The cancer genome[END_REF]. Thus, the accumulation of driver events leads to more and more aggressive tumor cells. In some cases, disruption of DNA repair pathways can induce mutator phenotypes, accelerating the acquisition of additional drivers (Figure 2).

The age distribution of cancer mortality rates let the statisticians Armitage and Doll to predict that 5 to 8 driver events were necessary for cancer development [START_REF] Armitage | The age distribution of cancer and a multi-stage theory of carcinogenesis[END_REF]. In agreement with this prediction, the Pan-Cancer Whole Genome (PCAWG)

analysis from the International Cancer Genome Consortium (ICGC) recently demonstrated that cancer genomes harbor on average 4-5 driver mutations [START_REF] Campbell | Pan-cancer analysis of whole genomes[END_REF]. Finding these drivers is like looking for a needle in a haystack as thousands of passenger mutation accumulate from the zygote to the final tumor cell. Genes that have been identified as drivers in at least one cancer type are described as cancer genes and are categorized as oncogenes or tumor suppressor genes (TSG). Oncogenes are activated by mechanisms increasing their expression (e.g. chromosome amplifications) or missense mutations at specific hotspot regions increasing the activity of the protein. Tumor suppressors are inactivated by chromosome rearrangements (e.g. deletions), inactivating missense mutations or nonsense/frameshift mutations dispersed across the gene [START_REF] Kern | Expanding the COL7A1 mutation database: Novel and recurrent mutations and unusual genotype -Phenotype constellations in 41 patients with dystrophic epidermolysis bullosa[END_REF][START_REF] Winter | Multiple-criterion evaluation of reported mutations: A proposed scoring system for the intragenic somatic mutation literature[END_REF]. Thus, cancer is a disease rooted in our genes, triggered by specific alterations in DNA, changing the biological equilibrium of a single cell and leading to clonal expansion. Recent evolution in sequencing technology lead to a discipline known as cancer genomics, aiming at unraveling genomic alterations to better understand cancer and develop more efficient treatments.

Figure 2: Model of somatic mutation accumulation in a cell lineage, contributing to cancer progression, through intrinsic mutational processed and environmental exposures. Those alterations are selected by giving cell a selective advantage, leading to clonal expansion cancer development. [START_REF] Stratton | The cancer genome[END_REF] Results 5

Next-generation sequencing of cancer genomes

Pioneer works by Frederik Sanger on the development of the first generation of automated DNA sequencers (Sanger sequencing) and further technological improvements allowed the Human Genome Project to produce the first draft of the human genome in early 21th century [START_REF] Venter | The sequence of the human genome[END_REF][START_REF] Lander | Initial sequencing and analysis of the human genome[END_REF]. This project paved the way for modern high throughput sequencing method, termed Next Generation Sequencing (NGS). Three methods are extensively used in cancer genomics: whole exome, whole genome and RNA sequencing (Figure 3).

Whole exome sequencing (WES)

involves the capture and sequencing of the coding regions (around 1%) of the genome and is massively used to identify coding cancer driver mutations. Two main protocols can be used for the capture step:

-In amplicon-based capture, hybridization probes are designed based on sequences of annotated exons available in transcriptome libraries, such as Ensembl [START_REF] Cunningham | Ensembl 2019[END_REF], and fixed to a microarray. After extracting and fragmenting the hybridized DNA, sequencing adapters are attached to the doublestranded DNA fragment in order to produce short sequences, which correspond to both ends of the fragment.

-In-solution hybridization capture methods involve fragmenting double-stranded DNA and ligating adapters to those fragments. Then, target sequences are labeled using a pool of custom oligonucleotides designed to capture annotated exons, as in previous method. Those oligonucleotides are labeled with beads, allowing the separation of sequences of interest.

Finally sequencing step will produce short-read reads covering the exons of the genome.

Exponential decrease of sequencing costs allowed the democratization of whole genome sequencing (WGS) in cancer genomics. The protocol consists in extracting and fragmenting DNA of a tissue. Then, adapters are added to each end of the fragments and the DNA library is sequenced. Contrary to WES, that only allows the analysis of exonic mutations and copy-number alterations, WGS reveals mutations and structural variations in non-coding RNA genes and regulatory regions (enhancers, transcription-factor binding sites, insulators) that can profoundly alter the expression of cancer genes.
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Figure 3: Next Generation Sequencing in cancer genomics. A: Scheme representing the material sequenced in WGS, WES and RNAseq. WGS gives access to the whole genome but is the most expensive technique. WES is a cheaper alternative, but only targets the coding part of the genome. Finally, RNAseq purpose is to sequence the transcriptome, giving a different information that can be integrated with genomic data to identify functional alterations. B: The 3 above-mentioned methods, additionally with innovative implementation of epigenetics sequencing (ChIP-Seq, HI-C, Bisulfite-Seq) must be integrated to identify genomic/epigenetic alterations and their functional consequences to better characterize cancer deregulations and foster the development of tailored therapies. (Liu et al, 2013).
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The 3 rd method, RNA sequencing (RNAseq), gives access to the transcriptome. Two protocols exist for RNAseq. The first protocol involves isolating RNA using a deoxyriboluclease (DNase) and sequencing the whole RNA material in a sample. The second method consists in capturing messenger RNAs with 3'polyadeylated (poly(A)) tail by mixing RNA with polyT oligomers covalently attached to magnetic beads. Then, RNA material from both methods can be converted into double-stranded cDNA fragments and sequenced using classical NGS workflow. This method is complementary with WGS and WES as it gives access to gene expression changes and abnormal transcripts such as fusion genes and alternative splicing events.

Besides the information provided by each NGS technology, integration of WGS with

RNAseq is a powerful way to reveal driver events affecting the expression of genes or transcript structure. For example, mutations in gene promoters can both increase or decrease the expression level of genes, by changing the affinity of cis regulatory elements [START_REF] Nault | TERT promoter mutations in primary liver tumors[END_REF]. Splice site mutations can alter the splicing process of the pre mRNA and modify the structure of the mRNA.

Finally, recent development of alternative sequencing approaches expands the possibilities of cancer genomics. These sequencing technologies allow identifying epigenetic alterations, corresponding to modifications in the genome structure or regulation, without direct alteration of the sequence. Recent studies have exploited those types of data to better understand the causes and consequences of cancer driver alterations:

-ChipSeq (chromatin immunoprecipitation coupled with sequencing) consists in sequencing the DNA regions bound by a specific protein. This method allows identification of transcription factor binding sites, histone modifications and more [START_REF] Raha | ChIP-Seq: A method for global identification of regulatory elements in the genome[END_REF]. This method is largely used to understand epigenetic deregulations, at the origin of driver gene expression changes that could cause tumorigenesis [START_REF] Bender | Reduced H3K27me3 and DNA Hypomethylation Are Major Drivers of Gene Expression in K27M Mutant Pediatric High-Grade Gliomas[END_REF] -Hi-C (chromatin conformation capture) data provide contact probabilities between genomic regions at high resolution. This information is fundamental to understand some alterations activating distant region of the genome by changing genome 3D conformation [START_REF] Lieberman-Aiden | Comprehensive mapping of long-range interactions reveals folding principles of the human genome[END_REF].
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-RepliSeq data give a high resolution view of replication timing along the genome, using a differential marking of nascent DNA during replication [START_REF] Hansen | Sequencing newly replicated DNA reveals widespread plasticity in human replication timing[END_REF]. Replication timing is indeed known to influence spatial organization of the genome, and thus shape the mutational landscapes of cancer genomes [START_REF] De | DNA replication timing and long-range DNA interactions predict mutational landscapes of cancer genomes[END_REF].

Unraveling driver events

Computational analysis of NGS data involves two main steps to unravel the driver events leading to tumorigenesis:

-First, the identification of somatic alterations in each tumor by comparing sequencing data of tumors versus its paired healthy tissue or a pool of non-tumor data.

-Second, the identification of functional events, supported by either a significant recurrence or a functional proof that the alteration of a gene favors tumor development.

Identifying somatic alterations

Once the raw sequencing data has been aligned to a human genome reference with algorithms like BWA mem [START_REF] Li | The Sequence Alignment/Map format and SAMtools[END_REF], various tools are applied to unravel different types of somatic alterations:

-Somatic mutations can be called using algorithms that identify mismatches between aligned reads and the reference genome and compare the distribution of variant reads between the tumor and matched normal sample. The main challenge is to distinguish real variants from sequencing errors. Tumor heterogeneity and contamination of clinical samples with normal cells makes this task challenging.

MuTect2, developed by the Broad Institute, is one of the most popular algorithm to identify somatic point mutations and small insertions and deletions (indels) [START_REF] Benjamin | Calling Somatic SNVs and Indels with Mutect2[END_REF]. It uses two Bayesian classifiers: the first one detects whether the tumor is non-reference at a given genomic position and, for those sites that are found as non-reference, the second classifier makes sure the non-tumor sample does not carry this specific variant. Post-filtering steps are also included to
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remove recurrent artifact mutations like variants found in a panel of non-tumor samples or occurring in a region with many clustered variants (Figure 4).

-Copy-number alterations (CNA) analysis is based on the depth of sequencing. The genome is split in equal-size regions, and the median coverage in the tumor and non-tumor sample (WGS or WES) is calculated in each window. The log-ratio of tumor versus non-tumor depth is calculated for each bin 𝑖 :

𝐿𝑅𝑅 𝑖 = 𝑙𝑜𝑔 2 ( 𝐷𝑒𝑝𝑡ℎ 𝑇 𝑖 𝐷𝑒𝑝𝑡ℎ 𝑁𝑇 𝑖 )
LRR can then be processed by simple segmentation algorithm, that compare the LRR points distribution along the chromosomes and extract segments with a similar LRR distribution. Then amplifications, gains, deletions and homozygous deletions can be estimated genome wide. Additionally some methods, such as the Genome Alteration Print [START_REF] Popova | Genome Alteration Print (GAP): A tool to visualize and mine complex cancer genomic profiles obtained by SNP arrays[END_REF], were developed to exploit both LRR changes and allelic imbalance at germline polymorphisms (B Allele Frequency, BAF). In other words, BAF is the normalized proportion of arbitrary established allele B in a two allele mixture (Figure 5). This information can be very useful in case of copy-neutral loss of heterozygosity (cn-LOH), where a parental allele is lost and the other duplicated, that can foster tumorigenesis for example by deregulating imprinted regions [START_REF] O'keefe | Copy neutral loss of heterozygosity: A novel chromosomal lesion in myeloid malignancies[END_REF]. 

Results

10

-Finally, Structural Variations (SVs) are more and more described to be involved in cancer development. Manta [START_REF] Chen | Manta: Rapid detection of structural variants and indels for germline and cancer sequencing applications[END_REF] is a tool developed by Illumina for SV calling, that operates in two phases: first a graph of all distant junction of the genome is built where edges represent putative somatic abnormal junction between 2 distant genomic regions. In this step, the entire reads mapped on the genome are scanned to fine evidence of i) multi-mapped individual reads, ii) matereads aligned on two distant regions, supporting a long range association or iii) reads whose mate is not mapped at all (Figure 6A-B). In the second step, Manta analyses these individual graph edges and groups highly connected edges to unravel and score SVs of high confidence (Figure 6C). Robust identification of SV somatic events can be more challenging than detection of SNVs. Indeed, recent benchmark of somatic variant callers by the ICGC consortium showed that the sensitivity of identification is way lower for SVs than for SNVs on simulated data [START_REF] Alioto | A comprehensive assessment of somatic mutation detection in cancer using wholegenome sequencing[END_REF]. This results in an under-representation of SVs among driver alterations in cancer [START_REF] Huddleston | An incomplete understanding of human genetic variation[END_REF][START_REF] Audano | Characterizing the Major Structural Variant Alleles of the Human Genome[END_REF]. 

Recurrence and genomic covariates

Using the abovementioned methods, we can obtain the catalogue of somatic alterations in a series of tumors. The next step is to discriminate driver from passenger alterations. The most widely used approach is to look for significantly recurrent events, as drivers should be selected in multiple tumors whereas passengers occur by chance and should be different across tumors. Several studies, from the lab and others, have used this approach to define the landscape of driver genes in liver cancers from recurrent mutations and focal CNAs (Schulze, Imbeaud, Letouzé, et al., 2015;[START_REF] Fujimoto | Whole-genome mutational landscape and characterization of noncoding and structural mutations in liver cancer[END_REF]. Importantly, several genomic covariates impact the mutation rate along the genome such as chromatin organization, DNA accessibility, local base composition, gene expression and DNA replication timing [START_REF] Lawrence | Mutational heterogeneity in cancer and the search for new cancer-associated genes[END_REF][START_REF] Polak | Reduced local mutation density in regulatory DNA of cancer genomes is linked to DNA repair[END_REF][START_REF] Morganella | The topography of mutational processes in breast cancer genomes[END_REF][START_REF] Glodzik | A somatic-mutational process recurrently duplicates germline susceptibility loci and tissue-specific super-enhancers in breast cancers[END_REF]. Key genomics covariates are detailed below:

-Chromatin accessibility. Chromatin is the complex of DNA and proteins corresponding to chromosomes. Nucleosomes are the protein complexes that regulate the 3D architecture of chromatin, in order to maintain cell phenotype [START_REF] Woodcock | Chromatin higher-order structure and dynamics[END_REF][START_REF] Gibcus | The Hierarchy of the 3D Genome[END_REF] 
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states: relaxed (euchromatin) and condensed (heterochromatin). These differential 3D states have a key role in gene regulation, as open chromatin is required for active gene expression. Besides regulation, 3D conformation also has an impact on mutation rate. Indeed, heterochromatin and repressive histone marks like H3K9me3 are associated with elevated mutation rates, whereas euchromatin and active marks like H3K27ac have lower mutation rates [START_REF] Schuster-Böckler | Chromatin organization is a major influence on regional mutation rates in human cancer cells[END_REF][START_REF] Polak | Reduced local mutation density in regulatory DNA of cancer genomes is linked to DNA repair[END_REF][START_REF] Polak | Cell-of-origin chromatin organization shapes the mutational landscape of cancer[END_REF] (Figure 7A). This may be due to restricted activity of DNA repair enzymes to dense chromatin regions.

-Replication. DNA replication processes segments of ~400-800kb in a specific order during the S phase of the cell cycle. Thus, the genome of a specific cell type can be divided into early and late replication domains. Late-replicating regions are known to have higher mutation rates [START_REF] Lawrence | Mutational heterogeneity in cancer and the search for new cancer-associated genes[END_REF][START_REF] Sima | Complex correlations: Replication timing and mutational landscapes during cancer and genome evolution[END_REF] (Figure 7B). This change in mutation rate was shown to be a consequence of mutations occurring after the inactivation of the DNA mismatch repair (MMR) mechanism in late replicated regions [START_REF] Chen | Impact of replication timing on non-CpG and CpG substitution rates in mammalian genomes[END_REF][START_REF] Supek | Differential DNA mismatch repair underlies mutation rate variation across the human genome[END_REF].

Moreover, some SVs tends to be enriched in late replicated regions, congaing Common Fragile Sites (CFS) [START_REF] Glover | Fragile sites in cancer: More than meets the eye[END_REF][START_REF] Gómez-González | Transcription-mediated replication hindrance: A major driver of genome instability[END_REF], while some SVs such as duplications are shown to be enriched in early replicated regions [START_REF] Li | Patterns of somatic structural variation in human cancer genomes[END_REF].

-Transcription. Mutation rate is inversely correlated with gene expression level [START_REF] Lawrence | Mutational heterogeneity in cancer and the search for new cancer-associated genes[END_REF] (Figure 7C). The transcription-coupled nucleotide excision repair (TC-NER) can efficiently remove mutations occurring on the transcribed strand. This mechanism reduces the overall mutation burden in expressed genes and results in a mutational asymmetry between the two DNA strands aptly known as transcriptional strand bias [START_REF] Haradhvala | Mutational Strand Asymmetries in Cancer Genomes Reveal Mechanisms of DNA Damage and Repair[END_REF]. Finally, a strong enrichment of mutations at transcription factor binding sites was demonstrated in cell lines, as a consequence of decreased nucleotide excision repair (NER) activity [START_REF] Sabarinathan | Nucleotide excision repair is impaired by binding of transcription factors to DNA[END_REF] (Figure 7D).
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Interestingly, recent studies have shown that different mutational processes can have different interactions with genomic covariates [START_REF] Morganella | The topography of mutational processes in breast cancer genomes[END_REF]. For example, mutational processes related to bulky DNA adducts (tobacco, aflatoxin B1) are strongly repressed in highly expressed genes due to the removal of adducts by TC-NER, whereas a mutational signature related to alcohol consumption is activated in the same regions [START_REF] Letouzé | Mutational signatures reveal the dynamic interplay of risk factors and cellular processes during liver tumorigenesis[END_REF].

Those genomic covariates can bias the analysis of mutation recurrence by generating hotspots due to high local mutability rather than functional selection of alterations. Tools like MutSigSV [START_REF] Lawrence | Mutational heterogeneity in cancer and the search for new cancer-associated genes[END_REF], developed by the Broad institute, take into account [START_REF] Polak | Cell-of-origin chromatin organization shapes the mutational landscape of cancer[END_REF]. B, C: Mutational rate is shown to be positively correlated with replication timing, and negatively correlated with proximal gene expression [START_REF] Lawrence | Mutational heterogeneity in cancer and the search for new cancer-associated genes[END_REF]. D: Lack of nucleotide excision repair at the location of transcription factor binding is shown to induce a significant increase in mutational rate [START_REF] Sabarinathan | Nucleotide excision repair is impaired by binding of transcription factors to DNA[END_REF].
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the abovementioned parameters and the background distribution of mutations in the tumor series to identify significantly recurrent mutations while controlling for genomic covariates. Similarly, a regression approach taking into account various (epi)genomic features was recently proposed to identify significantly recurrent SVs not explained by local genomic context in breast cancer genomes [START_REF] Glodzik | A somatic-mutational process recurrently duplicates germline susceptibility loci and tissue-specific super-enhancers in breast cancers[END_REF]. Other methods have been developed to identify recurrent CNAs, like GISTIC2.0 [START_REF] Mermel | GISTIC2.0 facilitates sensitive and confident localization of the targets of focal somatic copy-number alteration in human cancers[END_REF] that takes into account both the frequency and amplitude of CNAs to define hotspots of gains and deletions.

The Pan Cancer Atlas of driver alterations

In the last decade, many sequencing projects were conducted by individual laboratories or international consortia like TCGA (The Cancer Genome Atlas; https://www.cancer.gov/tcga) and ICGC (International Cancer Genome Consortium; https://icgc.org/), producing WES, WGS and/or RNAseq data from thousands of tumors spanning most cancer types. This scientific effort allowed to establish the landscape of driver genes involved in each cancer.

Cancer Gene Census

The Cancer Gene Census (CGC) is an ongoing effort to catalogue those genes, which contain mutations causally implicated in cancer. Regularly updated by the COSMIC [START_REF] Sondka | The COSMIC Cancer Gene Census: describing genetic dysfunction across all human cancers[END_REF] literature curation team, 719 cancer-driving genes are now described with a variety of alteration mechanisms across all human cancer types. This pan-cancer list of driver genes is a useful resource to annotate new data with known drivers. However, it is important to keep in mind that rare alterations remain to be identified, especially in rare tumor entities.

