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Résumé

prophylactique efficace et de traitements antiviraux, l'hépatite B demeure un problème majeur de santé publique qui cause plus de 800 000 décès chaque année (Trépo et al., 2014).

La molécule en cause de la persistance du virus malgré les traitements est un épisome viral maintenu dans le noyau des hépatocytes infectés appelé ADNccc pour ADN circulaire et clos de manière covalente. Les stratégies thérapeutiques actuelles cherchent donc à cibler l'ADNccc, soit par destruction, soit par répression transcriptionnelle, dans le but de développer un traitement curatif de l'hépatite B chronique (Nassal, 2015a).

Le VHB est le plus petit virus à ADN identifié jusqu'à présent. C'est un virus enveloppé de la famille des Hepadnaviridae qui comporte un génome partiellement double brin et circulaire relaxé, appelé ADNrc, qui comporte 3.2 kb. Après son entrée dans le noyau, l'ADNrc est complété et chromatinisé afin de former un minichromosome viral: l'ADNccc (C. [START_REF] Bock | Structural organization of the hepatitis B virus minichromosome1[END_REF]. Ce dernier est l'unique intermédiaire réplicatif transcriptionnellement actif qui code les 6 ARN viraux, parmi lesquels l'ARN prégénomique (ARNpg) est l'ARN intermédiaire de réplication. En effet, après avoir été exporté dans le cytoplasme, l'ARNpg est rétro-transcrit en ADNrc et simultanément encapsidé afin de former de nouvelles nucléocapsides matures [START_REF] Beck | Hepatitis B virus replication[END_REF].

La transcription virale permet la synthèse de six transcrits: un transcrit de 0.7 kb appelé X, deux transcrits de 2.1 kb nommés PreS2 et S, un transcrit de 2.4 kb nommé PreS1 et deux transcrits dont la longueur est supérieure à celle du génome, appelés ARN précore et ARN prégénomique mesurant 3.5 kb (Seeger and Mason, 2000a). L'ADNccc contient également tous les éléments régulateurs nécessaires à une fine régulation de la transcription. En effet, la transcription est modulée par quatre promoteurs et deux enhancers (Moolla et al., 2002). De plus, bien que chaque ARN viral soit initié en 5' au niveau d'un site d'initiation de la transcription qui lui est propre, tous les ARN viraux sont polyadénylés en 3' au niveau d'un site commun de polyadénylation. En outre, l'ARNpg et l'ARN précore sont initiés environ 100 paires de bases en amont du site de polyadénylation, puis sont transcrits tout le long du génome, et se terminent à leur deuxième rencontre avec le site de polyadénylation. Par ce mécanisme encore très peu défini, les deux ARN de 3.5 kb comportent tous deux une séquence redondante correspond à la région transcrite deux fois [START_REF] Beck | Hepatitis B virus replication[END_REF]. D'autre part, de nombreux variants d'épissages ont été identifiés in vivo dans le sérum de patients chroniquement infectés par le VHB, ainsi qu'in vitro en culture cellulaire. 16 variants dérivent de l'épissage de l'ARNpg et les sites donneurs et accepteurs d'épissage varient en nature et en longueur en fonction des génotypes viraux considérés (Candotti and Allain, 2016a). La complexité de l'organisation du génome viral, ainsi que sa similarité avec la chromatine cellulaire et avec les processus de maturation des ARN, suggèrent une coopération de nombreux facteurs cellulaires et viraux afin de précisément orchestrer une transcription virale optimale.

Afin d'identifier les acteurs cellulaires qui régulent l'activité transcriptionnelle de l'ADNccc, ainsi que les évènement co-transcriptionnels associés, un projet visant à identifier les partenaires protéiques de l'ADNccc a été réalisé par le Dr. Barbara Testoni. Une majorité de protéines liant l'ADN et l'ARN et impliquées dans la biologie de la chromatine et la maturation des ARN ont été listées. Parmi ces candidats, les hélicases à ARN constituent la plus grande famille d'enzymes impliquées dans le métabolisme des ARN cellulaires (Bourgeois et al., 2016a). Elles se déclinent en six sous-familles, parmi lesquelles la famille des hélicases à ARN à motif DEAD (Asparagine-Glutamine-Alanine-Asparagine) comporte le plus de membres. Les deux paralogues DDX5 et DDX17 sont des membres prototypiques des hélicases à motif DEAD.

Ces deux protéines sont connues pour participer à de nombreux processus de la régulation de l'expression des gènes de la cellule (Giraud et al., 2018a). Notamment, DDX5 et DDX17 sont importantes dans la maturation de l'ARN pré-messager, au niveau transcriptionnel puis lors de l'épissage alternatif (Dardenne et al., 2014a;Giraud et al., 2018a). De plus, ces deux hélicases sont impliquées dans le métabolisme des ARN de nombreux virus (Wenyu Cheng et al., 2018a). Notamment, une récente étude identifie DDX5 comme répresseur transcriptionnel de l'ADNccc, en particulier à travers le complexe PRC2 et le dépôt de marques épigénétiques répressives H3K27me3 (Zhang et al., 2016a).

Le rôle de DDX5 et de DDX17 dans la maturation des ARN viraux reste donc à être déterminé.

Par ailleurs, DDX5 et DDX17 sont nécessaires aux fonctions insulatrices de la protéine CTCF (H. Yao et al., 2010a). De manière intéressante, CTCF est également requise pour l'épissage alternatif (Shukla et al., 2011a) et est associé à l'organisation tri-dimensionnelle d'épisomes viraux [START_REF] Lang | CTCF interacts with the lytic HSV-1 genome to promote viral transcription[END_REF][START_REF] Mehta | Human Papillomaviruses Activate and Recruit SMC1 Cohesin Proteins for the Differentiation-Dependent Life Cycle through Association with CTCF Insulators[END_REF]Pentland et al., 2018a;[START_REF] Washington | CTCF Binding Sites in the Herpes Simplex Virus 1 Genome Display Site-Specific CTCF Occupation, Protein Recruitment, and Insulator Function[END_REF].

Nous nous sommes donc également intéressés au rôle de CTCF dans la biologie de l'ADNccc et dans la maturation des ARN du VHB.

Objectifs

Les objectifs de mes travaux de thèse ont donc porté sur : i) le rôle de DDX5 et DDX17 dans le métabolisme des ARN viraux ; iii) l'impact de la déplétion de ces hélicases dans la réplication virale ; iii) le rôle de CTCF dans la régulation transcriptionnelle des ARN viraux. Bien qu'aucune différence ne soit observée en 5', l'extrémité 3' révèle une modification du phénotype lorsque les hélicases sont absentes. Afin d'étudier qualitativement le raccourcissement en 3' des ARN viraux en absence de DDX5/17, un séquençage en molécule unique a été réalisé par la technologie Oxford Nanopore. Les résultats suggèrent qu'en condition sauvage, les transcrits viraux ne s'arrêtent pas systématiquement au site de polyadénylation comme historiquement proposé, mais continuent sur plusieurs dizaines voire centaines de nucléotides, résultant en une région 3'UTR plus longue. L'absence de DDX5 et DDX17 permet en revanche une utilisation quasi systématique du site de polyadénylation du VHB. Par ailleurs, le séquençage au Nanopore nous a permis d'identifier précisément le site de polyadénylation des transcrits viraux 13 +/-1 nucléotides en aval du site de polyadénylation.

Matériel et Méthode

Des cellules

De plus, nous avons identifié que DDX5 et DDX17 interagissaient directement avec les ARN viraux, et notamment les ARN de 3.5 kb, ainsi qu'avec l'ADNccc. Ces dernières semblent recruter deux facteurs cellulaires impliqués dans le choix de sites de polyadénylation distaux : CPSF6 et NUDT21 (Hardy and Norbury, 2016a). En effet, la déplétion de DDX5 et DDX17 résulte en une diminution du recrutement de de CPSF6 et NUDT21 de plus de 50% sur les ARN viraux.

Parallèlement, nous avons démontré que la mutation des sites de liaison à CTCF affecte le recrutement de celui sur l'ADNccc, ainsi que le recrutement de DDX5 et DDX17. Par ailleurs, nous avons montré que la diminution du recrutement de CTCF, DDX5 et DDX17 sur l'ADNccc était corrélée à une modification de la taille des transcrits viraux. La validation de telles observations sur l'utilisation de sites alternatifs de polyadénylation chez les patients chroniquement infectés remettrait en question les biomarqueurs utilisés pour la détection des ARN viraux qui s'appuient sur une reconnaissance de ceux-ci par l'utilisation d'amorces chevauchant le site de polyadénylation et le début de la queue polyA. En effet, si 50% des transcrits ne terminent pas au site identifié de polyA, il est envisageable que les biomarqueurs actuels sous-estiment la quantité réelle des transcrits viraux chez les patients.

Conclusion et perspectives

De manière générale, l'identification de facteurs cellulaires dans la régulation de l'activité transcriptionnelle de l'ADNccc est nécessaire pour une meilleure compréhension du rôle des facteurs cellulaires dans la réplication virale, pour une avancée vers le développement de traitements curatifs efficaces contre le VHB. Hepatitis B Virus (HBV) is the causative agent of a chronic hepatitis that affects more than 250 million people in the world. Chronic carriers have increased risk of developing severe liver diseases, such as liver cirrhosis and hepatocellular carcinoma (HCC) (Trépo et al., 2014).

Despite effective prophylactic vaccine and antiviral treatments, chronic hepatitis B remains a major health burden, causing more than 800 000 deaths every year (WHO, 2019). The key viral molecule for HBV persistence is its episomal replicative intermediate, also called covalently closed circular DNA (cccDNA), which stably resides in the nucleus of infected hepatocytes. cccDNA bears the complete viral genetic information and is the only template for viral replication. Hence, directly targeting cccDNA is decisive for a complete HBV cure (Nassal, 2015a).

Current treatments, mainly nucleo(s)tide analogs (NUCs), maintain under control the viral load to undetectable levels by inhibiting the viral polymerase and the subsequent new infectious particle release. However, these treatments only marginally affect the intrahepatic pool of cccDNA (Lok et al., 2017), since they act downstream of cccDNA formation and viral RNA synthesis from cccDNA. Moreover, recent data suggest an incomplete blocking of intrahepatic HBV replication by NUCs, thus probably allowing for cccDNA pool replenishment either by de novo infection of non-infected hepatocytes or by intracellular nucleocapsid recycling within already infected cells [START_REF] Boyd | Decay of ccc-DNA marks persistence of intrahepatic viral DNA synthesis under tenofovir in HIV-HBV co-infected patients[END_REF]. For these reasons, new strategies toward a curative therapy for HBV (Lok et al., 2017) involving direct targeting of cccDNA, either by degradation, or by transcriptional repression are highly envisaged.

At the same time, the development of non-invasive biomarkers for intrahepatic cccDNA amount and activity will have to support the evaluation of emerging therapeutic regimens. In this respect, the quantification of circulating HBV RNAs has raised much interest recently and opened new questions about the nature of these RNAs (full length, spliced, truncated…) and their biological and clinical predictive role [START_REF] Charre | Non-invasive biomarkers for chronic hepatitis B virus infection management[END_REF].

II. Hepatitis B Virus

Background

Hepatitis B virus (HBV) is an enveloped, hepatotropic, non-cytopathic virus, belonging to the Hepadnaviridae family. The chronicity of HBV infection leads to major health issues [START_REF] Locarnini | Strategies to control hepatitis B: Public policy, epidemiology, vaccine and drugs[END_REF]. Indeed, infected patients can develop acute hepatitis, which can be resolved in 1-2 weeks, or can develop chronic hepatitis. The onset of a chronic infection strongly depends on the age at the moment of infection and is defined by the persistence of serum HBsAg for more than 6 months [START_REF] Locarnini | Strategies to control hepatitis B: Public policy, epidemiology, vaccine and drugs[END_REF]. Untreated chronic infections can lead to the development of liver fibrosis, cirrhosis, and, after decades, hepatocellular carcinoma (HCC), which represents the 3 rd cancer-related death worldwide, causing more than 800 000 deaths each year in the world [START_REF] Villanueva | Hepatocellular Carcinoma[END_REF]. Endemicity of HBV, measured by HBsAg seropositivity, is categorized as low (<2%), low-intermediate (2-4.9%), high-intermediate (5)(6)(7).9%), and high (>8%) (Figure 1). The highest HBV endemicity is found in sub-Saharan Africa regions, with 8.63%, and in East Asia with 5.26% [START_REF] Chang | Epidemiology of hepatitis B and the role of vaccination[END_REF] .