PCAWG (Pan Cancer Analysis of Whole Genomes)

The most comprehensive pan-cancer genome analysis to date is probably the ICGC-PCAWG (https://dcc.icgc.org/pcawg) published in Nature in early 2020. The PCAWG consortium analyzed whole genome sequences from 2,600 primary cancers and their matching normal tissues across 38 distinct tumor types [START_REF] Campbell | Pan-cancer analysis of whole genomes[END_REF], to define an exhaustive landscape of driver genes and reconstruct the natural history of cancers.

Across the PCAWG tumors, 43,778,859 somatic SNVs, 2,418,247 somatic indels and 288,416 somatic SVs were identified and used to define an integrated set of driver events.
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91% of tumors had at least one identified driver mutation, with an average of 4.6 drivers per tumor and 2.6 coding driver mutations per tumor, consistent with previous TCGA publication [START_REF] Martincorena | Universal Patterns of Selection in Cancer and Somatic Tissues[END_REF]. 25% of PCAWG tumors harbored at least one putative non-coding driver mutation, with 1/3 of them affecting TERT promoter (9% of PCAWG tumors). This underlines the benefit of WGS over WES to define the exhaustive set of driver events in a tumor genome (Figure 8A). This work also confirmed that many driver mutations affecting TSG are two-hit inactivation events: on the 954 tumors in the cohort with driver mutations in TP53, 736 (77%) had both alleles mutated, 96% of which (707 out of 736) combined a somatic point mutation that affected one allele with somatic deletion of the other allele (Figure 8C). [START_REF] Campbell | Pan-cancer analysis of whole genomes[END_REF]. A: The circos plot represents putative driver mutations identified in the PCAWG project. Each colored sector represents a tumor type. From the periphery to the center of the plot the concentric rings represent: [START_REF] Ascha | The incidence and risk factors of hepatocellular carcinoma in patients with nonalcoholic steatohepatitis[END_REF] PCAWG efforts led to a complete landscape of driver alteration associated to each cancer type, with more than 90% of PCAWG cases with at least one identified driver.

However, in 181 tumors no driver alteration was identified. This can be due to either low quality or contaminated samples but also statistical power limitation associated with cohort size, leading to failures in the bioinformatic algorithms to identify new driver genes [START_REF] Campbell | Pan-cancer analysis of whole genomes[END_REF]. Notably, structural variations in non-coding regions are more and more shown to be involved in tumorigenesis and there is evidences that this type of alteration is under-represented among driver alteration of cancer [START_REF] Huddleston | An incomplete understanding of human genetic variation[END_REF][START_REF] Audano | Characterizing the Major Structural Variant Alleles of the Human Genome[END_REF].

Functional consequences and molecular origin of SVs

Functional impact of structural variants

Structural Variations (SV) represent all the rearrangements of chromosome structure and include 4 fundamental types: deletions, duplications, inversions and translocations (Figure 9). SVs can induce copy-number changes that alter the expression of target genes. Besides, they induce abnormal junctions between distant regions of the genome. Those junctions can have functional consequences by i) joining exons of two different genes, producing a chimeric transcript with a tumorigenic potential [START_REF] Hutchinson | BRAF fusions define a distinct molecular subset of melanomas with potential sensitivity to MEK inhibition[END_REF], ii) altering the gene structure and induce loss of negative regulatory regions [START_REF] Mudduluru | Curcumin regulates miR-21 expression and inhibits invasion and metastasis in colorectal cancer[END_REF], iii) placing the gene under the influence of a strong enhancer, called enhancer hijacking [START_REF] Northcott | Enhancer hijacking activates GFI1 family oncogenes in medulloblastoma[END_REF], and iv) placing the gene in a region of open chromatin and more accessible to transcription factors [START_REF] Weischenfeldt | Pan-cancer analysis of somatic copy-number alterations implicates IRS4 and IGF2 in enhancer hijacking[END_REF].

Copy-number alterations

CNAs include gains, amplifications (focal regions with a high number of extra copies), heterozygous and homozygous deletions of chromosome regions. Last decade, WES was extensively used to identify driver CNAs and revealed deletion hotspots involving many tumor suppressor genes (CDKN2A, PTEN or RB1…). In contrast, hotspots of genomic amplification contribute to the overexpression of oncogenes (CCND1/FGF19, MYC, CCNE1…). A recent pan-cancer study established that 70 genes are recurrently amplified and 70 genes are recurrently deleted across all their pan-cancer cohort including almost 5,000 tumors from 11 cancer-types [START_REF] Zhang | A Pan-Cancer Compendium of Genes Deregulated by Somatic Genomic Rearrangement across More Than 1,400 Cases[END_REF]. However, WES does not allow to define the mechanisms at the origin of CNAs, as the abnormal junction are usually located outside coding regions covered by this approach. Thus, WGS and RNAseq are necessary to identify other types of driver SVs.

Gene fusions

Gene fusions occur when a structural rearrangement brings together the 5' and 3' ends of two different genes. Philadelphia chromosome, discovered in 1960, induces the BCR-ABL1 fusion in myeloid leukemia. This fusion leads to a constitutively active tyrosine kinase domain, inducing downstream activation of PI3K and MAPK pathways [START_REF] Cilloni | Molecular pathways: BCR-ABL[END_REF][START_REF] Hantschel | Structure, Regulation, Signaling, and Targeting of Abl Kinases in Cancer[END_REF][START_REF] Sinclair | Targeting survival pathways in chronic myeloid leukaemia stem cells[END_REF]. Since this early discovery, many oncogenic fusions have been identified. For example, a frequent translocation between chromosomes 11 and 22 creates the EWSR1-FLI1 fusion, characteristic of Ewing sarcoma. This fusion combines the 5′ transcriptional activation domain of EWSR1 with the 3′ ETS DNA-binding domain of FLI1 to yield a potent oncogene through transcription factor activation [START_REF] Delattre | Gene fusion with an ETS DNA-binding domain caused by chromosome translocation in human tumours[END_REF][START_REF] Delattre | The ewing family of tumors -a subgroup of small-round-cell tumors defined by specific chimeric transcripts[END_REF]. Some fusions are cancer specific, like the PRKACA-DNAJB1 fusion specific of fibrolamellar carcinomas that is used to differentiate this specific cancer type from other liver tumors (Honeyman et al., Results 18 2014;[START_REF] Dinh | Comprehensive analysis of the Cancer Genome Atlas reveals a unique gene and noncoding RNA signature of fibrolamellar carcinoma[END_REF]. On the contrary some fusions are seen in a large variety of cancers, like the FGFR3-TACC3 in-frame activating kinase fusion found in glioblastomas, lung adenocacrinomas and gliomas [START_REF] Singh | Transforming fusions of FGFR and TACC genes in human glioblastoma[END_REF][START_REF] Collisson | Comprehensive molecular profiling of lung adenocarcinoma: The cancer genome atlas research network[END_REF][START_REF] Lasorella | FGFR-TACC gene fusions in human glioma[END_REF]. Some studies used public RNAseq data from thousands of tumor samples to perform pan-cancer analyses of fusions and develop comprehensive databases such as ChimerDB [START_REF] Lee | ChimerDB 3.0: An enhanced database for fusion genes from cancer transcriptome and literature data mining[END_REF][START_REF] Jang | ChimerDB 4.0: an updated and expanded database of fusion genes[END_REF]. The TCGA consortium analyzed gene fusions in almost 10,000 tumors from 33 cancer types. They concluded that fusions frequently involve a kinase domain and drive tumorigenesis in 16.5% of cancer cases. Importantly, 1% of cancer cases are characterized by a single gene fusion as driver event fueling tumorigenesis [START_REF] Gao | Driver Fusions and Their Implications in the Development and Treatment of Human Cancers[END_REF] (Figure 10). Gene fusions are thus interesting targets for precision medicine, exemplified by the success of inhibitors targeting the kinase activity of RET, ROS1 and ALK fusions in lung cancer [START_REF] Takeuchi | RET, ROS1 and ALK fusions in lung cancer[END_REF][START_REF] Kohno | Beyond ALK-RET, ROS1 and other oncogene fusions in lung cancer[END_REF].

Enhancer Hijacking

Structural variations can also alter the regulatory regions and thus the transcription of cancer genes. Direct alteration of cis-regulatory regions was extensively studied. In hepatocellular carcinomas (HCC), TERT promoter mutation is required as an early event to trigger TERT expression and activate the telomere maintenance pathway [START_REF] Nault | High frequency of telomerase reverse-transcriptase promoter somatic mutations in hepatocellular carcinoma and preneoplastic lesions[END_REF]. Apart from TERT promoter, WGS studies revealed few non-coding driver mutations, but more frequent examples of SVs altering the regulatory regions of The most recurrent fusion in each cancer type is labeled. Cancer types without recurrent fusions are not shown. [START_REF] Gao | Driver Fusions and Their Implications in the Development and Treatment of Human Cancers[END_REF].

Results

19

driver genes [START_REF] Fredriksson | Systematic analysis of noncoding somatic mutations and gene expression alterations across 14 tumor types[END_REF][START_REF] Weinhold | Genome-wide analysis of noncoding regulatory mutations in cancer[END_REF][START_REF] Rheinbay | Analyses of non-coding somatic drivers in 2,658 cancer whole genomes[END_REF]. A well-known mechanism named "enhancer hijacking" corresponds to the displacement of a strong enhancer upstream an oncogene. Enhancer hijacking was first described in medulloblastma [START_REF] Northcott | Enhancer hijacking activates GFI1 family oncogenes in medulloblastoma[END_REF]. In this work, the authors identified a cluster of SVs leading to the juxtaposition of GFI1B and GFI1 to local or distal DNA elements. Using ChIPseq, they confirmed the presence of enhancer chromatin marks in this region, with peaks of H3K27ac and H3K9ac immediately adjacent to the SV breakpoints, leading to the activation of GFI1B or GFI1 (Figure 11).

A related mechanism, called promoter hijacking, was recently descried in the lab in a subgroup of hepatocellular adenomas. In these tumors, a focal deletion juxtaposes the promoter and exon 1 of the highly expressed INHBE gene upstream the GLI1 oncogene.

This promoter hijacking induces a massive over-expression of GLI1 and the development of adenomas activating sonic hedgehog pathway (shHCA) [START_REF] Nault | Molecular Classification of Hepatocellular Adenoma Associates With Risk Factors, Bleeding, and Malignant Transformation[END_REF]. Both oncogenes can cooperate with MYC to promote medulloblastoma pathogenesis. [START_REF] Northcott | Enhancer hijacking activates GFI1 family oncogenes in medulloblastoma[END_REF] Results 20

Local alteration of the 3D architecture

Eukaryotic genome has a highly organized three-dimensional (3D) structure, with an important role in gene regulation. Different levels of organization were described, using methods like HI-C (Lieberman-Aiden et al., 2009) (Figure 12):

-Nuclear center versus periphery. This first level of organization involves two distinct nuclear compartments. Expressed genes tend to be located in euchromatin, in the nuclear center, while repressed genes are located in heterochromatic regions, at the periphery of the nucleus [START_REF] Bickmore | The Spatial Organization of the Human Genome[END_REF].

-Chromosomes territories. Chromosomes occupy distinct sub-nuclear territories, with transcriptionally active loci located at the surface of those structures (Cremer andCremer, 2001, 2010) (Figure 12A).

-Compartments A and B. Chromosomes segregate into regions corresponding to long-range interactions, forming two distinct compartments names "A" and "B".

The A compartments are characterized by active chromatin, enriched in highly expressed genes, whereas "B" compartment correspond to inactive chromatin, enriched in repressed genes [START_REF] Lieberman-Aiden | Comprehensive mapping of long-range interactions reveals folding principles of the human genome[END_REF]. Thus A and B compartments are tens to hundreds of kilo-bases regions, characterized by intradomain interactions but a lack of inter-domain interaction. These intra-domains contacts are commonly named Topologically Associated Domains [START_REF] Nora | Spatial partitioning of the regulatory landscape of the X-inactivation centre[END_REF] (Figure 12A).

-Topologically Associated Domains (TADs). In mammals, TADs are strongly conserved features bordered by protein complexes composed of the CCCTCbinding factor (CTCF) and the structural maintenance of chromosomes (SMC) cohesin complex [START_REF] Dixon | Topological domains in mammalian genomes identified by analysis of chromatin interactions[END_REF]. CTCF and cohesion protein complexes also define intra-TAD chromatin loops. These shorter length structures enable more subtle regulatory control of enhancer-promoter interactions [START_REF] Matthews | Computational prediction of CTCF/ cohesin-based intra-TAD loops that insulate chromatin contacts and gene expression in mouse liver[END_REF].
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Genomic alterations disrupting 3D chromatin conformation can trigger tumorigenesis by altering gene regulation. For example, a pan-cancer study revealed recurrent overexpression of TERT, IRS4 and IGF2 oncogenes in different cancers due to SVs disrupting TADs boundaries [START_REF] Weischenfeldt | Pan-cancer analysis of somatic copy-number alterations implicates IRS4 and IGF2 in enhancer hijacking[END_REF] (Figure 12B).

Alteration of post-transcriptional regulatory regions

After transcription, untranslated regions (UTRs) and polyA tails control the stability of the transcripts. Alterations of those post-transcriptional regulatory regions can activate oncogenes or inactivate TSG. For example, recurrent CSF1 fusions have been described in tenosynovial giant cell tumors (upstream COL6A3 in 33% of cases), with a junction always downstream exon 5 of CFS1. This fusion leads to an overexpression of the transcript and the first interpretation was that COL6A3 or other partner genes may bring active regulatory domains leading to increased transcription [START_REF] Möller | Molecular identification of COL6A3-CSFI fusion transcripts in tenosynovial giant cell tumors[END_REF].

However, recent work showed that deletion of CSF1 3' UTR triggers tumorigenesis even in absence of gene fusion, suggesting that the loss of regulatory elements in 3'UTR explains the increased expression [START_REF] Ho | Detection of CSF1 rearrangements deleting the 3′ UTR in tenosynovial giant cell tumors[END_REF].

Viral insertions

Viral DNA can integrate into the human genome and induce trigger tumorigenesis by placing a potent viral enhancer upstream an oncogene a mechanism called "insertional mutagenesis" [START_REF] Bishop | The molecular genetics of cancer[END_REF]. Only 4 viruses are known to be able to induce insertional mutagenesis:

-Human Papilloma Virus (HPV). HPV is frequently integrated in the host cell genome and associated with the partial or complete loss of the E1 and E2 viral et al., 2019). B: Model of enhancer hijacking following TAD boundaries disrupting. Heatmap shade of greys indicate contact probability between pair of genomic regions. In this scheme, the orange enhancer, associated to TAD1, will activate blue gene transcription following a TAD disrupting through somatic structural rearrangement. [START_REF] Weischenfeldt | Pan-cancer analysis of somatic copy-number alterations implicates IRS4 and IGF2 in enhancer hijacking[END_REF] Results
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genes, which regulate the activity of viral oncoproteins E6 and E7. However, hotspots of HPV integrations in the human genome have been described, including MYC, POU5F1B, FHIT, KLF12, KLF5, LRP1B and LEPREL1 [START_REF] Gudlevičiene | Distribution of human papillomavirus type 16 variants in Lithuanian women with cervical cancer[END_REF][START_REF] Hu | Genome-wide profiling of HPV integration in cervical cancer identifies clustered genomic hot spots and a potential microhomology-mediated integration mechanism[END_REF]. As those genes are involved in modulating cell proliferation, development and carcinogenesis both oncoproteins and insertional mutagenesis may have a tumorigenic effect -Merkel Cell Polyomavirus (MCPyV). MCPyV DNA is detected in around 80% of biopsies of Merkel Cell Carcinoma (MCC), a rare and aggressive skin cancer.

Polyomaviruses depend on the host cell to replicate and use two DNA-binding proteins to trigger replication: the large T antigen physically interacts with and inhibits tumor suppressors pRB and p53, allowing the cell to progress through the G1-to-S checkpoint, and small T antigen induces transcription of E2F, necessary for turning on essential S phase genes. In MCCs, the MCPyV genome random integrations contain the large T antigen gene, but systematically mutated in helicase and DNA binding domains, inducing an inhibition of viral replication and preventing lytic viral replication that could be lethal for cancer cells. However, the produced chimeric protein is still able to interfere with pRB and drive cell proliferation, leading to a pro-oncogenic state that may lead to carcinomas [START_REF] Erstad | Mutational analysis of merkel cell carcinoma[END_REF].

-Hepatitis B Virus (HBV). This virus has a tropism for liver and is a major cause of hepatocellular carcinomas (HCC). Most frequently the virus acts through indirect mechanism by the role of its oncoproteins or by inducing liver cirrhosis, an inflammatory environment prone to HCC development. Conversely, HBV can directly activate driver genes following HBV insertional mutagenesis. TERT, CCNE1, KMT2B, SENP5 and ROCK1 are well-known oncogenes whose expression is recurrently activated by HBV in liver cancer [START_REF] Sung | Genome-wide survey of recurrent HBV integration in hepatocellular carcinoma[END_REF].

-Adeno-associated Virus Type 2(AAV2). AAV2 was identified in the lab as a new virus able to generate insertional mutagenesis. In 2015, recurrent AAV2 integrations were described in HCC affecting the well-known oncogenes TERT, CCNA2, CCNE1 and TNFSF10 [START_REF] Nault | Recurrent AAV2-related insertional mutagenesis in human hepatocellular carcinomas[END_REF]. In 2019, another oncogene, GLI1, was identified to be activated through AAV2 insertions in HCC developed from benign hepatocellular adenomas (HCA) (La [START_REF] Bella | Adeno-associated virus in the liver: Natural history and consequences in tumour development[END_REF]. The insertional mutagenesis of both HBV and AAV2 in TERT promoter suggests that viral insertions are early events in the tumorigenesis process, as TERT promoter mutations were recurrently found in pre-neoplastic lesions [START_REF] Nault | High frequency of telomerase reverse-transcriptase promoter somatic mutations in hepatocellular carcinoma and preneoplastic lesions[END_REF] (Figure 2).

Mechanisms at the origin of structural variants

Whole genome sequencing of thousands of tumors, notably by the ICGC-PCAWG consortium [START_REF] Li | Patterns of somatic structural variation in human cancer genomes[END_REF], revealed considerable variability in the number and types of structural variations both across and within cancer types (Figure 13). Some tumors display large numbers of SVs belonging to a same category, defining deletor or duplicator phenotypes that can be further subdivided by the size of rearrangements [START_REF] Degasperi | A practical framework and online tool for mutational signature analyses show intertissue variation and driver dependencies[END_REF]. Other tumors are dominated by clustered or non-clustered inter-chromosomal translocations. These distinct phenotypes suggest the existence of various mechanisms of genomic instability operative with different strength across tumors.

In addition to the 4 simple SV categories (deletions, duplications, inversions and translocations), complex rearrangements involving many abnormal junctions and copynumber changes acquired through a single event have been identified:

-Breakage-fusion-bridge (BFB) cycle is a complex pattern of rearrangement that was first described almost a century ago [START_REF] Mcclintock | The Behavior in Successive Nuclear Divisions of a Chromosome Broken at Meiosis[END_REF] and later shown to be associated with the amplification of RUNX1 driving acute lymphoblastic leukemia, [START_REF] Papaemmanuil | RAG-mediated recombination is the predominant driver of oncogenic rearrangement in ETV6-RUNX1 acute lymphoblastic leukemia[END_REF]. In a situation of telomere crisis, at the anaphase step of mitosis, telomeres of sister chromatids can fuse together before being pulled apart in opposite directions. This will lead to a dicentric chromosome and the formation of an anaphase bridge, visible in microscopy (Figure 14A bottom).

Eventually the two fused chromatids will break, but not necessarily at the fusion point, resulting in a daughter cell with an arm loss when the other harbors a foldback inversion and gain of genomic material [START_REF] Murnane | Telomere dysfunction and chromosome instability[END_REF]. Since resulting chimeric chromosomes still lack telomeres, this process can repeat and produce recognizable patterns fold-back inversion junctions and stair-like copy-number increase at the extremity of the altered chromosome arm (Figure 14A top). , glioblastoma;HCC, hepatocellular carcinoma;leiomyo, leiomyosarcoma;medullo, medulloblastoma;MPN, myeloproliferative neoplasm;eso, oesophageal;oligo, oligodendrocytic;panc, pancreatic;piloastro, pilocytic astrocytoma;prost, prostate;RCC, renal cell carcinoma;sarc, sarcoma;SCC, squamous cell carcinoma;TCC, transitional cell carcinoma;thy, thyroid. (Li et al., 2020) B: Network connecting highly similar rearrangement signatures across different organs. Each circle represents a signature and particular phenotypes of deletions, duplications, etc. are annotated [START_REF] Degasperi | A practical framework and online tool for mutational signature analyses show intertissue variation and driver dependencies[END_REF].
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-Chromothripsis (from the greek thripsis which means "shattering into pieces") is a complex rearrangement first described in 2011 [START_REF] Stephens | Massive genomic rearrangement acquired in a single catastrophic event during cancer development[END_REF].

Chromothripsis induces hundreds of DNA breaks simultaneously on one or a few chromosomes. The chromosome fragments are then randomly stitched together or lost, presumably by the non-homologous end-joining (NHEJ) repair mechanism [START_REF] Stephens | Massive genomic rearrangement acquired in a single catastrophic event during cancer development[END_REF]. Chromotripsis results in chimeric chromosomes with numerous copy-number changes (oscillations between normal and deleted states)

and abnormal junctions (Figure 14B 2014). The most frequent chromothripsis-associated driver gene is TP53, probably because inactivation of genes maintaining the genome stability favors chromothripsis occurrence and selection. Two main mechanisms linked to missegregated chromosomes have been proposed to be at the origin of chromothripsis [START_REF] Ly | Rebuilding Chromosomes After Catastrophe: Emerging Mechanisms of Chromothripsis[END_REF]. The first one is a telomere crisis leading to chromosome or sister chromatids end-to-end fusions, followed by formation of chromatin bridges [START_REF] Garsed | The Architecture and Evolution of Cancer Neochromosomes[END_REF]. The second proposed mechanism is a micronuclei formation during mitosis [START_REF] Kato | Chromosome pulverization in human cells with micronuclei[END_REF][START_REF] Johnson | Mammalian cell fusion: Induction of premature chromosome condensation in interphase nuclei[END_REF].

Molecular processes in micronuclei are known to be error prone, and it was proposed that isolated genomic materials can be massively broken into pieces and reassembled.

-Chromoplexy (from the greek pleko, meaning to weave) is another complex rearrangement pattern. It was first described in prostate cancers harboring ETS gene fusions, then in other solid tumors like non-small cell lung, head and neck and melanomas cancers [START_REF] Baca | Punctuated evolution of prostate cancer genomes[END_REF]. In contrast to chromothripsis, this phenomenon is mostly characterized by inter-chromosomal translocations, involving up to 8 chromosomes, whereas chromothripsis is restricted to 1 or 2 chromosomes. In addition, the altered regions are focal on each chromosome, whereas chromothripsis alterations can be chromosome wide. Finally, Baca and collaborators defined chromoplexy as a closed chain of rearrangements, occasionally combined with focal "deletion bridges" in the vicinity of abnormal junction. Except those deletions bridges, there is no loss of genomic regions characteristic of the 2 levels of copy number seen in chromothripsis. Recent pancancer studies [START_REF] Agrawal | Integrated Genomic Characterization of Papillary Thyroid Carcinoma[END_REF][START_REF] Cortés-Ciriano | Comprehensive analysis of chromothripsis in 2,658 human cancers using whole-genome sequencing[END_REF] described recurrent oncogenic events induced by chromoplexy, such as RET, BRAF and NTRK3 fusions, or IGF2BP3 enhancer hijacking. The genome-wide distribution of DSBs in chromoplexy is enriched in actively transcribed and open chromatin regions [START_REF] Marnef | Transcription-Coupled DNA Double-Strand Break Repair: Active Genes Need Special Care[END_REF], suggesting that these catastrophic events may occur in nuclear transcription hubs where many co-regulated genomic regions from different chromosomes are spatially aggregated [START_REF] Baca | Punctuated evolution of prostate cancer genomes[END_REF] (Figure 14C). Thus, the proposed mechanism is a multiple breakage of DNA in a restricted transcription hub, followed by the mis-reparation of the different bluntend (Figure 14D). (modified from Yi et al., 2018). D: Proposed model of punctuated evolution of cancer, where tumorigenesis can progressively be triggered by i) gradual accumulation of simple mutations, giving progressively cell survivability, ii) Rapid accumulation of alteration induced by a particular biological defect of environmental exposure, or iii) a single catastrophic event, giving a significant selective advantage to become a clonal feature. (modified from [START_REF] Baca | Punctuated evolution of prostate cancer genomes[END_REF] Results
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In addition to these 3 well-documented events, Li et al. recently described new categories of complex SVs [START_REF] Li | Patterns of somatic structural variation in human cancer genomes[END_REF] . Thus, we are only beginning to understand the diversity of structural rearrangements in cancers.

Chromothripsis and chromoplexy are complex events occurring at a single time of cell life [START_REF] Stephens | Massive genomic rearrangement acquired in a single catastrophic event during cancer development[END_REF][START_REF] Baca | Punctuated evolution of prostate cancer genomes[END_REF]. Thus, there is a heterogeneous dynamic in cancer development that can be discretized in three states (Figure 14D).

-First cancer can slowly develop, by progressively accumulating mutations such as stochastic "clock-like" mutations described by L. Alexandrov and collaborators, induced by stochastic error and repair mechanisms [START_REF] Alexandrov | Clock-like mutational processes in human somatic cells[END_REF].

-Secondly, rapid accumulation of alteration in a short period can be the result of particular biological defect, as the extreme phenotypes described by Degasperi and collaborators, triggered by homologous recombination deficiency [START_REF] Degasperi | A practical framework and online tool for mutational signature analyses show intertissue variation and driver dependencies[END_REF]. Accelerated evolution of cancer can also be induced by specific exposures such as Aflatoxin B1 mycotoxin produced by Aspergillus flavus and Aspergillus parasiticus which grow in soil or decaying vegetation. Exposure to this mycotoxin was shown to be associated with specific pattern of mutations in hepatocellular carcinoma inducing an increase of mutational burden [START_REF] Letouzé | Mutational signatures reveal the dynamic interplay of risk factors and cellular processes during liver tumorigenesis[END_REF].

-Finally, singe catastrophic events are probably lethal for the cell and may tend to require co-occurring oncogenic lesions to become fixed in a tumor by giving a strong selective advantage [START_REF] Baca | Punctuated evolution of prostate cancer genomes[END_REF] (Figure 14D). In summary, different patterns of SVs were described in cancer, reflecting the diverse mechanisms at their origin, more or less active in different tumors. SVs may be due to i) stochastic biological errors such as mis-segregation of chromosomes, ii) abnormal cell state such as telomere crisis leading to inherent errors of NHEJ, triggered by an abnormal biological context, or iii) a specific gene defect leading to inhibition of a repair mechanism, such as BRCA1-mutated breast cancer harboring a HR defect. However, the molecular cause of most SV phenotypes remains to be unraveled. Defining signatures of SVs related to specific processes is important for basic research, but also to develop efficient personalized therapies. For example, breast cancers patients harboring a BRCA1 or BRCA2 mutations and the associated signature of duplications are good responders to PARP inhibitors [START_REF] Sikov | Impact of the addition of carboplatin and/or bevacizumab to neoadjuvant onceper-week paclitaxel followed by dose-dense doxorubicin and cyclophosphamide on pathologic complete response rates in stage II to III triple-negative breast cancer: CALGB 40603 (A[END_REF].

Signatures of processes generating somatic alterations

Cancer cells accumulate somatic alterations through various intrinsic and extrinsic processes. Those processes leave characteristic imprints on the genome, termed mutational signatures [START_REF] Alexandrov | Deciphering Signatures of Mutational Processes Operative in Human Cancer[END_REF]. Mutational signatures are more or less active in each tumor depending on intrinsic biological processes (e.g. DNA repair) or environmental factors, and the contribution of each process to the tumor mutation burden is called its exposure. Mutational processes can also evolve between the early and late steps of tumorigenesis. The combination of processes a cancer cell has been exposed to results in its final mutational portrait (Figure 15). For example, one of the first mutational patterns related to a cancer risk factor was the abundance of C>T / G>A substitutions and CC>TT / GG>AA dinucleotide substitutions associated to UV (Ultra-Violet) exposure. This observation soon led to the first description of mutational processes signatures [START_REF] Howard | Identification of the altered bases in mutated single-stranded DNA[END_REF][START_REF] Witkin | Ultraviolet-Induced Mutation and DNA Repair[END_REF]. Alexandrov et al. also introduced a statistical framework to extract, from the mutation catalogues of a series of tumors, the number of operative mutational processes, their signatures and their exposure in each tumor (Figure 16,right). This is a classic case of "cocktail party" problem [START_REF] Alexandrov | Deciphering Signatures of Mutational Processes Operative in Human Cancer[END_REF]. Imagine a cocktail party room with tens of guest groups speaking about various subjects, resulting in an incomprehensible mixture of sounds. This room is equipped with several record devices, located at different spots in the room, recording the mixture of conversations, sequencing/analysis errors. We can express the mutational catalogues over the tumor series as a matrix M, with 𝑀 𝑖𝑗 enumerating over mutation categories i and cancer samples j. The mutation matrix M can be decomposed into 2 matrices of smaller size [START_REF] Alexandrov | Deciphering Signatures of Mutational Processes Operative in Human Cancer[END_REF]:

𝑀 𝑖𝑗 = ∑ 𝑆 𝑖𝑘 𝐸 𝑘𝑗 𝑁 𝑘=1 + Ɛ 𝑖𝑗 ,
where N represents the number of active signatures in the cohort, and Ɛ the minimized residual matrix. The columns of matrix S describe the composition of the signature in terms of mutation categories, with 𝑆 𝑖𝑘 the frequency of mutation category i in signature k.

The second matrix 𝐸 is the exposure matrix of each signature k in row, associated to each sample j in column.

In a more generalized definition, the mutational catalogue is approximately the sum of mutational signatures multiplied by their respective exposures:

𝑀 ≈ 𝑆𝐸 (Eq.1)
In order to deconvolute signal and extract 𝑆 and 𝐸 matrices, the mutational signature extraction computational workflow is based on the Non-Negative Matrix Factorization (NMF). This core step corresponds to the Brunet et al. implementation of the multiplicative update algorithm, shown to extract biologically meaningful components from complex biological data [START_REF] Lee | Learning the parts of objects by non-negative matrix factorization[END_REF][START_REF] Brunet | Metagenes and molecular pattern discovery using matrix factorization[END_REF] 17):

-Clock-like signatures SBS1 (deamination of methylated cytosines) and SBS5

(unexplained) that accumulate with age in all cell types.

-Signatures related to specific environmental exposures like SBS4 (tobacco), SBS7

(UV light) or SBS24 (aflatoxin B1 exposure) -Signatures of DNA repair defects like SBS3 (BRCA1/2 mutations inducing homologous recombination deficiency) or SBS6 (mismatch repair deficiency).

-Finally, some signatures are induced by genotoxic treatments. For example, SBS11 and SBS31/35 are respectively associated with temozolomide and cisplatin treatment.

The repertoire of mutational signature (Figure 17) is heterogeneous in terms of etiologies, but also in term of organs, some signatures being ubiquitous (SBS1), or on the contrary restricted to a few cancer types (SBS24). Finally, the mutational burden induce by each signature is extremely variable.

Extension of signatures to structural rearrangements

The signature analysis framework, based on NMF algorithm, was first developed for point mutations but it can be extended to any type of alteration. For example, the recent work by the PCAWG group identified, in addition to the 49 single-base-substitution signatures, 11 doublet-base-substitution and 17 small insertions and deletions (indel)

signatures [START_REF] Alexandrov | The repertoire of mutational signatures in human cancer[END_REF]. The definition of categories needs to be adapted to each type of alteration, but the core step of signature deconvolution remains unchanged.

This approach has also been applied to structural variations (SVs) to identify tumor phenotypes characterized by an enrichment of specific types of rearrangements. Nik-Zainal and collaborators described the first SV signature analysis framework to unravel The color of each dot represents the median mutation burden of the signature in exposed samples. There is a large heterogeneity in signature exposure across the different tissue types. Moreover, the mutational burden induced by signature is also heterogeneous with some signature inducing large number of mutations compared to others. [START_REF] Alexandrov | The repertoire of mutational signatures in human cancer[END_REF].

rearrangement signatures in 560 breast cancer genomes. In this framework, SVs were divided in 32 categories based on 3 criteria:

-The type of alteration, within the 4 fundamental types of SVs: inversions, duplications, deletions and translocations.

-The size of the event (for inversions, deletions and duplications only), i.e. the distance between the two breakpoints: 1-10kb; 10kb-100kb; 100kb-1Mb; 1Mb-10Mb and more than 10Mb.

- 

Liver cancer

Liver cancer is the second leading cause of cancer-related deaths worldwide. With an incidence of approximately 850,000 new cases and 810,000 deaths per year (overall ratio of incidence to mortality of 0.95) this cancer has a very poor prognosis [START_REF] Llovet | Hepatocellular carcinoma[END_REF][START_REF] Bray | Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries[END_REF]. Liver neoplasms include benign and malignant lesions. Hepatocellular adenoma (HCA) is the most studied benign tumor because of its clinical management associated with tumor bleeding and malignant transformation into hepatocellular carcinoma (HCC). HCC is a very aggressive malignant tumor representing approximately 90% of all cases of primary liver cancer. Both HCA and HCC are developed from hepatocytes, the main liver cell type managing metabolic and detoxification processes.

Hepatocellular adenomas

Epidemiology and risk factors for HCA

HCA are rare benign tumors, with an overall prevalence around one case per million. Various associated risk factors have been identified:

-Hormonal exposure. Oral contraception (OC) administration and in general androgen and estrogens are the major risk factor for HCA development. Indeed, this cancer mostly arises in young women, with a 30-fold increased incidence associated to the use of oral contraceptives (OC), and a significantly increased risk after 5 years of treatment [START_REF] Rooks | The association between oral contraception and hepatocellular adenoma -a preliminary report[END_REF]. This results in an higher incidence of HCA in western countries where the use of oral contraception is more common compared to Asia or Africa [START_REF] Matsumoto | Perception of oral contraceptives among women of reproductive age in Japan: A comparison with the USA and France[END_REF]. Moreover, androgen administration for therapeutic use (ie: Fanconi anemia) is associated with HCA development [START_REF] Touraine | Hepatic tumours during androgen therapy in Fanconi anaemia[END_REF]. Similarly, anabolic androgenic steroids abuse for bodybuilding purpose is also a risk factor of HCA [START_REF] Sánchez-Osorio | Anabolic-androgenic steroids and liver injury[END_REF].

-Alcohol and obesity. Alcohol consumption and obesity were shown to be risk factors for HCA development [START_REF] Bedossa | Evidence for a role of nonalcoholic steatohepatitis in hepatitis C: A prospective study[END_REF][START_REF] Guichard | Integrated analysis of somatic mutations and focal copy-number changes identifies key genes and pathways in hepatocellular carcinoma[END_REF]. This results presumably from the direct toxic role of alcohol or the production of cytokines during both long-term alcohol consumption and chronic liver inflammation associated with obesity. Interestingly those two risk factor are restricted to an inflammatory subgroup of HCA [START_REF] Nault | Molecular Classification of Hepatocellular Adenoma Associates With Risk Factors, Bleeding, and Malignant Transformation[END_REF].

-Genetic background. Finally, several rare genetic syndromes are strongly associated with HCA occurrence. MODY (maturity-onset diabetes of the young)
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type 3 is a type of non-insulin dependent diabetes mellitus with autosomal dominant inheritance, occurring usually before the age of 25. This pathology is associated with a germline monoallelic HNF1A mutation leading to the development of liver adenomatosis, characterized by more than ten hepatic adenomas [START_REF] Bacq | Familial Liver Adenomatosis Associated with Hepatocyte Nuclear Factor 1α Inactivation[END_REF][START_REF] Reznik | Hepatocyte nuclear factor-1α gene inactivation: Cosegregation between liver adenomatosis and diabetes phenotypes in two maturity-onset diabetes of the young (MODY)3 families[END_REF]. In MODY3 patients, HCA development follows a "2-hit" alteration model of TSG where the germline alteration is followed by a somatic inactivation of the second wild type allele of HNF1A [START_REF] Nault | Molecular Classification of Hepatocellular Adenoma Associates With Risk Factors, Bleeding, and Malignant Transformation[END_REF]. Another rare genetic disease associated with HCA development is glycogenosis type 1a. This is a rare recessive metabolic syndrome occurring in very young patients and characterized by a germline mutation inactivating G6PC (glucose-6-phosphatase). G6PC inactivation leads to the accumulation of glycogen and fat in the liver and to a 25 to 75% risk of HCA development depending on the studies [START_REF] Labrune | Hepatocellular adenomas in glycogen storage disease type I and III: A series of 43 patients and review of the literature[END_REF][START_REF] Froissart | Glucose-6-phosphatase deficiency[END_REF].

Finally, McCune-Albright syndrome, characterized by "café au lait" skin macula and fibrous dysplasia of bones, is also strongly associates with HCA development.

This syndrome is caused by a somatic mosaic mutation of GNAS gene, located on an imprinted locus, that leads to aberrant activation of adelylate cyclase [START_REF] Weinstein | G protein mutations in human disease[END_REF]. Interestingly, GNAS gene is recurrently mutated in the inflammatory subgroup of HCAs [START_REF] Nault | Molecular Classification of Hepatocellular Adenoma Associates With Risk Factors, Bleeding, and Malignant Transformation[END_REF].

Risk factors associated to HCA are various, resulting in multiple subgroups of HCA, characterized by specific molecular alterations and clinical presentation, such as the inflammatory adenomas above-mentioned.

Molecular diversity of HCA

Before NGS studies, targeted sequencing of candidate loci had revealed 4 HCA driver genes (HNF1A, CTNNB1, IL6ST and GNAS) but a large part of tumors remained without a molecular driver alteration [START_REF] Calderaro | Molecular characterization of hepatocellular adenomas developed in patients with glycogen storage disease type i[END_REF]. Next generation sequencing allowed non supervised multi-omics analysis that helped refine the heterogeneous landscape of HCA sub-groups. The current classification, based on molecular and transcriptomic features is constituted of 6 HCA subgroups, associated with specific risks factors, clinical behavior and tumor histology [START_REF] Nault | Molecular Classification of Hepatocellular Adenoma Associates With Risk Factors, Bleeding, and Malignant Transformation[END_REF]) (Figure19):

-Inflammatory HCA (IHCA) is the most frequent HCA subgroup, accounting for 34 to 44% of all HCAs. IHCA is characterized by constitutive activation of the
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IL6/JAK/STAT signaling pathway due to activating mutations of various members of the pathway. IHCA driver genes include IL6ST encoding gp130 receptor (77%), FRK encoding a src kinase (9%), STAT3 encoding a transcription factor of JAK/STAT pathway (4%), GNAS encoding stimulatory G-protein alpha subunit (3%) and JAK1 encoding a tyrosine kinase protein of the JAK/STAT pathway (1%).