A. Genotypes

HBV can be classified in different genotypes and sub-genotypes according to genome sequences. The classification takes into account the entire genome sequence and defines a variation between two strains when the difference is higher than 8% for the entire nucleotide sequence, and at least 4.1% in the surface genes (PreS1/PreS2/S). To date, 10 genotypes of HBV genome have been identified: A to J. Genotypes A-D and F can be further classified into sub-genotypes, with 4% to 8% nucleotide sequence differences between two sub-genotypes.

Genotypes and sub-genotypes show a specific geographical distribution and are correlated to disease and clinical progressions, treatment response and prognosis [START_REF] Rajoriya | How viral genetic variants and genotypes influence disease and treatment outcome of chronic hepatitis B. Time for an individualised approach[END_REF][START_REF] Sunbul | Hepatitis B virus genotypes: Global distribution and clinical importance[END_REF]. Notably, genotype C infected patients are five times more prone to develop HCC than patients infected with other HBV genotypes [START_REF] Yu | Hepatitis B Virus Genotype and DNA Level and Hepatocellular Carcinoma: A Prospective Study in Men[END_REF]. Genotype C is also associated to an increased resistance to IFN therapies [START_REF] Lin | Hepatitis B Virus Genotypes and Variants[END_REF]. 

B. Routes of transmission

HBV can be transmitted either vertically or horizontally (Figure 2).

Vertical transmission, from mother to child, is the predominant route of transmission in highly endemic countries. It is defined as HBsAg seropositivity at 6-12 months of life for an infant born from an infected mother. The risk of transmission is higher in HBsAg+ and HBeAg+ mothers (70%-90%) compared to low HBsAg+ and HBeAg-mothers (10%-40%). Mother to infant transmission can occur through 3 different ways: i) intrauterine transmission, ii) transmission during delivery, due to newborn contact with infected mother blood or fluids, and iii) postpartum transmission, caused by close contact between infected mother and infant [START_REF] Borgia | Vertical transmission of hepatitis B virus: challenges and solutions[END_REF].

Horizontal transmission mainly occurs through parenteral exposure to infected blood and blood products such as transfusion, contaminated needles or razors. It could also occur via unprotected sexual intercourses with exchange of body fluids. These two modes of horizontal transmission are the predominant routes of HBV infection in low endemicity countries. It is important to note that several body fluids, such as saliva, urine and faeces were evaluated positive for HBsAg presence without being a certain and direct cause of HBV transmission.

F Figure 2 : Routes of transmission HBV can be transmitted either vertically, which is the main route of transmission in endemic areas, or horizontally, mostly represented in low endemic countries.

HBV biology

A. Viral classification

HBV is a partially double stranded DNA virus replicating via an RNA intermediate that is retrotranscribed in DNA by the viral polymerase/retro-transcriptase. HBV hepatotropism, genetic organization, morphology and replication mechanisms make it belonging to the Baltimore class VII of pararetroviruses, which is composed of Hepadnaviridae and Caulimaviridae. This viral family can further be divided into two genera: i) the orthohepadnaviruses that infect mammals, such as HBV, Woodchuck Hepatitis Virus (WHV), ground squirrel hepatitis virus and ii) the avihepadnaviruses infecting birds such as Duck Hepatitis B Virus (DHBV). Each of these viruses is indigenous to its host [START_REF] Schaefer | Hepatitis B virus taxonomy and hepatitis B virus genotypes[END_REF].

B. Viral structure a. Virions and subviral particles

HBV virus is secreted out of hepatocytes in the form of infectious particles, or sub-viral particles that are found circulating in infected patients (Figure 3).

The infectious particle, also called Dane particle, is a 42 nm diameter particle, whose envelope surrounds an icosahedral nucleocapsid that contains the 3.2 kb partially double stranded relaxed circular DNA (rcDNA) genome, covalently linked to the viral polymerase. The assembly of 90-120 HBV Core protein (HBc) dimers forms the nucleocapsid. Capsids containing 90 HBc homodimers are symmetrically icosahedral with T=3 organization and measure 30nm diameter. Besides, capsids containing 120 HBc homodimers are symmetrically icosahedral with T=4 organization and are 34 nm diameter. The T=4 organization is preferentially used for envelopment. The viral envelop consists in a cellular lipid bi-layer containing the three viral envelop proteins S-, M-, L-HBsAg, in a ratio 4:1:1. In infected patients, the number of Dane particles (presumably infectious particles) can go up to 10 10 genome-copies/mL [START_REF] Patient | Morphogenesis of hepatitis B virus and its subviral envelope particles[END_REF].

HBV envelope proteins can also assemble without any nucleocapsid and be further secreted out of hepatocytes. These empty particles are called sub-viral particles (SVP) and are not infectious. SVP can be released as octahedral spheres of 20 nm in diameter containing only S-HBsAg oligomerized in 48 homodimers, or as filaments having the same diameter and the same ratio of HBsAg proteins as Dane particles, but that can vary in length. SVP are found in 10 000 to 100 000 fold excess compared to Dane particles in blood circulation [START_REF] Ganem | Hepatitis B Virus Infection -Natural History and Clinical Consequences[END_REF] and are assumed to act as decoys by trapping the host's adaptive immune system [START_REF] Patient | Morphogenesis of hepatitis B virus and its subviral envelope particles[END_REF].

In addition to HBsAg containing particles, two other viral particles have been identified in patient's sera. Immature nucleocapsids have been shown to be incompetent for envelopment and secretion [START_REF] Gerelsaikhan | Hepatitis B Virus Nucleocapsid Envelopment Does Not Occur without Genomic DNA Synthesis[END_REF]. However, non-enveloped nucleocapsids have been identified in vitro in a hepatoma cell line transfected with the WT HBV genome [START_REF] Watanabe | Involvement of host cellular multivesicular body functions in hepatitis B virus budding[END_REF]. These nucleocapsids may contain the full viral genome, but also all the replicative intermediates between pgRNA encapsidation and rcDNA synthesis including pgRNA/DNA hybrids (Hu and Liu, 2017a).