6% of IHCAs remain without identified molecular alteration [START_REF] Nault | Molecular Classification of Hepatocellular Adenoma Associates With Risk Factors, Bleeding, and Malignant Transformation[END_REF].

Those different alterations lead to the translocation of STAT3 in the nucleus, triggering the uncontrolled activation of the inflammatory pathway, characterized by an over-expression of acute phase inflammatory proteins CRP (C-Reactive Protein) and SAA (Serum Amyloid A).

-HCAs harboring a CTNNB1 exon 3 or exon 7,8 represent respectively 13% and 7% of all HCAs. b ex3 HCA harbor mutations or deletions in CTNNB1 exon 3 that inhibit β-catenin protein phosphorylation by APC/GSK3B/AXIN complex, preventing proteasome degradation. This unregulated β-catenin will be translocated to the nucleus, inducing the strong activation of WNT/β-catenin target genes, such as GLUL, ZNRF3 or LGR5 [START_REF] Rebouissou | Genotype-phenotype correlation of CTNNB1 mutations reveals different ßcatenin activity associated with liver tumor progression[END_REF]. The smaller b ex7,8 HCA subgroup is defined by CTNNB1 mutations in two hotspots in exon 7 or 8, leading to a weaker activation of the WNT/β-catenin pathway [START_REF] Pilati | Genomic profiling of hepatocellular adenomas reveals recurrent FRK-activating mutations and the mechanisms of malignant transformation[END_REF]. Interestingly, half of CTNNB1-mutated HCAs (either b ex3 HCA and b ex7,8 HCA) also display an inflammatory phenotype through CRP and SAA protein over-expression following JAK/STAT pathway activation. This leads to two mixed subtypes of HCA: b ex3 IHCA and b ex7,8 IHCA. [START_REF] Nault | Molecular Classification of Hepatocellular Adenoma Associates With Risk Factors, Bleeding, and Malignant Transformation[END_REF] (Figure 19).

-HNF1A inactivated HCAs (HHCA) are the second most frequent subtype of HCA.

This sub-group is defined by a bi-allelic inactivation of HNF1A, a key transcription factor involved in hepatocyte differentiation [START_REF] Bluteau | Bi-allelic inactivation of TCF1 in hepatic adenomas[END_REF]. Its inactivation leads to glycolysis and aberrant fatty acid production that can induce tumor steatosis, lipogenesis and mammalian target of rapamycin (mTOR) activation [START_REF] Merle | Doxorubicin-loaded nanoparticles for patients with advanced hepatocellular carcinoma after sorafenib treatment failure (RELIVE): a phase 3 randomised controlled trial[END_REF].

-The last identified subgroup is characterized by the activation of sonic hedgehog pathway (shHCA) and represents 4% of HCAs. The molecular mechanism at their origin is a small deletion leading to the INHBE-GLI1 gene fusion. INHBE is highly expressed in the liver. GLI1 is the key transcription factor of sonic hedgehog pathway and is normally barely expressed in the liver. The fusion leads to a chimeric transcript, producing an over-expressed functional GLI1 protein. shHCA are associated with a high risk of bleeding [START_REF] Nault | Molecular Classification of Hepatocellular Adenoma Associates With Risk Factors, Bleeding, and Malignant Transformation[END_REF].

-Finally, around 7% of HCAs (UHCAs) tumors are still unclassified. These tumors do not harbor any mutation in known driver genes nor particular transcriptomic signature [START_REF] Nault | Molecular Classification of Hepatocellular Adenoma Associates With Risk Factors, Bleeding, and Malignant Transformation[END_REF].

Clinical features

Hepatocellular adenomas require clinical management to avoid the main complications that are tumor bleeding (in shHCA) and malignant transformation to hepatocellular carcinoma (HCC) [START_REF] Nault | Molecular Classification of Hepatocellular Adenoma Associates With Risk Factors, Bleeding, and Malignant Transformation[END_REF]. Mutations in CTNNB1 exon 3 are [START_REF] Nault | Molecular Classification of Hepatocellular Adenoma Associates With Risk Factors, Bleeding, and Malignant Transformation[END_REF].

known to be associated with a high risk of malignant transformation, making b ex3 HCA and b ex3I HCA subgroups the most at risk of progression into HCC. By contrast, bex 7,8 HCA and bex 7,8I HCA subgroups are not associated with HCC development, suggesting that a strong WNT/β-catenin activation is necessary to trigger malignant transformation. [START_REF] Zucman-Rossi | Genotype-phenotype correlation in hepatocellular adenoma: New classification and relationship with HCC[END_REF][START_REF] Pilati | Genomic profiling of hepatocellular adenomas reveals recurrent FRK-activating mutations and the mechanisms of malignant transformation[END_REF][START_REF] Rebouissou | Genotype-phenotype correlation of CTNNB1 mutations reveals different ßcatenin activity associated with liver tumor progression[END_REF][START_REF] Nault | Molecular Classification of Hepatocellular Adenoma Associates With Risk Factors, Bleeding, and Malignant Transformation[END_REF]. TERT promoter mutations activating telomerase maintenance pathway were shown to be a recurrent second hit in adenoma to carcinoma transition, following CTNNB1 exon 3 mutation [START_REF] Pilati | Genomic profiling of hepatocellular adenomas reveals recurrent FRK-activating mutations and the mechanisms of malignant transformation[END_REF].

Hepatocellular carcinoma

Epidemiology and risks factors for HCC

Hepatocellular carcinoma is the most frequent primary liver cancer [START_REF] Yang | Hepatocellular carcinoma: a global view[END_REF] and is responsible for more than 500,000 deaths yearly, making it the 3 rd deadliest cancer worldwide [START_REF] Bray | Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries[END_REF]. HCC incidence depends on the geographical location, with around 80% of cases occurring in southeast Asia and sub-Saharan Africa [START_REF] Mcglynn | International trends and patterns of primary liver cancer[END_REF]. Interestingly, etiology is also highly associated with geography (Figure 20A).

In Africa and Asia, HCC are most of the time associated with Hepatitis B Virus (HBV) chronic infection, whereas Hepatitis C Virus (HCV) is the main cause of HCC in some countries like Japan or Egypt [START_REF] Wansbrough-Jones | Prevalence and genotype of hepatitis C virus infection in pregnant women and blood donors in Ghana[END_REF][START_REF] Lok | Incidence of Hepatocellular Carcinoma and Associated Risk Factors in Hepatitis C-Related Advanced Liver Disease[END_REF]. HBV and HCV viruses induce acute of chronic hepatitis and ultimately cirrhosis, favoring HCC development [START_REF] Baron | Medical Microbiology[END_REF]. Indeed, chronic liver damage leads to a cycle of cell death, regeneration and fibrosis during which HCC precursor cells undergo malignant transformation. Moreover, insertional mutagenesis of HBV but also AAV2 are shown to drive tumorigenesis by activating oncogenes [START_REF] Nault | Recurrent AAV2-related insertional mutagenesis in human hepatocellular carcinomas[END_REF][START_REF] Bella | Adeno-associated virus in the liver: Natural history and consequences in tumour development[END_REF].

Aflatoxin B1 exposure is another major risk factor for HCC in those countries. Aflatoxin B1 is produced by Aspergillus flavus, a fungus that infects maize kernels in hot and wet countries, inducing subsequent accumulation of this toxin, one of the most potent carcinogens produced in nature [START_REF] Mcgregor | An IARC evaluation of polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans as risk factors in human carcinogenesis[END_REF], in growing food. Moreover, individuals exposed to both high levels of aflatoxin B1 and chronic hepatitis B virus infection have an increased risk of liver cancer [START_REF] Liu | Global burden of Aflatoxin-induced hepatocellular carcinoma: A risk assessment[END_REF]. Another example of toxin as risk factor of HCC is aristolochic acid, a toxin produced plants from the genus
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Aristolochia. This compound largely affects Southeast Asia region due to its use in traditional herbal medicine. Metabolites of aristolochic acid form DNA adducts on adenine residues leading to a specific mutational signature of T>A substitutions [START_REF] Nault | Mutational Processes in Hepatocellular Carcinoma: The Story of Aristolochic Acid[END_REF].

In western countries, the main risk factors are completely different. In France, HCC development is related to alcohol abuse in 50% of the cases [START_REF] Rosa | 585 A FRENCH MULTICENTRIC LONGITUDINAL DESCRIPTIVE STUDY OF HEPATOCELLULAR CARCINOMA MANAGEMENT (THE CHANGH COHORT): PRELIMINARY RESULTS[END_REF]. In the United States, obesity is the major risk factor of HCC as accumulation of fat in the liver induces chronic liver inflammation [START_REF] Ascha | The incidence and risk factors of hepatocellular carcinoma in patients with nonalcoholic steatohepatitis[END_REF]. Some rare diseases such as hemochromatosis that lead to iron deposit in liver can lead to cirrhosis [START_REF] Kew | Hepatic iron overload and hepatocellular carcinoma[END_REF]. The HCC incidence vary from 2.4 to 12.8% depending on the disease state. [START_REF] Anstee | From NASH to HCC: current concepts and future challenges[END_REF] Results 40 [START_REF] Wynn | Fibrotic disease and the TH1/TH2 paradigm[END_REF]. The Metavir score indicates different stages of fibrosis, from F0 (normal liver) to F4 (cirrhosis). This liver background induces architecture changes leading to the formation of structurally abnormal nodules. Cells in these lesions accumulate somatic alterations such as mutations associated to high risk of developing HCC and hepatic function alteration [START_REF] Ginès | Screening for liver fibrosis in the general population: a call for action[END_REF][START_REF] Brunner | The Role of Stereotactic Body Radiotherapy (SBRT) in Locally Advanced Hepatocellular Carcinoma Versus Transarterial Chemoembolization (TACE): A Prospective, Non-Randomized Observational Trial (HERACLES)[END_REF]. For example, TERT promoter mutation is a well-known early-acquired genetic alteration in the transformation of premalignant nodules in hepatocellular carcinoma on cirrhosis, with more than 60% of early HCC harboring such alteration. [START_REF] Nault | High frequency of telomerase reverse-transcriptase promoter somatic mutations in hepatocellular carcinoma and preneoplastic lesions[END_REF] (Figure 21).

HCC also develops in a healthy liver in around 10-20% of cases (Figure 21). Except HCA transformation already discussed in the previous chapter, insertional mutagenesis by HBV or AAV2 viruses, or specific mutagenic exposures can trigger HCC tumorigenesis without long term damage induced by cirrhosis (Figure 21). 

Major biological pathways altered in HCC

Since the advent of NGS, large cohorts of HCC were analyzed using WES, RNAseq and WGS (Schulze, Imbeaud, Letouzé, et al., 2015;[START_REF] Fujimoto | Whole-genome mutational landscape and characterization of noncoding and structural mutations in liver cancer[END_REF], allowing to elucidate the landscape of driver genes and biological pathways recurrently altered in HCC (Zucman-Rossi et al., 2015) (Figure 22).

-Telomere maintenance is the most frequently altered pathway with 90% of HCC harboring an increased telomerase expression [START_REF] Farazi | Differential impact of telomere dysfunction on initiation and progression of hepatocellular carcinoma[END_REF][START_REF] Plentz | Telomere shortening and inactivation of cell cycle checkpoints characterize human hepatocarcinogenesis[END_REF]. TERT gene encodes the catalytic sub-unit of the telomerase complex that is crucial to maintain telomere length and genome stability. This gene is not expressed in normal liver but activated in the early stages of hepatocarcinogenesis. Molecular mechanisms at the origin of TERT activation are i) TERT promoter mutation in 54 to 60% of cases [START_REF] Nault | High frequency of telomerase reverse-transcriptase promoter somatic mutations in hepatocellular carcinoma and preneoplastic lesions[END_REF], ii) gene amplification or other structural rearrangements in 5 to 6% of cases [START_REF] Totoki | Trans-ancestry mutational landscape of hepatocellular carcinoma genomes[END_REF] and iii)

insertional mutagenesis in TERT promoter by HBV and AAV2 in 10 to 15% of cases [START_REF] Nault | Recurrent AAV2-related insertional mutagenesis in human hepatocellular carcinomas[END_REF].

-WNT/β-catenin pathway is altered in 17 to 44% of HCCs (depending of geographical and etiological background) characterized by the transcriptional activation of CTNNB1 target genes, such as GLUL and LGR5 [START_REF] Boyault | Transcriptome classification of HCC is related to gene alterations and to new therapeutic targets[END_REF].

This pathway activation is frequently associated with TERT promoter, suggesting a cooperation between the two pathways [START_REF] Nault | High frequency of telomerase reverse-transcriptase promoter somatic mutations in hepatocellular carcinoma and preneoplastic lesions[END_REF][START_REF] Totoki | Trans-ancestry mutational landscape of hepatocellular carcinoma genomes[END_REF]Schulze, Imbeaud, Letouzé et al., 2015). This pathway is crucial for liver function, controlling important mechanisms such as cell differentiation in hepatocytes [START_REF] Touboul | Stage-specific regulation of the WNT/β-catenin pathway enhances differentiation of hESCs into hepatocytes[END_REF]. The most common driver events in this pathway are CTNNB1 mutations in exon 3 or in frame deletions in the exon 3. In addition, mutations in AXIN1, ZNRF3 or APC tumor suppressor genes are found in respectively 10%, 3% and 1-2% of HCCs, also triggering WNT/β-catenin pathway activation [START_REF] Yanai | The colorectal tumour suppressor APC is present in the NMDA-receptor-PSD-95 complex in the brain[END_REF][START_REF] Basham | A ZNRF3-dependent Wnt/β-catenin signaling gradient is required for adrenal homeostasis[END_REF].

-Cell cycle pathway is altered in at least half of HCC, with TP53 mutations in 12 to 48% of cases [START_REF] Bressac | Selective G to T mutations of p53 gene in hepatocellular carcinoma from southern Africa[END_REF]Hsu et al., 1991;[START_REF] Guichard | Integrated analysis of somatic mutations and focal copy-number changes identifies key genes and pathways in hepatocellular carcinoma[END_REF]Schulze, Imbeaud, Letouzé et al., 2015;[START_REF] Fujimoto | Whole-genome mutational landscape and characterization of noncoding and structural mutations in liver cancer[END_REF]. As already described for TSG, TP53 mutations are spread along all the gene, except for the R249S hotspot characteristic of aflatoxin B1 exposure [START_REF] Guichard | Integrated analysis of somatic mutations and focal copy-number changes identifies key genes and pathways in hepatocellular carcinoma[END_REF][START_REF] Fujimoto | Whole-genome mutational landscape and characterization of noncoding and structural mutations in liver cancer[END_REF]. TP53 is the most frequently altered gene in cancer, and is involved in
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multiple biological processes such as G1/S cell cycle transition, DNA repair and apoptosis [START_REF] Aubrey | How does p53 induce apoptosis and how does this relate to p53-mediated tumour suppression?[END_REF]. The retinoblastoma pathway, that controls the G1/S phase transition, is also recurrently altered in HCC, following homozygous deletions of CDKN2A (2-12%) or RB1 (3-8%) [START_REF] Guichard | Integrated analysis of somatic mutations and focal copy-number changes identifies key genes and pathways in hepatocellular carcinoma[END_REF][START_REF] Ahn | Genomic portrait of resectable hepatocellular carcinomas: Implications of RB1 and FGF19 aberrations for patient stratification[END_REF][START_REF] Totoki | Trans-ancestry mutational landscape of hepatocellular carcinoma genomes[END_REF]. Finally, CCNE1 gene and CCND1/FGF19 locus, both involved in cell cycle progression, are recurrently altered by insertional mutagenesis or amplifications in 5% and 5-14% of cases, respectively [START_REF] Sawey | Identification of a Therapeutic Strategy Targeting Amplified FGF19 in Liver Cancer by Oncogenomic Screening[END_REF][START_REF] Sung | Genome-wide survey of recurrent HBV integration in hepatocellular carcinoma[END_REF][START_REF] Kan | Whole-genome sequencing identifies recurrent mutations in hepatocellular carcinoma[END_REF]. Interestingly, TP53 and CTNNB1 mutations are exclusive [START_REF] Friemel | Characterization of HCC mouse models: Towards an etiology-oriented subtyping approach[END_REF].

-Oxidative stress pathway alterations are seen in 5-15% of HCCs and are recurrent in a context of chronic liver inflammation or long term exposure to toxic compounds such as alcohol [START_REF] Llovet | Hepatocellular carcinoma[END_REF]. These liver insults lead to the accumulation of Reactive Oxygen Species (ROS) and subsequent selection of drivers events activating the detoxification program controlled by NRF2 [START_REF] Denicola | Oncogene-induced Nrf2 transcription promotes ROS detoxification and tumorigenesis[END_REF][START_REF] Bryan | The Nrf2 cell defence pathway: Keap1-dependent and -independent mechanisms of regulation[END_REF]. These driver events include activating mutations of NFE2L2 (nuclear factor erythroid 2-related factor 2) encoding NRF2, or inactivating KEAP1 (Kelch-like ECH-associated protein 1) mutations preventing NRF2 from proteasome degradation [START_REF] Guichard | Integrated analysis of somatic mutations and focal copy-number changes identifies key genes and pathways in hepatocellular carcinoma[END_REF][START_REF] Sporn | NRF2 and cancer: The Good, the bad and the importance of context[END_REF][START_REF] Cleary | Identification of driver genes in hepatocellular carcinoma by exome sequencing[END_REF].

-PI3K/AKT/MTOR and RAS/RAF/mitogen-activated protein kinase pathways are also frequently altered in HCC. PI3K/AKT/MTOR is involved in metabolism and cell proliferation [START_REF] Laplante | MTOR signaling in growth control and disease[END_REF] while RAS/RAF/MAPK is involved in cell proliferation, differentiation and survival [START_REF] Schubbert | Hyperactive Ras in developmental disorders and cancer[END_REF]. PI3K/AKT/MTOR is altered by homozygous deletions or mutations of PTEN

(1-3%), inactivating mutation of TSC1, TSC2 (2-8%) [START_REF] Totoki | Trans-ancestry mutational landscape of hepatocellular carcinoma genomes[END_REF] and FGF3, FGF4, FGF19 amplifications (5%) that could induce FGFR receptor over-expression [START_REF] Babina | Advances and challenges in targeting FGFR signalling in cancer[END_REF]. RAS/RAF/MAPK is altered through RPS6KA3 inactivating mutation in 2-9% of cases, leading to a constitutive activation of the pathway [START_REF] Zucman-Rossi | Genetic Landscape and Biomarkers of Hepatocellular Carcinoma[END_REF].

-Epigenetic modifiers are the last identified pathway recurrently altered in HCC through chromatin remodeling complexes or histone methyl-transferase alterations (Schulze, Imbeaud, Letouzé et al., 2015) (Figure 13). Recurrent inactivating mutations affect ARID1A/B (4-17% of HCC) and ARID2 (3-18%), involved in the SWI/SNF chromatin remodeling complexes BAF and PBAF. Histone methyl transferase complexes alterations include inactivating mutations in KMT2A

(3-4%), KMT2B (3-4%), KMT2C (3-6%) and KMT2D (2-3%), or HBV insertional mutagenesis in KMT2B (10%) [START_REF] Sung | Genome-wide survey of recurrent HBV integration in hepatocellular carcinoma[END_REF][START_REF] Cleary | Identification of driver genes in hepatocellular carcinoma by exome sequencing[END_REF]Schulze, Imbeaud, Letouzé, Ludmil B. Alexandrov, et al., 2015).

Treatments

The BCLC (Barcelona Clinic Liver Cancer) stage of HCC development is the major metric to guide the management of patients with HCC. This stage depends on various physio-pathological parameters, the number and size of tumor nodules (Figure 23).

For BCLC-0 and BCLC-A stages, transplantation is the best therapeutic option as it resolves both tumor and cirrhosis. However, the number of donors is obviously limited.

Resection and percutaneous ablation through Percutaneous Ethanol Injection (PEI) or

Percutaneous radiofrequency ablation (RFA) are alternative curative treatments, but require a preserved hepatic function of the patient, that is altered by both cancer developments and cirrhosis. Unfortunately, patients are frequently diagnosed at advances stages of HCC development, limiting curative treatments. Altogether, only 15% of all hepatocellular carcinomas are amenable to operative treatment [START_REF] Bruix | Prognostic prediction and treatment strategy in hepatocellular carcinoma[END_REF][START_REF] Chedid | Nonalcoholic Steatohepatitis: The Second Leading Indication for Liver Transplantation in the USA[END_REF].

For patients not eligible to curative treatment, two categories of non-curative treatments are used according to the BCLC stage. For BCLC-B (intermediate HCC), intraarterial chemoembolization preventing blood supplying to the tumor and intra-arterial chemotherapy are the two options. Those types of treatment increase patient survival but can have important side effects [START_REF] Galuppo | Synergistic inhibition of HCC and liver cancer stem cell proliferation by targeting RAS/RAF/MAPK and WNT/β-Catenin pathways[END_REF].

For patients with BCLC-C (advanced HCC), 4 multi-kinase inhibitors targeting PI3K/AKT/MTOR or RAS/RAF/MAPK pathways are approved. Sorafenib was for a long time the only therapeutic option. This is an inhibitor of VEGFR-1/2/3 (vascular endothelial growth factors receptors), BRaR/CRaF (serine threonine kinase) and PDGFRα/β (platelet-derived growth factor receptors). This treatment was shown to increase the median survival by 3 months [START_REF] Llovet | Sorafenib in advanced hepatocellular carcinoma[END_REF]. Regorafenib is a multi-kinase inhibitor more efficient against VEFGR kinases, with a wider activity than sorafenib, also targeting TIE2, KIT and RET kinases involved in ontogenesis. This treatment showed positive results in a cohort of patients progressing under sorafenib [START_REF] Bruix | Regorafenib for patients with hepatocellular carcinoma who progressed on sorafenib treatment (RESORCE): a randomised, double-blind, placebo-controlled, phase 3 trial[END_REF] However, treatment response is heterogeneous and, in a small proportion of patients, these treatments can cause severe and possibly permanent auto-immune adverse effect such as diarrhea, skin reactions, fatigue and hypertension [START_REF] Weber | Toxicities of immunotherapy for the practitioner[END_REF]. Thus, there is a huge need to identify candidate bio-markers to target patients who are likely to benefit from immunotherapies. So far only PD-L1 expression has been approved as biomarker but does not seems to be associated with nivolumab response in HCC [START_REF] El-Khoueiry | Nivolumab in patients with advanced hepatocellular carcinoma (CheckMate 040): an open-label, non-comparative, phase 1/2 dose escalation and expansion trial[END_REF]. A recent study defined an "immune exclusion phenotype" subgroup of HCC, characterized by CTNNB1 mutations, lower immune infiltration (based on immunespecific gene signature) and overexpression of PTK2, an oncogenic pathway associated with low T-cell infiltrate in the tumor [START_REF] Luke | WNT/b-catenin pathway activation correlates with immune exclusion across human cancers[END_REF].

Despite the recent increase in available therapies, the prognosis of HCC patients is still very bad, with a median survival of less than 1 year. Furthermore, patient response to available therapies is heterogeneous, making the discovering of new therapeutic options crucial. The recent advances in cancer genomics lead to a new era in cancer research consisting in identifying molecular and transcriptomic subgroups of tumors harboring similar molecular features, likely to respond well to the same targeted therapy.

Unraveling the diversity of molecular alterations and transcriptomic deregulation is thus crucial to i) understand the tumor biology and deregulated pathways in order to develop efficient patient tailored therapy and ii) identify biomarkers of homogeneous molecular subgroups. For example, MEK inhibitors already used in breast cancer, melanoma and lung cancer displayed efficacy in HCC patients characterized by RAS pathway activation [START_REF] Das | Protease-activated receptor 2 promotes actomyosin dependent transforming microvesicles generation from human breast cancer[END_REF].

Objectives of the PhD

Liver cancers are extremely heterogeneous, with a wide spectrum of etiologies, tumor histological characteristics, deregulated biological pathways and molecular alterations.

Our understanding of the mechanisms driving tumor initiation and development increased a lot in the last decade, both in terms or biological pathways and altered oncogenes or TSG. However, some tumors remain poorly understood, and even if the majority of them are well characterized in terms of biological phenotype, the underlying driver alterations are sometimes missing. The aim of my PhD project was to better understand the molecular mechanisms at the origin of HCAs and HCCs. More precisely, I focused on structural variations (SVs) that had not been analyzed extensively in liver cancers. Indeed, when I arrived in the laboratory, the only known driver SV was the (detailed tables can be found in respective articles). A diversity of risk factors were represented in the cohorts mentioned in this manuscript, including alcohol, metabolic syndrome, HBV, HCV infections, hemochromatosis and without particular etiologies.

INHBE-GLI1

Sequencing methods

Target sequencing

Target sequencing was performed on panels of genes including HNF1A (exon 1-10), IL6ST (exons 6 and 10), CTNNB1 (exons 2, 3, 4, 7 and 8), FRK (exon 6), STAT3 (exons 3, 6, 17 and 21), GNAS (exons 7, 8 and 9) and JAK1 (all exons). Those genes were sequenced by either Sanger sequencing or Miseq Illumina PCR-based sequencing. Somatic mutations were confirmed by sequencing of the tumor and non-tumor counterpart.

Whole Exome Sequencing (WES)

Whole Exome Sequencing data was performed by IntegraGen (Evry, France). Agilent insolution enrichment was used with the manufacturer's biotinylated oligonucleotide probe library SureSelect Human All-Exon kit V.4 70Mb, or SureSelect Human All-Exon kit 

Whole Genome Sequencing (WGS)

Whole Genome Sequencing of samples was realized by the Centre National de Génotypage (Evry, France) or were sequenced at Integragen (Evry, France). Samples were sequenced on an Illumina HiSeq X Five as paired-end 75, or 101 base pair (bp) reads.

Table of sequencing data by project

Bioinformatics Pipelines

RNAseq alignement and expression matrix generation:

Full Fastq files were aligned to the reference human genome GRCh38 using TopHat2

V.2.0.14. Read mapping from multiple locations was removed and HTSeq was used to obtain the number of reads associated with each gene in the Gencode V.27 database, restricting to protein-coding genes, pseudogenes, antisense and lincRNAs. Bioconductor were calculated by normalizing the count matrix for the library size estimated with DESeq2 package and the coding length of each gene. In order to handle batch effect, we used an in-house method. Briefly, area under the ROC curve (AUC) was used to identify and remove genes with a significant batch effect (AUC >0.95 between one sequencing project and others).

RNAseq Gene Set Enrichment Analysis (GSEA):

To perform gene set enrichment analysis (GSEA) analysis, genes expression from previous pipeline were sorted according to fold-change from Limma analysis (genes with positive fold-changes first, then negative fold-changes) using an input of 16387 genes (Hallmarks gene set; MSigDB V.6 database used). This gene list was obtained from Genecode database; then genes with a variance equal 0 or with a total number of reads from samples inferior of 50 were removed.

RNAseq fusion calling

Fusions detected by TopHat2 (--fusion-search; --fusion-min-dist 2000; --fusion-anchorlength 13; --fusion-ignore-chromosomes chrM) were filtered using the TopHatFusion pipeline. Fusions validated by BLAST and with at least 10 split-reads or pairs of reads spanning the fusion event were retained, whereas any fusion identified at least twice in a cohort of normal liver samples was removed.

WES / WGS alignment and mutation calling

Sequences were aligned to the hg19 version of the human genome using BWA version 0.7.12. and variant calling was processed using Mutect2 by comparing each tumor sample with its matched non-tumor counterpart and a panel of normal (PON) file, following the genome analysis toolkit (GATK) best practices.

Mutations belonging to the ENCODE Data Analysis Consortium blacklisted regions (http://hgdownload.cse.ucsc.edu/goldenPath/hg19/encodeDCC/wgEncodeMapability/ wgEncodeDacMapabilityConsensusExcludable.bed.gz) were excluded and regions covered by < 6reads in the tumor or normal sample. We then selected only single nucleotide variants (SNVs) with a MuTect2 flag among "PASS", "clustered_events", "t_lod_fstar", "alt_allele_in_normal" or "homologous_mapping_event" and small insertions
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and deletions (indels) with a MuTect2 flag among "PASS", "cluster-ed_events" or "str_contraction". To improve specificity in the calling of mutations with low variant allele frequency (VAF), we quantified the number of high quality variant reads in the tumor (mapping quality≥20, base quality≥20) and the number of variant reads in the non-tumor sample with no quality threshold using bamreadcount (https://github.com/genome/bam-readcount). Only variants matching the following criteria were finally retained: VAF≥2% in the tumor with≥3 variant reads, VAF≤5% in the non-tumor samples with≤2 variant reads, and a VAF ratio≥5 between the tumor and nontumor sample.

WES / WGS copy number analysis and SV calling

The copy number profiles were defined using an in-house pipeline. Briefly, the logR ratio was processed using the coverage of each tumor and its non-tumor counterpart in each 1kb genomic windows; then a segmentation was done in order to identify copy number alterations.

MANTA software was used to identify somatic structural rearrangements in WGS data. To keep only the most reliable events, we selected only rearrangements supported by≥10 reads and with a variant allele fraction ≥ 5%.

Signature analysis and statistical tools

Some biological processes linked to cancer development was shown to be at the origin of particular pattern of alterations, as explain in Introduction section. Those patterns of alterations associated to cancer are called mutational signatures and the combination of those processes in a cancer cell result in a complex mutational portrait.

This portrait can be deconvoluted in order to extract the different biological sources of alteration in each tumor. Non-negative Matrix Factorization (NMF) mathematical method was shown to be very effective in the deconvolution of complex biological signal. This method is implemented in the Palimpsest R package (https://github.com/FunGeST/Palimpsest), corresponding to the 3 rd Article of this manuscript. All function related to signature analysis was realized using this package.

Concerning in house developed methods, both R (version from 3.4.4 to 4.0.2) and Python (versions 2.7 and 3.6) were used in the bioinformatics analysis, including graphical representation and statistical analysis through hypothesis testing. Thus, this single genomic alteration allowed us to make a link between IHCA and AAamyloidosis, recurrently associated in literature regarding the very low prevalence of both diseases.

Results

51

Table of pipeline used by project

Project

Article 2 describes the identification of new driver gene fusions leading to JAK/STAT pathway activation in previously unexplained IHCAs. The first recurrent fusions involve FRK, already known to be mutated in 8% of IHCA [START_REF] Nault | Molecular Classification of Hepatocellular Adenoma Associates With Risk Factors, Bleeding, and Malignant Transformation[END_REF]. 

Structural rearrangement signatures reveal a new molecular entity of HCC

The second objective of my PhD was to explore the causes and consequences of structural variations in hepatocellular carcinomas. As for HCA, I exploited RNAseq data but I also implemented an innovative approach to explore SV signatures from WGS data.

This approach allowed me to extract subgroups of tumors sharing similar patterns of IV DISCUSSION

Identification of new driver structural rearrangements

Using innovative approaches integrating WGS and RNAseq data, I was able to unravel several new driver alterations, both in HCA and HCC. These alterations are the result of genomic rearrangements and can be separated in two categories. First, I identified gene fusions that alter the protein structure of specific driver genes. Second, I was able to highlight "regulatory rearrangements" events, whose alteration involve a change in transcription level or a change in post-transcriptional regulation.

Gene fusions altering protein structure

During my masters 2 internship, I set up a pipeline to identify gene fusions from the large RNAseq collection of HCC and HCA tumor samples available in the lab. This work allowed me to characterize new recurrent fusions in HCA and HCC during my PhD. placed upstream LINC01460 gene (Article 5: Annex 3 Sup.Fig. 6). Thus, both rearrangements lead to the inactivation of BAP1. Importantly, BAP1-HCC are older and with a poorer prognosis than FLC tumors, so the identification of this subgroup has clinical implications.

Gene fusions inducing the overexpression of oncogenes

In addition to protein structure, gene fusions can alter the expression of partner genes, in particular when their baseline expression is very different. During my PhD, I identified recurrent fusions involving highly expressed genes upstream oncogenes, leading to their massive overexpression.

In IHCA, ROS1 gene is recurrently activated by this mechanism. ROS1, encoding a receptor tyrosine kinase activating several signaling pathways related to cell proliferation, is normally poorly expressed in hepatocytes. I identified recurrent fusions involving various highly expressed liver genes (APOB n=1; PLG n=5, RBP4 n=2), upstream exons 33-35 of ROS1. These events induce the high expression of a chimera containing exons of both genes. However, as the predicted transcript is in phase, the kinase domain of ROS1 protein is still functional. In addition to the increased expression, ROS1 is a transmembrane protein, and the relocation of the protein from the membrane to the cytoplasm could also be involved in the constitutive activation of the JAK/STAT pathway in these tumors.

I also identified one case of CCN-HCC resulting from a gene fusion between the highly expressed ERRFI1 gene and CCNE1. Because the chimeric transcript only includes untranslated exon 1 of ERRFI1, it will be translated using the same Kozak starting site as the wild-type CCNE1 transcript, leading to an overexpression of the normal cyclin E1

protein. This fusion is an example of promoter hijacking, like the recurrent INHBE-GLI1 fusions identified earlier in the lab [START_REF] Nault | Molecular Classification of Hepatocellular Adenoma Associates With Risk Factors, Bleeding, and Malignant Transformation[END_REF], where only the promoter and 5'UTR of a highly expressed genes is fused to an oncogene, leading to the overexpression of the full length oncogenic protein, without any part of the 5' partner gene.

Structural rearrangements altering regulatory sequences

Although gene fusions identification from RNAseq is a powerful tool in cancer genomics, some structural variations affect only the regulatory sequences of cancer genes, without the existence of a chimeric transcript. By integrating WGS and RNAseq data, as well as epigenetic features from public databases, I could identify new driver events involving regulatory sequences in liver cancers.

In CCN-HCC, I identified recurrent enhancer hijacking events leading to the activation of CCNE1. Translocations lead to juxtapose CCNE1 promoter with enhancerrich chromatin areas located close to highly expressed liver genes (RAPH1, CYB5A and ERGIC1), leading to massive over-expression of CCNE1 transcript. In addition, replication stress-induced structural rearrangements, in particular templated insertion cycles (T.I.C.), lead to frequent enhancer hijacking of TERT as secondary events in CCN-HCC.

TERT enhancer hijacking was demonstrated using an integrated analysis of SV breakpoints from WGS, with the annotation of chromatin features such as H3K27ac chromatin immunoprecipitation sequencing (ChIP-Seq) signal and chromatin states in adult liver (Roadmap Epigenomics Consortium et al., 2015) (Article 4: Sup.Fig. 10). All tumors with TERT enhancer hijacking display a massive overexpression of the transcript (Article 4: Sup.Fig. 11).

The last level of transcript expression regulation is post-transcriptional. In inflammatory adenomas, I identified a new mechanism of JAK/STAT pathway activation.

In two IHCA characterized by a massive overexpression of IL6 transcript, WGS revealed structural rearrangements (one inversion, one deletion) leading to the loss of regulatory sequences in the 3'UTR region of IL6. The lost 3'UTR part in the 2 tumors contain multiple mRNA-destabilizing elements, highly conserved and responsible for the short half-life of IL6 transcripts [START_REF] Paschoud | Destabilization of Interleukin-6 mRNA Requires a Putative RNA Stem-Loop Structure, an AU-Rich Element, and the RNA-Binding Protein AUF1[END_REF]. Moreover, in murine models, those regions were shown to be targeted by Zc3h12a, an RNase responsible of immune response modulation by regulating mRNA decay [START_REF] Matsushita | Zc3h12a is an RNase essential for controlling immune responses by regulating References 125 mRNA decay[END_REF]. Disruption of IL6 3'UTR region Signatures RS1 and RS2 are dominated by tandem duplications of respectively short (1-100Kb) and large size (100Kb-1Mb), RS1 is the signature of replication stress driven by CCNA2/E1 activation that we described in Article 4. We validated the association with CCNA2/E1 activating events in each cohort of our meta-series, including the Chinese cohort that had not been studied before. In addition to tandem duplications, RS1 displays frequent inter-chromosomal translocations corresponding to template insertion cycles, that will be described in more details in the next section. By contrast, signature RS2 is only characterized by tandem duplications. Like signature RS1, this signature is highly active in a small subset of HCC (4.4% tumors with ≥40 RS2 events).

However, we have not found any significant molecular association that could indicate the molecular cause for this signature. Interestingly, phenotypes of large duplication have been seen in prostate and ovary tumors harboring a CDK12 inactivating mutation, respectively named the tandem duplicator phenotype in prostate cancer (duplication median size = 1.3Mb) [START_REF] Viswanathan | Structural Alterations Driving Castration-Resistant Prostate Cancer Revealed by Linked-Read Genome Sequencing[END_REF] and the tandem duplicator-plus phenotype in ovary cancer (duplication median size = 3Mb) [START_REF] Popova | Ovarian cancers harboring inactivating mutations in CDK12 display a distinct genomic instability pattern characterized by large tandem duplications[END_REF].

However, RS2 median duplication size (around 270Kb) is not consistent with these phenotypes, additionally, CDK12 mutation was not associated with RS2 signature in HCC.

Signatures RS3 and RS4 are characterized by clustered rearrangements. RS3 involves clustered inter-chromosomal translocations and intra-chromosomal rearrangements smaller than 1Mb. RS4 involves large (>1Mb) intra-chromosomal rearrangements without inter-chromosomal translocations (Figure 25A). Visualization of SV clusters together with CNA profiles at the chromosome level revealed that RS3 and RS4 are representative of chromoplexy and chromothripsis, respectively (Figure 26). Indeed, from the PCAWG showing that half of chromothripsis events are co-localized with other complex genomic alterations [START_REF] Cortés-Ciriano | Comprehensive analysis of chromothripsis in 2,658 human cancers using whole-genome sequencing[END_REF]. Many evidence suggest that chromothripsis might occur before or after additional events of complex rearrangements, such as BFB cycles that have been identified as a predisposing factor for chromothripsis [START_REF] Rausch | Genome sequencing of pediatric medulloblastoma links catastrophic DNA rearrangements with TP53 mutations[END_REF][START_REF] Li | Constitutional and somatic rearrangement of chromosome 21 in acute lymphoblastic leukaemia[END_REF][START_REF] Nones | Genomic catastrophes frequently arise in esophageal adenocarcinoma and drive tumorigenesis[END_REF][START_REF] Maciejowski | Chromothripsis and Kataegis Induced by Telomere Crisis[END_REF]. Both RS3 and RS4 activities were enriched in TP53-mutated HCC (Wilcoxon p-value: 1.0x10 -3 and 1.6x10 -12 , respectively) (Figure 26B), suggesting that those complex alterations are the consequences of genome instability induced by TP53 inactivation, as already described for chromothripsis in medulloblastoma [START_REF] Rausch | Genome sequencing of pediatric medulloblastoma links catastrophic DNA rearrangements with TP53 mutations[END_REF]. In particular, tumors from African patients exposed to aflatoxin B1 displayed high contributions of RS3 and RS4. Aflatoxin B1 exposure induces a particular mutational signature (COSMIC signature 24) leading to a specific hotpot of TP53 mutations (R249S) (Schulze, Imbeaud, Letouzé et al., 2015). These tumors illustrate a complex relationship between risk factors, mutational signatures and driver genes: aflatoxin B1 exposure induces TP53 mutations by mutational signature 24, favoring the occurrence of chromothripsis and chromoplexy events.