Empty virions, or genome-free enveloped capsids, have also been identified in the blood of infected patients. These particles are described as "light" virions as they appear empty under electron microscopy. It is hypothesized that these empty virions are coming from damaged virions from which the rcDNA may have leaked out. Nevertheless, it still remains unclear if the secretion of such particles is part of the normal virion secretion process and what the functions of such empty virions are (Hu and Liu, 2017a).

Finally, HBV RNA species have recently been described to circulate in serum of chronically infected patients and are under evaluation for the development of non-invasive biomarkers [START_REF] Charre | Non-invasive biomarkers for chronic hepatitis B virus infection management[END_REF]. The predominant form of circulating HBV RNA seems to be encapsidated pgRNA that can be present in the serum of HBV-chronic carriers within enveloped nucleocapsids [START_REF] Ning | Secretion of Genome-Free Hepatitis B Virus -Single Strand Blocking Model for Virion Morphogenesis of Para-retrovirus[END_REF]Wang et al., 2016) or within naked nucleocapsids (Bai et al., 2018).

b. Viral DNA

rcDNA

HBV is the smallest DNA virus described, harboring a 3.2 kb-long genome. HBV genome is a relaxed circular DNA, also called rcDNA, and appears to be a partially double stranded DNA F Figure 4 HBV rcDNA rcDNA is a partially double-stranded relaxed circular DNA of 3.2 kb length. The negative strand is covalently attached to the viral polymerase via the terminal redundancy sequence. The incomplete positive strand is bound to an RNA primer in its 5'end.

The viral polymerase is represented as a blue circle, linked to the (-)-strand. RNA primer is represented as a light blue wavy line, linked to the (+)-strand.

(Erreur ! Source du renvoi introuvable.). Indeed, the negative strand is complete and the positive strand has a gap that can vary between 600 and 2100 nucleotides. The complete negative strand is the template for viral transcription and is covalently linked in its 5'end to the viral polymerase [START_REF] Summers | Genome of hepatitis B virus: restriction enzyme cleavage and structure of DNA extracted from Dane particles[END_REF]. The 5' end of the uncomplete positive strand is associated with a capped RNA oligomer of around 18 nucleotides, deriving from the pregenomic RNA (pgRNA), and serving as a primer for the synthesis of the DNA positive strand.

The negative and positive strands are held together thanks to an overlap region of around 200 bp, thus maintaining the circular shape of the rcDNA [START_REF] Gao | Formation of Hepatitis B Virus Covalently Closed Circular DNA: Removal of Genome-Linked Protein[END_REF]. This cohesive overlapping region contains the 11 bp direct repeat sequences DR1 and DR2 (5' -TTCACCTCTGC-3'), involved in rcDNA synthesis and found in HBV integrated forms [START_REF] Bonilla Guerrero | The role of hepatitis B virus integrations in the pathogenesis of human hepatocellular carcinoma[END_REF]. Indeed, the RNA primer associated to the 5' end of the negative strand has to be translocated onto the 3'end of the positive strand, and annealed to the DR2 sequence by sequence complementarity. Together with hairpin formation at DR1 and sequence identity between DR1 and DR2, these phenomena are mandatory for an efficient retrotranscription of pgRNA [START_REF] Habig | Sequence Identity of the Direct Repeats, DR1 and DR2, Contributes to the Discrimination between Primer Translocation and in Situ Priming During Replication of the Duck Hepatitis B Virus[END_REF]) (See below "pgRNA transcription, encapsidation and retro-transcription").

dsL-DNA

During rcDNA synthesis, RNA primer translocation can be altered, resulting in an in situ priming, from DR1 [START_REF] Habig | Sequence Identity of the Direct Repeats, DR1 and DR2, Contributes to the Discrimination between Primer Translocation and in Situ Priming During Replication of the Duck Hepatitis B Virus[END_REF]. This process occurs within 10% of mature nucleocapsids and leads to the formation of a linear double-stranded DNA (dsL-DNA). dsL-DNA can then i) form defective cccDNA, unable to support rcDNA synthesis due to insertion(s) or deletion(s) appearing during the ligation of dsL-DNA extremities; or ii) be integrated into the host cell genome. HBV genome integration can support HBsAg and HBx synthesis, but no other viral protein production. Indeed, while remaining intact, Pol and HBeAg ORFs are physically separated from their promoters. Hence, integrated genome cannot support pgRNA transcription, then leading to non-replicative viruses. However, dsL-DNA integration was assumed to be a causative process in tumorigenesis and associated to HCC initiation and progression. It is important to note that the mechanisms of HBV-induced HCC carcinogenesis are still poorly understood as they involve many other mechanisms besides viral integration [START_REF] Tu | HBV DNA Integration: Molecular Mechanisms and Clinical Implications[END_REF]. HBV genome encodes 6 viral mRNAs: the 2 longer-than-genome length 3.5 kb precore and pregenomic RNAs, the 2.4 kb preS1 RNA, the 2.1 kb preS2 RNA, the 2.1 kb S RNA and the 0.7 kb X RNA. Several spliced isoforms have been identified. Major viral transcripts start at distinct TSS (black arrow) and end at a common polyA site (black dot -AAAA(A)n). Weaker TSS identified by Altinel et al. 2016, are represented in light blue triangle for S transcripts and light yellow triangle for X. Viral transcription is regulated by 4 promoters: promoter C (pC), promoter preS (pPS), promoter S (pS) and promoter X (pX); and by 2 enhancers: Enh-I and Enh-II.

c. RNA transcripts

HBV genome encodes 6 viral RNAs, having their own Transcription Start Sites (TSS), but sharing a common polyadenylation signal (PAS) (Figure 6). Every RNA harbors a cap at its 5' extremity.

The cellular RNA Polymerase II is the enzyme catalyzing the viral transcription [START_REF] Rall | Transcription of hepatitis B virus by RNA polymerase II[END_REF].