RS5 signature is dominated by non-clustered translocations and intrachromosomal rearrangements of various lengths. This signature is operative at low intensity in a large proportion of the tumors and does not contribute to a particular extreme phenotype (Figure 25B,26B). Visual inspection of characteristic rearrangements of this signature revealed either isolated structural variations or complex rearrangements not clustered enough to be associated to RS3 or RS4. Thus, RS5 may correspond to the inherent rearrangements accumulating stochastically during cell divisions.

Signatures RS6 and RS7 were associated to deletions of respectively focal (<1Kb)

and large size (1Kb to 1Mb) and were highly active in a small subset of HCC (1.0% of tumors with ≥40 RS6 events, 5.8% of tumors with ≥40 RS7 events). Unfortunately, even if those signatures were extremely active in some tumors, no significant association with etiological or molecular features was identified. However, RS6 is very similar to a breast cancer signature of short deletion (Figure 18, RS5) that was found to be associated with bi-allelic BRCA2 inactivation [START_REF] Nik-Zainal | Landscape of somatic mutations in 560 breast cancer whole-genome sequences[END_REF]. Interestingly, the tumor FR912T harboring the most RS6 alterations (Figure 25C) has a rare BRCA2 germline frame-shift mutation, coupled with a somatic loss of second wild-type allele. This tumor is also characterized by a high mutational burden of COSMIC SBS3 (Single Base Substitution signature 3) and ID8 (small Insertions and Deletions signature 8) signature, consistent with homologous recombination deficiency [START_REF] Nik-Zainal | Landscape of somatic mutations in 560 breast cancer whole-genome sequences[END_REF]. Thus, RS6 may highlight rare HCC with homologous recombination deficiencies, which needs to be confirmed in larger cohorts.

Signature RS8 is new to this analysis and is characterized by a large number of focal inversions distributed all along the genome of some tumors (Figure 25C).

Surprisingly, this signature was only detected in the LIRI-JP cohort from the Riken research center in Japan. Further investigations are needed to determine if it corresponds Discussion 109 to a true biological phenotype, e.g. related to a specific exposure to local mutagens, or to a technical artifact in this series.

Overall, driver alterations have been identified associated with signatures RS1 (CCNA2/E1), RS3 (TP53), RS4 (TP53) and possibly RS6 (BRCA2). The molecular cause of other signatures remains to be found. -First, a recent study showed that CCNE1 activation in U2OS cells leads to a shortened G1 phase, early S phase entry and firing of normally silenced replication origins in regions containing highly expressed genes, prone to collapse and associated with DNA double-strand break (DSB) formation [START_REF] Macheret | Intragenic origins due to short G1 phases underlie oncogeneinduced DNA replication stress[END_REF].

In

-Secondly, DSB occurring when replication fork collapses are handled and repaired by the break-induced replication (BIR) repair mechanism [START_REF] Malkova | Break-Induced Replication: The Where, The Why, and The How[END_REF].

-In a budding yeast model of replication stress induced by cyclin E overexpression, BIR was shown to be required for progression through cell cycle while inducing focal duplications (<200Kb) [START_REF] Costantino | Break-induced replication repair of damaged forks induces genomic duplications in human cells[END_REF].

-Additionally, template switching of the replication machinery may occur following BIR involvement in DSB, inducing complexes chromosome rearrangements (Lee, Discussion 110 [START_REF] Lee | A DNA Replication Mechanism for Generating Nonrecurrent Rearrangements Associated with Genomic Disorders[END_REF][START_REF] Smith | Template switching during break-induced replication[END_REF][START_REF] Hastings | A microhomology-mediated break-induced replication model for the origin of human copy number variation[END_REF].

Thus, RS1 enrichment in early-replicated, highly expressed regions is consistent with a BIR mechanism. In addition, the nature of RS1 rearrangements (tandem duplications and templated insertion cycles) is consistent with a replication-based mechanism in which the DNA polymerase at a stalled replication fork would switch template, replicate one or more other regions and move back to the original template were the replication machinery stalled in the first place, generating a duplication of the involved regions [START_REF] Lee | A DNA Replication Mechanism for Generating Nonrecurrent Rearrangements Associated with Genomic Disorders[END_REF][START_REF] Hastings | A microhomology-mediated break-induced replication model for the origin of human copy number variation[END_REF][START_REF] Carvalho | Inverted genomic segments and complex triplication rearrangements are mediated by inverted repeats in the human genome[END_REF][START_REF] Li | Patterns of somatic structural variation in human cancer genomes[END_REF].

We also investigated the prevalence of RS1 signature in other cancers. To do so, we applied our rearrangement signature framework to the PCAWG pan-cancer cohort of WGS. This analysis revealed a signature RS1-pancan (similar to RS1), that was highly active in some liver, breast and ovarian cancers. However, the association with CCNA2/E1 activation was specific to the liver. By contrast, RS1 was significantly associated with -The number of RS1-pancan rearrangements is higher in CCNA2-activated HCC (median = 269) than in CCNE1-activated HCC (137) and BRCA1-altered breast (132) and ovarian (159) cancers.

-Tandem duplications are larger in CCNE1-activated HCC (median = 39 kb) than in CCNA2-activated HCC (22 kb), and smaller in BRCA1-altered breast (9 kb) and ovarian (10 kb) cancers.

-Duplication and translocation breakpoints are strongly enriched in earlyreplicated regions in CCN-HCC as compared with other HCC, but not in BRCA1altered as compared with other breast and ovarian cancers.

BRCA1 is known to be involved in the response to replication stress [START_REF] Schlacher | A Distinct Replication Fork Protection Pathway Connects Fanconi Anemia Tumor Suppressors to RAD51-BRCA1/2[END_REF][START_REF] Pathania | BRCA1 haploinsufficiency for replication stress suppression in primary cells[END_REF] 6b-c). This fact could be explained by different reasons:

-First, cell types are very different, as adult hepatocytes are quiescent, rarely divide and may thus be particularly sensitive to replication stress.

-Second, CCNE1 activation in HCC is the consequence of insertional mutagenesis or enhancer hijacking, rather than amplification as it's the case in other cancers.

Those mechanism of activation could have different functional consequences.

-Finally, viral insertions and SV activating CCNA2/E1 genes in HCC are early events triggering hepato-carcinogenesis as they occur in patients without underlying liver disease and in absence of other oncogenic early events such as CTNNB1 or TERTp mutations. On the other hand, CCNE1 amplification may occur later in breast and ovary, not leaving enough time for RS1-pancan rearrangements to accumulate.

In-depth characterization of RS1 rearrangements by longread optical mapping

Replication-based mechanisms are more and more described as a major source of complex rearrangements in cancers [START_REF] Lee | A DNA Replication Mechanism for Generating Nonrecurrent Rearrangements Associated with Genomic Disorders[END_REF][START_REF] Hastings | A microhomology-mediated break-induced replication model for the origin of human copy number variation[END_REF][START_REF] Carvalho | Inverted genomic segments and complex triplication rearrangements are mediated by inverted repeats in the human genome[END_REF][START_REF] Li | Patterns of somatic structural variation in human cancer genomes[END_REF]. These rearrangements, like templated Discussion 112 insertion cycles, have been proposed based on the abnormal junctions and copy-number changes identified in WGS data, but their existence cannot be formally demonstrated with short-read sequencing. Besides, short read data do not allow to reconstruct the precise molecule resulting from complex rearrangements, as several scenarios are often equally possible [Article 4: Fig. 5]. Thus, new approaches allowing the analysis of long sequences are necessary to formally demonstrate the existence of such events and their role in cancer development.

To elucidate in detail the replication stress signature RS1, we analyzed 4 tumors

(2 CCN-HCC and 2 other HCC) with Bionano's optical mapping. This approach involves labeling high-molecular-weight DNA with fluorescent agents targeting specific sequences distributed on the human genome with an average inter-marker distance of 5 kb. Images of these long molecules are then captured in nanochannels by Saphyr Chip's technology, allowing simultaneous analysis of hundreds of thousands of DNA molecules. These images are processed by dedicated algorithms that recognize the "barcodes" of fluorescent markers, map each molecule to the human genome reference and identify structural variants in comparison with matched normal samples [START_REF] Chan | Copy Number Variants Methods and Protocols Methods in Molecular Biology[END_REF]. With this approach, we obtained a genome coverage between 275X and 325X from molecules longer than 150 kb. This data allowed us to demonstrate, for the first time, the existence of T.I.C. that we had predicted from short-read data (Figure 27).

First, I developed a computational framework to extract templated insertion cycles from WGS data, by integrating abnormal junctions and copy-number gains (Figure 27A). Strikingly, the size of segments involved in a same intra-or inter-chromosomal T.I.C. is highly correlated (Figure 27D). Functional studies are required to explain this association, which may be due to the precise replication timing at which rearrangements occur, the speed of the replication machinery at the first breakpoint location, or the BIR mechanism itself.

In addition to the demonstration and characterization of T.I.C., optical mapping data, will allow me to automatically detect for each T.I.C. the host genomic region in which initial stalling occurred, and the inserted segment(s) to which template switching occurred during BIR. I will analyze these regions to better understand the properties favoring replication fork blockade as well as the properties of regions to which the replication machinery is switched in order to resolve this blockade. For example, a recent paper shows that double-strand breaks associated with replication stress tend to occur next to long A-T tracts [START_REF] Tubbs | Dual Roles of Poly(dA:dT) Tracts in Replication Initiation and Fork Collapse[END_REF]. It has also been shown, in cellular models, that activation of Cyclin E1 induces early initiation of replication at ectopic origins in the vicinity of highly expressed genes [START_REF] Macheret | Intragenic origins due to short G1 phases underlie oncogeneinduced DNA replication stress[END_REF]. Thus, the perspectives for this project are to analyze in detail the location of hundreds of rearrangements induced by replicative stress in CCN-HCC to identify (epi)genomic parameters (A-T sequences, ectopic initiation sites, gene expression, chromatin opening...) favoring the occurrence of RS1 breakpoints. Moreover, the analysis and comparison of sequences on each side of abnormal junctions will allow me to better understand the affinity properties (ie: micro-homologies) leading to the association of distant regions of the genome with each other following the "jumps" of the replication machinery.

Clinical implications of the results

Liver cancer therapeutic options

Past decade improvement of sequencing technologies made consequent contribution to the understanding of liver cancer biology landscape. However this knowledge has not been translated into clinical practices [START_REF] Sia | Liver cancer: Translating "-omics" results into precision medicine for hepatocellular carcinoma[END_REF]. Indeed, the current algorithm for management of HCC only take in account the BCLC including only clinical features (Figure 23). Furthermore, only 2 drugs are used in first line and 3 in second line, a very limited panel of therapeutic options regarding the complexity of liver cancer genomics. In order to improve HCC and HCA patient management, two axes need to be explored. Firstly, precision medicine requires predictive biomarkers to identify specific molecular subgroups of cancer. Secondly, novel targeted therapy development is required to fit each tumor subgroup biology [START_REF] Gramont | Pragmatic issues in biomarker evaluation for targeted therapies in cancer[END_REF].

Identification of biomarkers of IHCA or CCN-HCC

In this project, I identified recurrent rearrangements triggering inflammatory adenomas (Articles 1 & 2) and cyclin-driven hepatocellular carcinomas (Article 4).

Different biomarkers can be proposed to identify patients with IHCA or CCN-HCC. First, some alterations induce massive overexpression of driver genes. For example, CCNE1 activation in CCN-HCC, ROS1 and IL6 activation in IHCA may be detected at diagnosis using RNAseq or low cost high throughput technology such as Fluidigm real-time qPCR system.

RNAseq is also an interesting clinical tool in addition to WES to detect recurrent fusions in liver tumors (FRK, ROS1 and INHBE-GLI1 fusions in HCA, CCNE1 and CCNA2 in HCC, PRKACA-DNAJB1 in fibrolamellar carcinoma). However, it may be difficult to obtain biological samples from advanced stage HCC. Analysis of DNA and mRNA from circulating tumor cells or cell-free plasma in liquid biopsies is thus a promising option to guide therapeutic decision in the future [START_REF] Mullard | Reining in the supersized Phase I cancer trial[END_REF][START_REF] Xu | Circulating tumour DNA methylation markers for diagnosis and prognosis of hepatocellular carcinoma[END_REF].

Finally, rearrangement signatures are emerging as useful biomarkers in cancer.

For example, defective HR in BRCA1-mutated breast cancers induces specific signature of mutations and SVs [START_REF] Nik-Zainal | Mutational processes molding the genomes of 21 breast cancers[END_REF][START_REF] Alexandrov | Signatures of mutational processes in human cancer[END_REF]. These tumors respond well to Poly(ADP-ribose) polymerase (PARP) inhibitors (olaparib), the first clinically approved drugs designed to exploit synthetic lethality by decreasing the DNA Damage Response (DRR) in cancer cells [START_REF] Crown | Emerging targeted therapies in triple-negative breast cancer[END_REF][START_REF] Kanjanapan | Niraparib for the treatment of ovarian cancer[END_REF][START_REF] Lord | PARP inhibitors: Synthetic lethality in the clinic[END_REF]. Thus, HR deficiency mutational signatures are useful biomarkers to identify patients eligible to PARP inhibitors [START_REF] Chopra | Homologous recombination DNA repair deficiency and PARP inhibition activity in primary triple negative breast cancer[END_REF]. Similarly, RS1 signature is an excellent biomarker of CCN-HCC that may be exploited for therapy.

Tailored therapy for CCN-HCC and IHCA tumors

Concerning hepatocellular carcinomas, this work allowed me to characterize a homogeneous subgroup of HCC driven by the activation of CCNA2 or CCNE1 genes, Discussion 116 representing 7% of HCCs. CCN-HCC are usually large tumors of poor prognosis. However, they share molecular characteristics, in particular high proliferation and replication stress, that could be used as therapeutic opportunities for these patients [START_REF] Forment | Targeting the replication stress response in cancer[END_REF].

-First, chemotherapies affecting actively dividing cells may be a good option for these highly proliferative tumors with strong overexpression of E2F targets. Duplicator phenotype in breast cancer cell lines or xenografts was identified as a marker of positive chemotherapy response [START_REF] Menghi | The Tandem Duplicator Phenotype Is a Prevalent Genome-Wide Cancer Configuration Driven by Distinct Gene Mutations[END_REF]. Thus, trans-arterial chemoembolization (TACE) with doxorubicin, cisplatin or epirubisin, normally recommended with intermediate HCC nor eligible for surgery, may be an interesting therapeutic option for CCN-HCC.

-Secondly, as previously introduced, PARP inhibitors have demonstrated benefits in tumors carrying BRCA1 mutations [START_REF] Kanjanapan | Niraparib for the treatment of ovarian cancer[END_REF]. Although CCN-HCC do nots harbor a DNA repair defect, these tumors share with BRCA1 altered breast and ovarian tumors a similar rearrangement signature (RS1-pancan), hence PARP inhibitors may be an interesting therapeutic option for CCN-HCC.

-Finally, several compounds targeting replication stress response genes such as ATR, CHK1 and WEE1 are currently tested in phase I and II trials [START_REF] Forment | Targeting the replication stress response in cancer[END_REF]. Furthermore, CCNE1 overexpression was shown be associated with increased sensitivity to ATR inhibition [START_REF] Toledo | A cell-based screen identifies ATR inhibitors with synthetic lethal properties for cancer-associated mutations[END_REF].

To evaluate at large scale, the clinical behavior of CCN-HCC, Barkha Gupta (anatomopathologist in the lab) is testing immunostaining of cyclin A2 and E1, which would allow CCN-HCC screening in the clinic from histological slides, and give us access to large retrospective series. We also started a collaboration with Amaia Lujambio (from Icahn School of Medicine at Mount Sinai, New-York) to set up a murine model of CCN-HCC.

Amaia and her team have developed a mouse model of CCNE1-activated HCC by hydrodynamic tail injection. We have sequenced the whole genome of a few tumors and I am currently analyzing their profiles to determine if they reproduce the CCN-HCC phenotype. Indeed, accurate pre-clinical models will be crucial to test the different treatment options mentioned above and develop tailored therapy for patients with aggressive CCN-HCC.

Discussion
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Concerning hepatocellular adenomas, this work revealed 3 new driver alterations in the inflammatory HCA subgroup. Even if HCA is a benign tumor, it can be associated with clinical complication such as chronic inflammation or tumor bleeding. Moreover, malignant HCC can develop from a benign HCA tumor. Consequently, molecular characterization is also important for this cancer type and could be used to design drug therapy in future clinical practice. Indeed, ROS1 fusions can be targeted by crizotinib, a small molecule currently approved by the Food and Drug Administration (FDA) for the treatment of lung cancers [START_REF] Shaw | Crizotinib versus chemotherapy in advanced ALK-positive lung cancer[END_REF]. Additionally, previous work from my laboratory showed in cellulo that dasatinib, a src inhibitor, inhibits JAK/STAT pathway activation due to FRK mutations [START_REF] Pilati | Genomic profiling of hepatocellular adenomas reveals recurrent FRK-activating mutations and the mechanisms of malignant transformation[END_REF]. We can then predict that this compound will also be effective in IHCA harboring FRK gene fusion. Further analyses must be done to test the proposed targeted therapies associated to driver alteration (Article 2: Fig. 5).

Supplementary Table 3:

Viral insertions identified at CCNA2 and CCNE1 loci. Supplementary Table 9: Number of RS1 events and association with CCNA2/E1 alterations across cancer types.
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 1 Figure 1: Representation of six functional capabilities acquired by most if not all cancers during their development.Those biological features can be acquired through various mechanisms[START_REF] Hanahan | The hallmarks of cancer[END_REF].

Figure 4 :

 4 Figure 4: Reads of sequencing generated from tumor and non-tumor sample are differentially aligned to the reference genome. After initial calling of variant by the Bayesian classifier, post filtering is used to remove first recurrent artefactual results, but also putative somatic mutations that are compared to a panel of normal samples to remove residual false-positives, caused by rare errors (Cibulskis et al,. 2013).

Figure 5 :

 5 Figure 5: CCND1 amplification identified in an HCC sample by WGS. Top: estimated absolute copy number. Red line corresponds to the total number of copy at each position, while the blue correspond to the minority allele. Middle, log-ratio estimated from tumor and non-tumor sequencing coverage. Bottom: B Allele Frequency (BAF). Blue dots represent the fraction of major allele while red dots represent the minor allele fraction. This track allows to identify copy neutral LOH, when a parental allele is removed and replaced by the other parental allele. This can lead to deregulation of parentally imprinted loci.

Figure 7 :

 7 Figure 7: Genomic covariates influence mutational rate. A: Differential open and closed states of chromatin accessibility strongly influences mutational rate[START_REF] Polak | Cell-of-origin chromatin organization shapes the mutational landscape of cancer[END_REF]. B, C: Mutational rate is shown to be positively correlated with replication timing, and negatively correlated with proximal gene expression[START_REF] Lawrence | Mutational heterogeneity in cancer and the search for new cancer-associated genes[END_REF]. D: Lack of nucleotide excision repair at the location of transcription factor binding is shown to induce a significant increase in mutational rate[START_REF] Sabarinathan | Nucleotide excision repair is impaired by binding of transcription factors to DNA[END_REF].

Figure 8 :

 8 Figure 8: Landscape of PCAWG pan-cancer driver analysis[START_REF] Campbell | Pan-cancer analysis of whole genomes[END_REF]. A: The circos plot represents putative driver mutations identified in the PCAWG project. Each colored sector represents a tumor type. From the periphery to the center of the plot the concentric rings represent:[START_REF] Ascha | The incidence and risk factors of hepatocellular carcinoma in patients with nonalcoholic steatohepatitis[END_REF] the total number of driver alterations; (2) the presence of whole-genome (WG) duplication; (3) the tumor type; (4) the number of driver CNAs (SCNA); (5) the number of driver genomic rearrangements (SGR); (6) driver coding point mutations; (7) driver non-coding point mutations; and (8) pathogenic germline variants. On the bottom, bar plot (left) represents the proportion of patients with different types of drivers. The dot plot (right) represents the mean number of each type of driver mutation across tumor cohort with at least one event (the square dot) and the standard deviation (grey whiskers), based on n = 2,583 patients. B, Driver genes targeted by different types of mutations in the cohort. Both germline and somatic variants are included. Left, the heatmap shows the recurrence of alterations across cancer types. The color indicates the proportion of mutated tumors and the number indicates the absolute count of mutated tumors. Right, the proportion of each type of alteration that affects each gene. C: Tumor-suppressor genes with biallelic inactivation in 10 or more patients. The values included under the gene labels represent the proportions of patients who have biallelic mutations in the gene out of all patients with a somatic mutation in that gene.
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  Figure 9: A: The 4 fundamental types of structural variation of the genome. Deletions, inversions, duplications and translocations are known to be recurrent molecular mechanisms at the origin of cancer development (Yi & Ju 2018). B: Functional consequences of abnormal junctions (red dotted line) induced by structural variations. Intergenic breakpoint can modulate gene expression by altering regulatory regions such as enhancer, promoters or posttranscriptional regulatory domains. Moreover, protein structure can be impaired following intragenic alteration (chimeric protein following gene fusion, truncated protein, post-translational regulatory domains alteration)

Figure 10 :

 10 Figure 10: Frequency of gene fusions in 29 cancer types. The dot plot shows the frequency of recurrent fusions found in each cancer type.The most recurrent fusion in each cancer type is labeled. Cancer types without recurrent fusions are not shown.[START_REF] Gao | Driver Fusions and Their Implications in the Development and Treatment of Human Cancers[END_REF].

Figure 11 :

 11 Figure 11: Mechanisms of SV leading to enhancer hijacking observed in GFI1/GFI1B-activated medulloblastomas. Activation of GFI1 and GFI1B are respectively induced by intra (left) and inter-chromosomal (right) rearrangements.Both oncogenes can cooperate with MYC to promote medulloblastoma pathogenesis.[START_REF] Northcott | Enhancer hijacking activates GFI1 family oncogenes in medulloblastoma[END_REF] 

Figure 12 :

 12 Figure12: A: Representation of chromatin structure, from chromosome territories to Topologically Associated Domains (TADs)(Szabo et al., 2019). B: Model of enhancer hijacking following TAD boundaries disrupting. Heatmap shade of greys indicate contact probability between pair of genomic regions. In this scheme, the orange enhancer, associated to TAD1, will activate blue gene transcription following a TAD disrupting through somatic structural rearrangement.[START_REF] Weischenfeldt | Pan-cancer analysis of somatic copy-number alterations implicates IRS4 and IGF2 in enhancer hijacking[END_REF] 

Figure 13 :

 13 Figure 13: A: Violin plots of types of SVs across different cancer types. In each panel, the number of patients is indicated at the top right.AdenoCA, adenocarcinoma; BNHL, B-cell non-Hodgkin lymphoma; ChRCC, chromophobe renal cell carcinoma; CLL, chronic lymphocytic leukaemia; CNS, central nervous system; GBM, glioblastoma; HCC, hepatocellular carcinoma; leiomyo, leiomyosarcoma; medullo, medulloblastoma;MPN, myeloproliferative neoplasm; eso, oesophageal; oligo, oligodendrocytic; panc, pancreatic; piloastro, pilocytic astrocytoma; prost, prostate; RCC, renal cell carcinoma; sarc, sarcoma; SCC, squamous cell carcinoma; TCC, transitional cell carcinoma; thy, thyroid. (Li et al., 2020) B: Network connecting highly similar rearrangement signatures across different organs. Each circle represents a signature and particular phenotypes of deletions, duplications, etc. are annotated[START_REF] Degasperi | A practical framework and online tool for mutational signature analyses show intertissue variation and driver dependencies[END_REF]).

Figure 14 :

 14 Figure 14: A-C: Complex genomic alteration recurrently seen in cancer, and their associated proposed mechanisms.(modified fromYi et al., 2018). D: Proposed model of punctuated evolution of cancer, where tumorigenesis can progressively be triggered by i) gradual accumulation of simple mutations, giving progressively cell survivability, ii) Rapid accumulation of alteration induced by a particular biological defect of environmental exposure, or iii) a single catastrophic event, giving a significant selective advantage to become a clonal feature. (modified from[START_REF] Baca | Punctuated evolution of prostate cancer genomes[END_REF] 

Figure 15 :

 15 Figure 15: Clock-like processes, DNA repair defects and environmental exposures can leave characteristic imprints, termed signatures, in cancer genome. Arrows indicate both duration and intensity of mutational process exposure.In this model, the final mutational portrait is the sum of the 4 mutational processed involved (A, B, C and D) and their identification is useful to understand tumor biology and develop targeted therapies.(Helleday et al., 2014) 

Figure 16 :

 16 Figure16: Scheme illustrating mutational processes operative in a set of G cancer genomes catalogues of mutations. This data can be used to deconvolute the signatures of N mutational processes as well as the number of mutations caused by each of the processes in each of the genomes. As the inverse process corresponding to reconstruction of the original from signatures and respective exposure lead to slight variations with the original catalogue. This is the result of genome-specific reconstruction error.(Alexandrov et al., 2013a).

Figure 17 :

 17 Figure 17: Number of mutations associated to each SBS mutational signature in PCAWG tumors.. Dot size represents the proportion of samples of each tumor type that harbor the mutational signature.The color of each dot represents the median mutation burden of the signature in exposed samples. There is a large heterogeneity in signature exposure across the different tissue types. Moreover, the mutational burden induced by signature is also heterogeneous with some signature inducing large number of mutations compared to others.[START_REF] Alexandrov | The repertoire of mutational signatures in human cancer[END_REF].

  Rearrangement clusters. Clustered rearrangements and non-clustered rearrangements are considered separately. This classification allowed the authors to extract 6 distinct rearrangement signatures operative in breast cancers (Nik-Zainal et al., 2016) (Figure 18) including a signature of focal tandem duplications (<10 kb) related to BRCA1 inactivation, a signature of large tandem duplications (>100 kb), and a signature of focal deletions associated with BRCA2 deficiency.

Figure 18 :

 18 Figure 18: Six rearrangement signatures extracted using Non-Negative Matrix Factorization. Probability of rearrangement element on yaxis. Rearrangement size on x-axis. Del= deletion, tds = tandem duplication, inv = inversion, trans = translocation.(Nik-Zainal et al., 2016a) 

Figure 19 :

 19 Figure 19: Molecular classification of HCA into 6 subgroups and 2 mixed subgroups. Associated risks factors, clinical and histological features of tumors are detailed above each subgroup[START_REF] Nault | Molecular Classification of Hepatocellular Adenoma Associates With Risk Factors, Bleeding, and Malignant Transformation[END_REF].

Finally,

  Nonalcoholic steatohepatitis (NASH), corresponding to liver steatosis and strong necro-inflammation, is the most common cause of chronic liver disease in developed countries and its incidence is rapidly increasing worldwide. As schematized on figure20B, Nonalcoholic fatty liver diseases (NAFLD) are associated to risks factor such as obesity and diabetes and eventually lead to cirrhosis and NASH, that are both highly predisposing factor for HCC development[START_REF] Fujii | A murine model for non-alcoholic steatohepatitis showing evidence of association between diabetes and hepatocellular carcinoma[END_REF][START_REF] Anstee | From NASH to HCC: current concepts and future challenges[END_REF] (Figure20B). HCC develops most of the time on a diseased liver, with underlying cirrhosis in 80-90% of cases (Figure21). Liver cirrhosis occurs after years of chronic liver inflammation induced by abovementioned exposures or diseases. Chronic inflammation induces a stress leading to excess of extracellular matrix and permanent fibrotic scars in the liver

Figure 20 :

 20 Figure 20: A: Estimated incidence rate of liver cancer worldwide. Major risk factor associated with specific regions are also represented. Data from GLOBOCAN 2012.B: Relation between nonalcoholic fatty liver disease (NAFLD) and HCC development initiated by various risks factors such as obesity or diabetes types I/II. NAFLD can lead to and further to NASH (steatosis and strong necro-inflammation), fibrosis, cirrhosis and eventually hepatocellular carcinoma (HCC).The HCC incidence vary from 2.4 to 12.8% depending on the disease state.[START_REF] Anstee | From NASH to HCC: current concepts and future challenges[END_REF] 

Figure 21 :

 21 Figure21: HCC develops most of the time on a cirrhosis liver background associated to specific risks factors. The transition from cirrhotic liver to early HCC is characterized by a recurrent early alteration of TERT promoter, leading to tumor progress. However, HCC can also be developed from HCA malignant transformation of specific tumorigenic process such as insertional mutagenesis of HBV and AAV2 or exposure of Aflatoxin B1, known to induce R249S TP53 hotspot mutation. Modified from[START_REF] Zucman-Rossi | Genetic Landscape and Biomarkers of Hepatocellular Carcinoma[END_REF][START_REF] Nault | Recurrent AAV2-related insertional mutagenesis in human hepatocellular carcinomas[END_REF] 

Figure 22 :

 22 Figure 22: Percentage of patients with HCC within the different BCLC stages. Within the first 2 years after liver resection, around 50% of patients relapse with liver cancer. Modified from (Anstee et al. 2019).

V. 5

 5 +UTRs, or Twist Human Core Exome Enrichment System. Genomic DNA was sonicated and purified to yield fragments of 150-200bp. Adaptor oligo-nucleotides were ligated on A-tailed fragments and enriched by four to six PCR cycles. Purified libraries (500ng) were hybridized to the library for 24 hours. The eluted enriched DNA sample was sequenced Results 48 on an Illumina HiSeq 2000 or HiSeq 4000 as paired-end 75bp reads. 1.2.3. RNA-seq RNA samples were enriched for polyadenylated RNA from 5μg of total RNA, and the enriched samples were used to generate sequencing libraries with the NEBNext Ultra II Directional RNA or Illumina TruSeq Stranded mRNA kits and associated protocol as provided by the manufacturer. Libraries were sequenced by IntegraGen (Evry, France) on an Illumina HiSeq 2000 or 4000 as paired-end 75 or 100 bp reads.

  used to import raw HTSeq counts for each sample into R statistical software and apply variance stabilising transformation to the raw count matrix. FPKM scores (number of fragments per kilobase of exon model and millions of mapped reads)

1 .Article 1

 11 Identification of oncogenic SVs in HCAThe first goal of my thesis was to identify new SVs driving hepatocellular adenoma development. As explained in the introduction, when I started my PhD, the molecular landscape of HCA was divided in 6 groups (Figure10) associated with specific molecular alterations: HHCA with HNF1A inactivation, b ex3 HCA and b ex7,8 HCA with CTNNB1 activation, shHCA with GLI1 activation and IHCA with IL6ST, FRK, STAT1, GNAS, JAK1 mutations and UHCA without known driver. However, this landscape was still incomplete.Firstly, because the driver genes of UHCA are still missing. Secondly because a large part of IHCA samples, characterized by SAA and CRP protein over-production, had no identified molecular driver mechanism. Except for the recently described INHBE-GLI1 fusion characteristic of shHCA, all driver alterations in HCA were point mutations. The aim of this project was to unravel new alterations such as gene fusions or regulatory region alterations that could trigger tumorigenesis of HCA.To that aim, we leveraged the large HCA tumor collection from the lab, including extensive clinical and molecular features: -Clinical data and history of patients -Histological images of tumor tissue -Gene panel sequencing (from Illumina's MiSeq technology) -Gene panel expression (from Fluidigm technology)This large cohort was explored to select samples belonging to IHCA subgroup (based on gene expression) without identified point mutations in known driver genes. Selected samples were sequenced using RNA-seq and/or WGS, and analyzed to identify the missing drivers. This project lead to two original articles describing new alterations in IHCA subgroup. describes a rare clinical case associating inflammatory HCA with amyloid A (AA) systemic amyloidosis, a complication of chronic inflammatory diseases induced by deposits of insoluble SAA deposits. The patient, a 49-years-old woman, was admitted to emergency for diarrhea, rectal bleeding and lower limbs edema. Her clinical history was also characterized by an unexplained chronic inflammation for at least 10 years. Medical analysis revealed inflammation, renal failure, and SAA amyloid deposits were found in Results 54 kidneys, intestines and rectum. Liver biopsy led to HCA diagnosis that was further explored using both RNA-seq and WGS. WGS data revealed an inversion in chromosome 7 leading to the loss of IL6 gene 3'UTR that contains post-transcriptional regulatory sequences involved in the degradation of this unstable transcript. RNAseq data indicated a massive over-expression of the IL6 transcript. This mechanism of IHCA development is very different from those already known, where STAT3 is activated through activation of a major actor of signal transduction of the IL6 axis, such as IL6ST, JAK1, GNAS, FRK or STAT3 itself. In addition to IHCA development, the autocrine interleukine-6 secretion by the tumor triggers SAA production not only in the IHCA nodule but also in the surrounding liver tissue. Interestingly, amyloidosis symptoms improved following HCA resection.

Article 1 :

 1 FRK fusions downstream different partner genes were identified in 5 patients (2% of the IHCA cohort), leading to chimeric transcripts only including exons 3 to 8 of FRK. The resulting proteins have lost the SH2 and SH3 auto-inhibitor elements of FRK, leading to constitutive activation of the tyrosine protein kinase domain. In addition, we identified recurrent gene fusions involving ROS1 in 10 patients (3% of the IHCA cohort). The chimeric transcripts only retain exons 33 to 43, 34 to 43 or 35 to 43 of ROS1. In these samples, the upstream partner gene induces a massive overexpression of the truncated ROS1 that contains kinase domain. FRK and ROS1 fusions constitute new driver events activating the JAK/STAT pathway and leading to the development of IHCA. Results 55 Systemic AA Amyloidosis Caused by Inflammatory Hepatocellular Adenoma

  structural variations, induced by a shared biological defect. During my first year of PhD, I participated to the development of Palimpsest (https://github.com/FunGeST/Palimpsest), an R package dedicated to the analysis of mutational signatures from NGS data. Article 3 presents Palimpsest's functionalities, including de novo or supervised analysis of mutation and SV signatures, but also clonality reconstruction to unravel the mutational history of each tumor. I contributed to this work by implementing the SV signature analysis workflow. Article 4 presents the application of Palimpsest's rearrangement signature framework to a large cohort of HCC samples. In this work, I identified six rearrangement signatures, characterized by preferential types and sizes of SVs, operative with different intensities in each tumor. In particular, rearrangement signature 1 (RS1), characterized by focal duplications (10s to 100s of kb) and complex rearrangements called Template Insertion Cycles (T.I.C.), revealed a homogenous HCC subgroup with a widespread duplicator phenotype. All tumors of this subgroup (named CCN-HCC) displayed an activation of CCNA2 or CCNE1 gene by various mechanisms. CCNA2 activating events included new gene fusions and insertional mutagenesis by HBV or AAV2 virus, all leading to the production of a truncated cyclin A2 protein lacking regulatory domains while keeping functional domains. CCNE1 activation resulted from insertional mutagenesis by HBV and AAV2, but also SVs leading to enhancer hijacking or gene amplifications.Cyclins E1 and A2 are involved in S phase entry and progression, and cyclin E1 activation is known to induce replicative stress and genomic instability in various models.Consistently, CCN-HCC displayed an overexpression of ATR pathway implicated in the response to replication stress. These data, and the fact that duplications and TIC can be induced when collapsed replication forks are processed by the break-induced replicationResults84(BIR) mechanism, suggest that RS1 is a signature of replication stress. Integrative analysis of HCC genomes with epigenetic data from Encode and ROADMAP consortia revealed an enrichment of RS1 breakpoints in early replicated, highly expressed active chromatin domains. Besides, RS1 events frequently associate active chromatin with quiescent regions, which may induce secondary oncogenic events like TERT promoter activation by enhancer hijacking, recurrent in CCN-HCC.Overall, SV signature analysis allowed us to identify a new HCC entity (CCN-HCC), with homogenous molecular and clinical features. These tumors usually develop in noncirrhotic liver tissue, in absence of classical risk factors. They have a very poor prognosis but may benefit from targeted treatment against replication stress response.

First I found

  recurrent fusions involving CCNA2 or FRK oncogenes downstream various partner genes, respectively at the origin of CCN-HCC and inflammatory HCA development. The particularity of these fusions is that they involve the loss of regulatory protein domains, leading to more stable or constitutively active proteins. In the case of CCNA2 fusions, chimeric transcripts only include untranslated regions of partner genes upstream the exons 3 to 8 of CCNA2. In silico identification of translation starting sites indicated an alternative Kozak sequence at Methionine 158 of CCNA2, leading to the accumulation of a truncated CCNA2 protein lacking negative regulatory domains, which was confirmed by Western blot. CCNA2 protein accumulation leads to premature S phase entry and replicative stress characteristic of CCN-HCC tumors. In IHCAs, FRK fusions also involve different partner genes in 5'. Chimeric transcripts contain translated regions from the partner genes but lack FRK's SH2 and SH3 regulatory domains that auto-inhibit the protein kinase domain of FRK. The oncogenic effect of those fusions is thus induced by the lack of regulatory domains of FRK resulting in a constitutively activated protein able to trigger JAK/STAT pathway. Consequently, expression data showed that in both CCNA2 and FRK fusions, the level of the transcript is not significantly altered in tumors harboring respective gene fusions.Gene fusions can also reveal inactivating SVs leading to the disruption of tumor suppressors. Recently, I contributed to the characterization of a new HCC subgroup harboring mixed features with fibrolamellar carcinomas (FLC), a rare histological subtype Discussion 102 of HCC[START_REF] Hirsch | BAP1 mutations define a homogeneous subgroup of hepatocellular carcinoma with fibrolamellar-like features and activated PKA[END_REF] (Article 5: Annex 3). This subgroup is similar to FLC, enriched in fibrotic tumors without underlying liver disease. However, whereas FLC tumors are triggered by the specific PRKACA-DNAJB1 fusions, this subgroup was characterized by biallelic BAP1 (BRCA1-associated protein 1) inactivation. Most BAP1 alterations were mutations, but I also identified two tumors with gene fusions involving BAP1. The first tumor harbored an inversion leading to an out of frame fusion between DAG1 (exons 1-2) and BAP1 (exons 13-17). The second tumor harbored a complex balanced translocation involving 3 regions of chromosomes 2 and 3, resulting in i) a frame-shift fusion of RAB3GAP1 (exons 1-23) with BAP1 (exons 5-17) and ii) a truncated exons 1 to 3 of BAP1,

  RS3-altered tumors displayed clusters of structural variations on various chromosomes, interconnected by inter-chromosomal translocations and associated with copy number fluctuations (Figure 26A top). RS4-exposed tumors displayed clusters of intrachromosomal rearrangements inducing a characteristic 2 copy-number state, consistent with chromothripsis description (Figure 26A middle). Interestingly, RS3 and RS4 frequently co-occur in the same tumors (Figure 26A bottom), consistent with recent work

Figure 26 :

 26 Figure 26: A: From top to bottom, circos plot and a representative chromosome (indicated with a red circle on the circos plot) are display for three tumors. The first one is characterized by lots of RS3 SV, associated to chromoplexy, which is altering chromosomes 3 and 9 of this tumor. The second tumor is highly enriched in RS4 events, and harbor an event of chromothripsis localized at the chr16p region. Finally, on the bottom is exemplified a tumor harboring, on a single chromosome, both chromothripsis and chromoplexy, inducing this presence of RS3 and RS4 in some tumors. B: Barplot representing the number of SV associated to RS3, RS4 and RS5 in each tumor of the French HCC cohort, the heatmap on the bottom indicate TP53 alterations. Black squared indicated bi-allelic inactivation of TP53. Association p-value between the number of RS3 and RS4 alterations is respectively indicated (Wilcoxon test)

1 .