The 3.5 kb RNAs:

The pregenomic RNA (pgRNA) is synthesized from the Pre-core/Core promoter and is 3.5 kb long (i.e. 1.1-fold longer than the viral genome). It contains the whole genome information and is the RNA intermediate necessary to achieve the complete viral replication, through reverse-transcription onto rcDNA. The pgRNA is also an mRNA as it encodes the viral polymerase and the capsid protein HBc. The polymerase ORF is less efficiently used than the Pre-core/Core ORF, with one polymerase protein translated for 240 HBc [START_REF] Sen | Translation of Duck Hepatitis B Virus Reverse Transcriptase by Ribosomal Shunting[END_REF].

The Pre-core messenger RNA (mRNA) is also synthesized from the Pre-core/Core promoter and is 3.5 kb long. This RNA encodes the secreted HBeAg.

pgRNA and pre-Core mRNA are only 30 bp different in length, pre-core mRNA being longer, and come from two physically distinct promoters, while generally assumed as the "Precore/Core" promoter [START_REF] Yu | Promoters for Synthesis of the Pre-C and Pregenomic mRNAs of Human Hepatitis B Virus Are Genetically Distinct and Differentially Regulated[END_REF].

The 2.4 kb RNA:

The PreS1 mRNA is transcribed from the PreS1 promoter and encodes the Large HBsAg.

The 2.1 kb RNAs:

The PreS2 mRNA is 2.1 kb long and is synthesized from the PreS2/S promoter. It encodes the Medium HBsAg.

The S mRNA is also 2.1 kb long, and is also regulated by the PreS2/S promoter. It encodes the Small HBsAg.

F Figure 7 : HBV spliced isoforms and encoded proteins pgRNA can be spliced in 17 isoforms according to the use of major donor (black dots) and acceptor (white triangles) splicing sites (Chen et al., 2015). Viral ORFs are annotated on top of the scheme (preC/C, Pol, S and X ORFs). The major TSS are annotated with black arrows (pg, preS1, preS2, S, X and preC). PreS2 TSS, starting at position 3182 in D genotype, is only 26 bp upstream S TSS, starting at position 25 in the same genotype, thus giving rise to two independent mRNAs (Altinel et al., 2016).

The 0.7 Kb RNA:

The X mRNA is the smallest HBV RNA with a 0.7 kb length. It encodes the HBx protein (Moolla et al., 2002).

It is important to note that 17 TSS have been recently identified. Among them, 6 are the already well-described major TSS initiating the 6 major HBV transcripts. Eleven weaker TSS have also been identified along HBV genome, notably in the Pre-core/Core promoter and in the X transcript. Alternative TSS in the HBx sequence could give rise to a shorter HBx RNA (Altinel et al., 2016). Noteworthy, technic used by Altinel and colleagues allows the identification of approximately 50 nt in 5' from the cap structure. Therefore, the length of the potential new transcripts remains to be studied. Moreover,.functions of these transcripts have not been elucidated so far and further investigations are required to fully characterize the products of these eleven "weak TSS".

Spliced variants

Besides the abovementioned HBV transcripts, several spliced variants have been identified in vivo, in patient samples (sera and biopsies) and in vitro, in cell culture. More precisely, sixteen spliced variants have been discovered, deriving from the pgRNA and four spliced variants have been identified deriving from the PreS2/S mRNA (Candotti and Allain, 2016a). A seventeenth variant, called SP17 has been recently identified in sera of CHB patients (Chen et al., 2015) (Figure 7). These spliced variants are resulting from the activation of cryptic splicing sites, or from the repression of constitutive splicing sites, by cis-acting cellular and/or viral factors. All these variants share the splicing features generally found in the cellular RNAs, with a donor 5' splicing site (5'ss), an Adenine located within the exon to skip, and an acceptor 3' splicing site (3'ss), upstream controlled by a pyrimidine tract [START_REF] Lee | Mechanisms and Regulation of Alternative Pre-mRNA Splicing[END_REF]. Splicing of HBV (genotype D) pgRNA varies in donor 5'ss but remains similar for all the variants in acceptor 3'ss.

Contrarily, the PreS2/S deriving spliced isoforms share a common donor 5'ss and vary on their acceptor 3'ss. Moreover, spliced isoforms are dependent of HBV genotypes. So far, only single and double spliced isoforms have been identified (Candotti and Allain, 2016a). The most reported pgRNA deriving spliced isoform is the so called Singly spliced Product 1, or SP1, which is 2.2 kb long, and spliced between nucleotides 2447 and 489, according to ayw genome (genotype D) nomenclature (Su et al., 1989). This spliced variant appears to be found in around 30% of pgRNA transcripts in transfected cell culture, and up to 60% in patient samples (Wu, n.d.). pgRNA deriving spliced isoforms can be encapsidated and retro-transcribed onto defective HBV DNA particles. Indeed, such abnormal particles circulate in the sera of infected patients, and are correlated with liver diseases (Soussan et al., 2008a). Moreover, the amount of HBV spliced isorforms is increasing in patient sera prior HCC development (Bayliss et al., 2013a).

SP1, together with two other spliced variants, namely SP7 and SP14, have been demonstrated

to encode spliced proteins, called HBSP, HBDSP and P-S FP respectively (see below "HBSP" and "Discussion") (Figure 7).

d. Viral proteins

Surface proteins: L-, M-, S-HBsAg

The viral RNAs PreS1 (2.4 kb), PreS2 and S (2.1kb) encode the three proteins constituting the HBV envelope. PreS1 mRNA encodes the Large surface protein, or L-HBsAg, from the PreS1 ORF, which is 42 kDa, while PreS2 and S mRNAs encode the Medium and Small surface proteins, respectively M-HBsAg of 31 kDa, and S-HBsAg, of 27 kDa, from the same PreS2/S ORF. Two specific translation start codons are used from the same PreS2/S ORF, however, mechanisms of leaky scanning lead to the differential expression of the M-and S-HBsAg in the ratio 1:4 [START_REF] Sheu | Preferential ribosomal scanning is involved in the differential synthesis of the hepatitis B viral surface antigens from subgenomic transcripts[END_REF]. L-, M-and S-HBsAg share the same carboxyterminal domain (C-Ter), corresponding to the whole S-HBsAg. L-and M-HBsAg share the PreS2 domain, while L-HBsAg is the only envelope protein containing the PreS1 domain (Figure 8).

HBsAg are synthesized through the Rough Endoplasmic Reticulum (RER) and then matured into the Golgi Apparatus. Envelope proteins contain four transmembrane domains. The first transmembrane domain of PreS1 can be either translocated onto the viral membrane (e-preS topology), or can remain cytosolic (i-preS topology) [START_REF] Prange | Host factors involved in hepatitis B virus maturation, assembly, and egress[END_REF]. The common S domain contains the antigenic loop (AGL) region, which is N-glycosylated on its residue 146, in a ratio glycosylated/non-glycosylated 1:1. The non-glycosylated N146 is necessary for HBV infectivity, while the glycosylated form of N146 is essential for virion secretion (Yan et al., 2012a). The AGL also bears the so-called immunodominant a-determinant, the first HBV marker identified and conserved in all HBV strains [START_REF] Julithe | Modification of the Hepatitis B Virus Envelope Protein Glycosylation Pattern Interferes with Secretion of Viral Particles, Infectivity, and Susceptibility to Neutralizing Antibodies[END_REF]. The a-determinant is a conformational epitope that can attach Heparan Sulfate (HS) at the surface of hepatocytes (Le [START_REF] Duff | The Pre-S1 and Antigenic Loop Infectivity Determinants of the Hepatitis B Virus Envelope Proteins Are Functionally Independent[END_REF]. This close contact to the hepatocyte allows the myristoylated PreS1 domain of L-HBsAg, in its e-preS conformation, to interact with the sodium taurocholate cotransporting polypeptide (NTCP) receptor (Yan et al., 2012a). Moreover, the PreS1 domain, in its i-preS topology, interacts with the preformed cytosolic nucleocapsid. This interaction is mostly due to 17 C-ter residues stretch in PreS1. Another region was predicted to interact with the nucleocapsid: the first cytosolic loop of the S domain, but this hypothesis is not confirmed so far [START_REF] Prange | Host factors involved in hepatitis B virus maturation, assembly, and egress[END_REF]. L-HBsAg and S-HBsAg can also be non-or mono-glycosylated in the viral envelope, while M-HBsAg can be mono-or di-glycosylated. In certain HBV strains, M-HBsAg can also be O-glycosylated [START_REF] Julithe | Modification of the Hepatitis B Virus Envelope Protein Glycosylation Pattern Interferes with Secretion of Viral Particles, Infectivity, and Susceptibility to Neutralizing Antibodies[END_REF]. It is important to note that M-HBsAg is not essential for HBV assembly and infectivity, but necessary for HBV virion secretion [START_REF] Bruss | The role of envelope proteins in hepatitis B virus assembly[END_REF][START_REF] Prange | Host factors involved in hepatitis B virus maturation, assembly, and egress[END_REF].

Mutated or truncated HBV surface proteins can also be synthesized from integrated HBV genome. These mutant forms are associated to ER stress response that may increase the risk of HCC. Furthermore, mutated S proteins could confer proliferative advantages to hepatocytes, for example by stimulating their expansion. Finally, in HCC animal models, overexpression of HBs mutants drives precancerous liver damages [START_REF] Tu | HBV DNA Integration: Molecular Mechanisms and Clinical Implications[END_REF]. A. Large-, Medium-and Small-S proteins constitute the viral envelope. These 3 proteins share the "S" domain, M-and L-also share the "Pre-S2" domain. Only L-contains the "Pre-S1" domain. B. Envelope proteins contain 4 transmembrane domains, anchored in the host cell lipid bilayer. The "S" domain bears the so-called antigen-loop (AGL), which contains the "a-determinant". C. HBcAg, Pre-core and HBeAg share the "core" domain, while only HBcAg and Pre-core proteins contain the NLS sequence. Pre-core is maturated through "Pre-core" and NLS domain cleavage to form the secreted HBeAg. D. The viral polymerase is composed of a "TP" domain that mediates the covalent interaction with rcDNA, a "Spacer" domain, a "Pol/RT" domain in charge of the (-)-and the (+)-DNA synthesis during pgRNA retro-transcription, and a "RNaseH" domain that degrades pgRNA during the (-)-DNA strand synthesis. E. HBx is a non-structural viral transactivator. HBx is mandatory for the viral transcription and is implicated in HCC development.

transporters such as the family of importin-β, in concert with the nucleporin 153 [START_REF] Schmitz | Nucleoporin 153 Arrests the Nuclear Import of Hepatitis B Virus Capsids in the Nuclear Basket[END_REF]. Moreover, the CTD can be phosphorylated in three major serine residues (S157, S164 and S172) by different cellular kinases, thereby inducing conformational changes by neutralizing the positive charges of the CTD and thus loosening the contact with nucleic acids.

These phosphorylations correlate with pgRNA packaging and (+)-ssDNA synthesis. Contrarily, the dephosphorylation is associated with capsid maturation, DNA replication and subsequent nucleocapsid envelopment and virion release [START_REF] Lan | Roles of the Three Major Phosphorylation Sites of Hepatitis B Virus Core Protein in Viral Replication[END_REF].

Pre-core Protein: HBeAg

HBeAg is a soluble and non-particulate HBV antigen circulating in the serum of infected patients [START_REF] Nassal | Topological analysis of the hepatitis B virus core particle by cysteine-cysteine cross-linking[END_REF]. HBeAg share sequence with HBc, but is encoded by the Pre-Core mRNA (Figure 8). With the exception of a 29 residues extension in its N-ter, HBeAg is similar to HBc and contains the same domains. Its higher length is due to the location of its start codon, 87 nucleotides upstream of HBc start codon. Its N-ter hydrophobic sequence of 19 residues directs the 25 kDa HBeAg precursor to the RER where it undergoes two successive cleavages to be fully mature. The first cleavage leads to a 22 kDa protein, which can either be cleaved a second time in the Golgi network in its C-ter to form the secreted form of HBe of 17 kDa [START_REF] Messageot | Proteolytic Processing of the Hepatitis B Virus e Antigen Precursor: CLEAVAGE AT TWO FURIN CONSENSUS SEQUENCES[END_REF], or that can traffic to the cytosol, forming the p22 viral protein [START_REF] Dandri | New insight in the pathobiology of hepatitis B virus infection[END_REF].