 1 RS1 as a replication stress signature in HCCRS1 signature is characteristic of CCN-HCC, driven by CCNA2/E1 activation (Figure25B, 25C top-left), that display an accumulation of hundreds of tandem duplications and template insertion cycles. We interpreted RS1 as a signature of replication stress in HCC because i) cyclins A2 and E1 promote S phase entry and progression, and cyclin E1 activation was shown to induce replication stress, ii) CCN-HCC display a transcriptional activation of ATR response to replication stress pathway and iii) RS1 breakpoints are strongly enriched in early-replicated regions. In addition, recent works suggest that RS1 alterations may result from replication machinery defects, and more precisely break induced replication mechanism:

BRCA1

  inactivation in breast and ovarian cancers. Despite sharing this RS1-pancan signature of short tandem duplication and T.I.C., CCNA2/E1-altered liver tumors and BRCA1-altered breast and ovary tumors display slightly different features (Article 4: Fig 6b-f):

  Then, optical mapping data corresponding to T.I.C. regions was analyzed using both SV called from optical mapping technology and visual inspection of molecules of interest.Different patterns of T.I.C. were defined depending on the genomic location where the complex rearrangement is hosted (acceptor region) and the orientation of the fragments (donor regions). Intra-chromosomal T.I.C. may appear as pairs of inversions (Figure27B) or deletion+duplication depending on fragment orientation. Inter-chromosomal T.I.C. may involve two or more (Figure 27C) regions from different chromosomes stitched together within an acceptor locus. Finally, complex events often involve a combination of Discussion 113 intra-and inter-chromosomal T.I.C. We are now characterizing in detail the proportion of each type of T.I.C. in our CCN-HCC series.

Figure 27 :

 27 Figure 27: A: Abnormal junction from short-read WGS SV calling was integrated with focal copy-number gains to extract individual events of replication-based complex rearrangements.B: Log-ratio profiles with inversion in blue and schematized involved fragments A and B corresponding to an intra-chromosomal T.I.C. (top). Optical mapping representation supporting the presence of a molecule where A region is inserted between two copies of B region (middle).Reconstructed molecule corresponding to the rearrangement, where B locus is the host of the T.I.C. C. Same representation for a T.I.C. involving 4 regions located on chromosomes 3 and 6. In this case, the B region on the chromosome 3 is demonstrated to host the complex alteration that occurred in a single catastrophic event triggered by replication stress. D: Scatterplot of size between region A and region B (in panel B example) for each individual T.I.C. involving 2 regions in the 2 CCN-HCC analyzed with Bionano technology. The with x=y curve is represented in black.

  Structural rearrangements identified at CCNA2 and CCNE1 loci.

  

  

  

  

  

  

  . Nucleosomes are involved in differential DNA packaging, by maintaining two different chromatin

	Figure 6: Calling of SV from short-read WGS. A:
	Representation of the different read pairs that can be
	informative to find evidences of SV. On the left, gapped
	alignment are the consequence of small indels, whose size
	is of the same order of magnitude than read length. For
	medium sized SV, most informative reads are soft-clipped
	alignment, where one of the two mate pair is half aligned
	on both distant contig corresponding to the abnormal
	junction. Also this kind of mapping is used to obtain the
	precise coordinate of the breakpoint. Finally, for large SVs,
	mate-pair reads, aligning on very distant regions of the
	genome are informative of abnormal junction. B:
	Chromosomal representation of a distant abnormal
	junction between green and purple loci. Different
	supporting reads are schematized below. C:
	Reconstruction of the rearranged molecule from
	supportive reads. Modified from Jeremiah Wala et al 2018.

  This framework paved the way to the association of etiologies and specific mutational

		. Formally, the
	NMF extracts N signatures, approximately solve the Equation 1, by finding non-negative
	matrices S and E that minimize the Frobenius norm:
	min 𝑆≥0,𝐸≥0	||𝑀 -𝑆𝐸|| 𝐹 2

patterns at the origin of tumorigenesis. Ludmil

Alexandrov et al. applied 

this innovative framework to analyze 4,938,362 mutations from 7,042 cancers, subdivided in 30 cancer types and extracted more than 20 distinct mutational signatures

[START_REF] Alexandrov | Signatures of mutational processes in human cancer[END_REF]

. More recently, pan-cancer analysis of 4,645 cancer genomes and 19,184 cancer exomes by the PCAWG group revealed an extended set of 49 mutational signatures

[START_REF] Alexandrov | The repertoire of mutational signatures in human cancer[END_REF]

. These signatures can be consulted in the COSMIC c.3 database [https://cancer.sanger.ac.uk/cosmic/signatures]. Single Base Substitution (SBS) signatures identified so far include (Figure

AND METHODS 1. Data used in the project 1.1. Tissue samples

  

	Results
	signature analysis helped to better understand biological mechanisms at the origin of
	specific genomic rearrangement.
	In this project, I developed innovative computational strategies applied to WGS and
	RNA-seq data of HCA and HCC tumor collections of the UMRS 1138 INSERM laboratory, Tumor samples from both hepatocellular carcinoma (HCC) or hepatocellular
	obtained from collaborations with various French hospitals. I also used public data sets adenoma (HCA) samples and their non-tumor counterparts were collected from patients
	to increase statistical power and/or validate results, including TCGA (334 HCC samples surgically treated in four French hospitals located in Bordeaux and Paris region.
	with multi-omic data) and ICGC series (257 HCC samples with WGS). Finally, I used Institutional review board committees (CCPRB Paris Saint-Louis, 1997, 2004, and 2010,
	epigenetic data generated by the ENCODE and ROADMAP consortia, such as replication approval number 01-037; Bordeaux, 2010-A00498-31) approved the studies. Written
	timing, chromatin opening and histone marks to better understand both the origin and informed consent was obtained in accordance with French legislation. All samples were
	functional consequences of structural rearrangements. immediately frozen in liquid nitrogen and stored at -80 °C. HCC were enriched in cases
	Overall, during my PhD, I contributed to shape the landscape of both HCA and HCC developed on a non-cirrhotic liver with an over-representation of tumors developed in
	cancers subgroups: non-fibrotic (METAVIR F0-F1) compared to tumors developed in chronic hepatitis (F2-
	46

fusion, characteristic of the shHCA cancer subgroup. Additionally, SV -First, by integrating WGS and RNAseq data, I characterized 3 new driver alterations in inflammatory HCA. These include recurrent fusions activating FRK and ROS1 genes, and an original mechanism leading to IL6 gene overexpression following the loss of regulatory 3'UTR regions. All these alterations lead to a constitutive activation of the JAK/STAT pathway characteristic of inflammatory HCA. -Secondly, by analyzing SV signatures in HCC, I discovered a unique rearrangement signature of tandem duplications and templated insertion cycles, induced by replication stress. This signature allowed me to define a new HCC subgroup driven by various oncogenic mechanisms activating CCNA2 or CCNE1.

II MATERIAL

F3) and in cirrhotic liver (F4). Clinicopathological data were available for all cases

  Figure 25: Summary of rearrangement signature results in 616 HCC samples. A: Barplots representing the 8 rearrangement signatures extracted by NMF and characterized by specific category of rearrangements seen in subgroups of tumors. B: From top to bottom: Hierarchical clustering using cosine distance from number of SV associated to each tumor; Proportion of SV related to each RS per sample; Number of SV related to each RS per sample; Series of the sample (PCAWG project IDs are given); Manually defined cluster of signature, based on the hierarchical clustering. Signatures are operating at different intensities in each tumor with some signatures characterized by a higher number of generated rearrangements (ie: RS1). C: Circos plots of representative tumors of each RS. Circle heatmap represent duplications, deletions and inversions, respectively in green, red and blue. Grey arcs represent inter-chromosomal translocations. Blue line track represents LRR. In those examples, the corresponding signature mainly represents the global exposure of those tumors.

  . Its inactivation leads to tandem duplication formation at stalled forks by a replication restart-bypass mechanism, terminated by end joining or

	Discussion
	by microhomology-mediated template switching, with extension of the stalled leading
	strand by a migration bubble mechanism similar to BIR (Willis et al., 2017). Cyclin A2/E1
	activation in HCC and BRCA1 inactivation in breast and ovarian cancers may thus
	converge towards a similar rearrangement signature, with specificities reflecting the
	different ways by which these genetic alterations induce replication stress or modulate
	response to it (Article 4: Fig 6g). Indeed, rearrangements induced by cyclin activation in
	liver or BRCA1 inactivation in breast and ovary cancers are initiated by replication fork
	collapse that will be processed by different repair mechanism, leading to similar signature
	of rearrangements.
	Interestingly, CCNE1 amplifications are seen in various cancer types, particularly breast
	and ovary cancers (Sanchez-Vega et al., 2018). However, those alterations do not induce
	RS1 phenotype in those tumors (Article 4: Fig
	111

Table 6 :

 6 Significantly enriched and depleted driver genes in CCN-HCC.

	LICA-FR SERIES				
	Gene	% alteration in CCN-HCC	% alteration in other HCC	Fisher's exact test p-value	q-value
	PTEN	0,50	0,078571	0,000004	0,000110
	RB1	0,70	0,178571	0,000009	0,000110
	TERT promoter	0,21	0,688525	0,000160	0,001331
	CTNNB1	0,00	0,407143	0,001321	0,008255
	TP53	0,50	0,378571	0,004942	0,024708
	TCGA SERIES				
	Gene	% alteration in CCN-HCC	% alteration in other HCC	Fisher's exact test p-value	q-value
	PTEN	0,500000	0,084967	0,000000	0,000002
	CDKN1A	0,392857	0,055556	0,000001	0,000004
	RB1	0,571429	0,169935	0,000001	0,000004
	FGA	0,357143	0,124183	0,000013	0,000066
	CTNNB1	0,000000	0,316993	0,000549	0,002306
	TERT promoter*	0,464286	0,715686	0,009426	0,034562
	*TERT promoter screening available for 186 tumors.		

Remerciements VI Dummy ANNEXES 1. Annex 1: Supplementary data Article 2

Annex 2: Supplementary data Article 4

Annex 3: Article 5

yes no no no F2-F3 III-IV 130 yes alive without relapse 1 CHC1053T None NA M 74 yes no no no F4 III-IV 35 yes death from liver cancer 20 CHC1055T CCNE1 amplification M 68 yes no no no F2-F3 III-IV 200 yes death from liver cancer 6 CHC1061T None NA F 79 no no no yes F0-F1 I-II 150 yes alive with relapse 40 CHC1137T None NA M 57 no no yes no F4 III-IV 60 yes death from other etiology 8 CHC1148T None NA M 69 yes no no no F0-F1 I-II 90 yes death from liver cancer 15 CHC1180T None NA M 65 yes no no no F2-F3 I-II 30 no alive without relapse 89 CHC1183T None NA M 60 no no no no F2-F3 I-II 180 no death from liver cancer 49 CHC1185T None NA M 53 yes yes no no F4 III-IV 30 no alive without relapse 92 CHC1207T None NA M 60 yes no no no F0-F1 I-II 210 yes alive without relapse 66 CHC1208T None NA M 47 no yes no no F4 III-IV 60 yes death from liver cancer 11 CHC1210T None NA F 44 no yes no no F2-F3 III-IV 70 no alive without relapse 23 CHC1211T None NA F 32 no yes no no F0-F1 III-IV 130 no alive without relapse 82 CHC121T None NA M 67 yes no no yes F0-F1 I-II 120 no death from other etiology 110 CHC129T CCNA2 AAV2 F 62 no no no no F0-F1 I-II 130 yes death from liver cancer 5 CHC1530T None NA M 64 yes yes no no F2-F3 III-IV 75 yes death from liver cancer 16 CHC1534T None NA M 67 yes no no no F2-F3 III-IV 55 no alive without relapse 53 CHC1539T None NA M 45 no no yes no F4 III-IV 32 yes alive without relapse 59 CHC1545T None NA M 77 yes no yes no F4 I-II 40 no death from liver cancer 37 CHC1548T None NA M 55 no yes no no F4 III-IV 25 no alive without relapse 87 CHC1568T None NA M 71 no yes no no F4 III-IV 30 yes death from other etiology 45 CHC1594T CCNE1 Rearrangement regulatory region F 76 yes no no no F0-F1 I-II 100 yes death from other etiology 25 CHC1598T None NA F 76 no yes no no F0-F1 III-IV 90 yes alive without relapse 61 CHC1602T None NA M 71 no no no no F0-F1 I-II 75 yes death 88 CHC1600T None NA M 69 yes no no no F0-F1 I-II 80 yes alive without relapse 66 CHC1704T None NA M 43 no yes no no F2-F3 III-IV 140 yes alive without relapse 34 CHC1603T None NA M 78 yes no no no F4 III-IV 50 yes death from liver cancer 14 CHC1604T None NA M 57 no no no no F2-F3 III-IV 18 no alive with relapse 67 CHC1616T None NA F 77 no no yes no F4 III-IV 100 no death from liver cancer 46 CHC1626T None NA M 75 yes no no yes F0-F1 III-IV 100 yes death from liver cancer 51 CHC1629T None NA M 64 yes no no no F0-F1 I-II 70 yes death 69 CHC1715T None NA M 72 yes no no no F0-F1 I-II 60 no alive without relapse 69 CHC1717T None NA M 50 no yes no no F4 I-II 55 yes alive with relapse 25 CHC1731T None NA F 55 no no no no F0-F1 I-II 110 no alive without relapse 21 CHC1725T None NA F 83 no no yes no F2-F3 I-II 60 yes alive without relapse 11 CHC1754T None NA M 34 no yes no no F2-F3 III-IV 170 yes death from liver cancer 5 CHC1732T None NA M 49 yes no yes no F4 III-IV 60 yes death from liver cancer 10 CHC1736T None NA M 58 no yes no no F4 III-IV 45 yes death from liver cancer 3 CHC1737T None NA M 73 no no no yes F2-F3 III-IV 32 no alive with relapse 61 CHC1739T None NA M 55 yes no no yes F4 III-IV 50 no death from other etiology 19 CHC1741T None NA M 57 yes no no no F4 I-II 32 no alive with relapse 60 CHC1742T None NA M 67 no no no no F0-F1 III-IV 33 yes death from liver cancer 17 CHC1744T None NA M 50 no yes yes no F4 III-IV 70 yes death from liver cancer 28 CHC1745T None NA F 69 no no yes yes F4 III-IV 60 yes death from other etiology 14 CHC1746T None NA M 75 no no no no F2-F3 III-IV 40 yes alive with relapse 65 CHC1747T None NA M 54 yes no yes no F4 III-IV 40 yes death from liver cancer 27 CHC1749T None NA M 66 no yes no no F0-F1 III-IV 150 yes alive without relapse 12 CHC1753T None NA M 65 no no yes no F2-F3 III-IV 25 no alive with relapse 112 CHC197T None NA M 73 yes no no no F2-F3 III-IV 130 yes alive with relapse 68 CHC1756T None NA M 73 yes yes no no F4 III-IV 45 yes alive with relapse 144 CHC1757T None NA M 41 yes no no yes F4 I-II 12 no alive without relapse 66 CHC1763T None NA M 75 yes no no yes F0-F1 III-IV 60 no death from other etiology 21 CHC1994T CCNE1 HBV M 57 no yes no no F0-F1 III-IV 190 yes alive with relapse 52 CHC2048T CCNE1 Rearrangement regulatory region M 65 yes no no no F0-F1 III-IV 100 yes death from liver cancer 21 CHC2043T None NA F 21 no no no no F0-F1 III-IV 50 no alive without relapse 67 CHC2103T None NA M 57 yes no yes no F0-F1 III-IV 28 yes death 49 CHC2111T None NA F 56 no no no no F0-F1 I-II 60 no alive without relapse 61 CHC2112T CCNA2 AAV2 F 48 no no no yes F0-F1 III-IV 190 yes death from other etiology 13 CHC2128T CCNA2 AAV2 F 53 no no no yes F0-F1 I-II 200 yes alive without relapse 45 CHC2113T None NA M 61 yes no no no F0-F1 III-IV 90 no death from other etiology 57 CHC2115T None NA M 75 yes no no yes F0-F1 III-IV 100 yes death from liver cancer 17 CHC2206T CCNA2 AAV2 M 90 no no no no F0-F1 III-IV 40 no alive without relapse 41 CHC2132T None NA M 57 no no no yes F0-F1 III-IV 180 no alive without relapse 51 CHC2135T None NA F 57 yes yes no yes F0-F1 III-

Article 2: Recurrent chromosomal rearrangements of ROS1, FRK and IL6

activating JAK/STAT pathway in inflammatory hepatocellular adenomas.

Supplementary figure:

Results induces a tremendous overexpression that is the consequence of impaired degradation of the transcript rather than increased transcription.

To conclude, this work allowed us to update the landscape of driver alterations in liver cancer with various new driver genes and mechanisms of activation. However, the complexity and diversity of cancer genomics is becoming evident as increasingly sophisticated sequencing technologies are developed. Consequently, others mechanisms of liver tumorigenesis remain to be explored, such as alterations impacting the 3D conformation of the chromatin.

Rearrangement signatures in HCC

The development of a computational tool for structural rearrangement signature analysis (Palimpsest, Article 3) allowed me to identify 6 rearrangement signatures in HCC (RS1 to RS6, Article 4). We unraveled the molecular cause of signature RS1: replication stress induced by CCNA2/E1 activation. However, the molecular cause of the remaining signatures remains to be established. Besides, these signatures can be operative in a small proportion of the tumors (e.g. 7% for CCN-HCC displaying high RS1 contribution). Thus, it is important to continue exploring rearrangement signatures in larger HCC cohorts.

Recently, I integrated SV data from 616 liver tumor samples, from my laboratory (French (mixed, non-clustered events) and RS6 (inversions) from Article 4 remained unchanged;

however, RS3 and RS5 were subdivided into two signatures, respectively. I then examined correlations between each signature and various driver alterations.
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File Name: Supplementary Table Supplementary Table 7: Contribution of rearrangement signatures to the genomes of 350 tumors from the LICA-FR, TCGA and ICGC series