The secreted HBeAg is not required for the viral replication but exhibits immune-modulating roles that contribute to the viral persistence [START_REF] Dandri | New insight in the pathobiology of hepatitis B virus infection[END_REF]. The presence of circulating HBeAg may be one of the determinants involved in thenimmune tolerance state in infected patients. Indeed, HBeAg-negative mutants have been associated to fulminant hepatitis B and more severe chronic hepatitis B. By mimicking HBc antigen, that can be recognized by the immune system at the surface of hepatocytes and induce a T-cell mediated immune response, HBeAg saturates the immune receptors and allows the virus to escape the immune response [START_REF] Lee | Hepatitis B Virus Infection[END_REF].

Polymerase

The viral polymerase, designated as Pol, is 845 aa long and is the only enzymatic viral protein encoded by HBV genome. This multifunctional 90 kDa protein is translated from the pregenomic RNA and contains four different domains; from the N-terminal : i) the terminal protein (TP) domain; ii) the spacer domain; iii) the reverse-transcriptase (RT) domain; and iv) the RNase H domain (Figure 8).

The TP domain, from aa 1 to aa 180, connects the viral polymerase to the 5' end of the DNA minus-strand through its residue Y63, thus leading to a primase activity that allows the initiation of pgRNA reverse transcription by synthesizing a 3 or 4 nucleotide primer [START_REF] Lanford | Transcomplementation of Nucleotide Priming and Reverse Transcription between Independently Expressed TP and RT Domains of the Hepatitis B Virus Reverse Transcriptase[END_REF][START_REF] Zoulim | Reverse Transcription in Hepatitis B Viruses Is Primed by a Tyrosine Residue of the[END_REF]. Moreover, the TP domain is also required for the pgRNA packaging by interacting with the pgRNA 5' "epsilon" -loop.

The spacer domain, from aa 181 to aa 359, tethers TP and RT domains and can tolerate amino acid insertion or deletion. The role of this genetically variable region is still unclear and appears to overlap with the PreS domain of the S protein, thus suggesting a role in environmental adaptation and providing flexibility in conformational changes [START_REF] Chen | Computational Evolutionary Analysis of the Overlapped Surface (S) and Polymerase (P) Region in Hepatitis B Virus Indicates the Spacer Domain in P Is Crucial for Survival[END_REF].

The RT domain, from aa 360 to aa 693, harbors a polymerase/retro-transcriptase activity, responsible for pgRNA retro-transcription into negative strand DNA with subsequent DNA positive strand synthesis.

The C-terminal domain, from aa 694 to aa 845, carries a RNase H activity driving the pgRNA degradation after retro-transcription of the DNA minus strand, and is also important for generating the short RNA primer, required for the DNA plus strand synthesis (Wei and Peterson, 1996). Blocking the RNase H activity leads to an accumulation of RNA:DNA hybrids, and inhibits the plus strand DNA synthesis, making the RNase H domain of HBV polymerase a potential therapeutic target [START_REF] Tavis | The hepatitis B virus ribonuclease H as a drug target[END_REF].

X Protein: HBx

HBx is a 154 aa-long protein (17 kDa) encoded by the smallest ORF of HBV genome, and designated as X as it does not share any homology with any other known cellular or viral protein. HBx ORF is present in mammalian hepadnaviruses, but absent in avian viruses. This non-structural protein has been studied for long time, and the different roles described for HBx vary according to the model studied, and some demonstrations remain controversial [START_REF] Benhenda | Chapter 4 Hepatitis B Virus X Protein[END_REF]. However, despite still unclear functions, two main roles have been proposed for HBx protein: i) a role in viral replication, ii) a role in hepatocellular carcinogenesis. First, in 1994, Zoulim et al. demonstrated for the first time that X protein plays a critical role in Woochuck Hepatitis Virus (WHV) life cycle. Indeed, in mutants expressing truncated C-ter of X protein or in mutants preventing the expression of X protein, by X-AUG mutation, amount of virion DNA was decreased by 60% compared to wild-type HBV genome transfection and the establishment of viral infection failed in vivo [START_REF] Zoulim | Reverse Transcription in Hepatitis B Viruses Is Primed by a Tyrosine Residue of the[END_REF]. The essential role for maintaining the viral infection was further demonstrated for HBV infection, where the transcomplementation with WT HBx protein restored HBV replication levels [START_REF] Keasler | Enhancement of Hepatitis B Virus Replication by the Regulatory X Protein In Vitro and In Vivo[END_REF]. HBx ability of modulating HBV transcription and replication is dependent on its Cterminal domain, from aa 51 to aa 148, designated as "transactivation domain" [START_REF] Tang | The Transcriptional Transactivation Function of HBx Protein Is Important for Its Augmentation Role in Hepatitis B Virus Replication[END_REF] (Figure 8). Later, it was determined that HBx-negative HBV impaired the transcriptional level of cccDNA (Lucifora et al., 2011a). WT and HBx mutant viruses were both able to form the same levels of cccDNA, while HBx mutant virus showed no viral RNA transcription in an infectious model. These observations highlighted the importance of HBx for cccDNA transcriptional activity, but not for the establishment of the infection (Lucifora et al., 2011a).

Another highlighted role of HBx is its potential implication in carcinogenesis. Moreover, albeit HBV DNA integration occurs with a terminal deletion of around 200 bp into the host genome, enhancer-1 sequence activating HBx transcription remains intact. In the context of integration, HBx RNA can be translated onto a 3-aa truncated protein, which is still functional.

The expression of this C-ter truncated HBx has been associated with stem-like properties, cell transformation and apoptosis inhibition, and appears to be important in HCC tumorigenesis [START_REF] Tu | HBV DNA Integration: Molecular Mechanisms and Clinical Implications[END_REF].

Several studies uncovered the role of HBx as transcriptional activator through a direct role on HBV cccDNA. Indeed, HBx was demonstrated to bind cccDNA and to regulate its epigenetic state. HBx mutant virus harbored a decreased cccDNA association of transcriptional activators, such as the acetyltransferase p300, and contrarily, an increased binding of repressing factors, such as histone deacetylases HDAC1 and Sirt1. These differential interactions were associated to a reduction of pgRNA transcription and viral replication (Laura Belloni et al., 2009). HBx protein was also shown to interact with many different cellular pathways, such as cell cycle, apoptosis, or DNA repair and with several cellular partners as members of the proteasome, p53 and the DNA damage-binding protein DDB1. In particular, the direct binding of HBx to DDB1 is important to redirect the ubiquitin ligase activity of the CUL4-DDB1 E3 ligase (Li et al., 2010, p. 1). HBx hijacking of CUL4-DDB1 E3 ligase was shown, more recently, to drive Smc5/6 complex degradation, implicated in HBV replication restriction by blocking cccDNA transcriptional activity (Decorsière et al., 2016). Important finding from this study highlighted for the first time a mechanism by which HBx confers active transcription of cccDNA.

The role of HBx as a transcriptional modulator of cellular genes was also assessed by recent studies. HBx ChIP-seq analyses revealed a repertoire of new genes and ncRNAs, targeted by HBx, and involved in the positive regulation of cccDNA transcriptional activity and viral replication. Indeed, HBx activates genes and miRNA involved in endocytosis and autophagy, and thus favoring HBV replication. Contrariwise, HBx can also repress certain miRNA, such as miR-224 and miR-138, implicated in HBV replication inhibition and pgRNA targeting [START_REF] Guerrieri | Genome-wide identification of direct HBx genomic targets[END_REF].

By interacting with several cellular proteins, HBx can overcome senescence by inhibiting p53 nucleotide excision repair, through its p53 binding region, from aa 101 to aa 154 (Elmore et al., 1997), or by down-regulating the expression of p53 activators ASPP1 and ASPP2 [START_REF] Levrero | Mechanisms of HBV-induced hepatocellular carcinoma[END_REF]. HBx also influences epigenetic modification levels of target genes that could be implicated in HCC development. For example, HBx induces DNA hypermethylation by upregulating DNA methyltransferases (DNMT), thus leading to hypermethylated genes implicated in cell cycle regulation, cell growth, dedifferentiation, invasiveness and other pro-oncogenic processes. Inversely, HBx can promote gene-specific DNA hypomethylation through different cellular partners. HBx can also induce aberrant histone post-transcriptional modifications or alterations in miRNA [START_REF] Tian | Hepatitis B Virus X Protein-Induced Aberrant Epigenetic Modifications Contributing to Human Hepatocellular Carcinoma Pathogenesis[END_REF].

Hepatitis B Splice-generated Protein: HBSP

All HBV proteins described above are encoded by unspliced HBV RNAs. However, spliced variants were identified in patients' samples (Candotti and Allain, 2016a) and a novel HBV protein, encoded by the singly spliced variant SP1 of 2.2 kb, was detected in vivo (Soussan et al., 2000). Hepatitis B splice-generated Protein, or HBSP, is a 12 kDa protein that has been found in HBV-infected livers. This protein corresponds to the fusion of 47 amino acids of the HBV polymerase N-terminal domain to a 64 amino-acid polypeptide synthesized from a new ORF generated after the splicing event (Figure 8). Moreover, circulating anti-HBSP antibodies have been found in the serum of patients with detectable viremia. However, no correlation was established between anti-HBSP antibodies and HBV viral load in chronic carriers. In vitro, the overexpression of HBSP did not show any effect on HBV DNA replication and transcription (Soussan et al., 2000). HBSP expression was first associated to severe liver fibrosis score, with no association with liver necroinflammation or other histological activities. Furthermore, an increased serum level of TNF-α was observed in anti-HBSP positive patients (Soussan et al., 2003a). Further studies investigated the correlation between HBSP expression and TNF-α signaling pathway, and demonstrated that HBSP reduced hepatic immune infiltration in HBSP transgenic mice injured liver with successive LPS injections. This mechanism was related to a down-regulation of immune response, notably through NF-κB activity weakening when HBSPexpressing cells were stimulated with TNF-α [START_REF] Pol | Alternative splicing-regulated protein of hepatitis B virus hacks the TNF-α -stimulated signaling pathways and limits the extent of liver inflammation[END_REF]. Finally, the immune-modulatory role of HBSP has been evidenced through the down-regulation of C-C motif chemokine ligand 2, CCL2. Duriez and colleagues demonstrated that spliced variants were upregulated upon liver injury, leading to an increased HBSP synthesis. HBSP expression impairs NF-κB expression by changing the phosphorylation status of its inhibitor IκB, resulting in the down-regulation of the NF-κB-induced CCL2 transcription and in the subsequent reduction of CCL2 secretion.

Consequently, inflammatory monocytes/macrophages recruitment during liver injury declines, leading to a protective effect against liver damage, then supporting the hypothesis of a HBV-driven feedback loop (Duriez et al., 2017). However, these studies were conducted in HBSP transgenic mice upon artificial TNF-α stimulation. More physiological studies remain necessary to fully elucidate the role of HBSP in HBV associated pathologies.

Viral life cycle

A. Viral Entry

L-, and S-HBsAg, but not M-HBsAg, constituting HBV envelope, are crucial for viral entry into hepatocytes. The preS1 domain, forming the N-ter domain specific to L-HBsAg, harbors 3 specific domains, between aa 2 and 75, that are required for HBV infectivity : i) the myristoyl anchor, ii) a putative receptor binding site (aa 2-48) and iii) a still unknown function domain between aa 49 and 75. Moreover, the a-determinant, shared by the 3 envelope proteins, is a conformational epitope that can attach Heparan Sulfate Proteoglycans (HSPG) at the surface of hepatocytes [START_REF] Duff | The Pre-S1 and Antigenic Loop Infectivity Determinants of the Hepatitis B Virus Envelope Proteins Are Functionally Independent[END_REF][START_REF] Leistner | Role of glycosaminoglycans for binding and infection of hepatitis B virus[END_REF]. HSPG is a low affinity HBV receptor and is abundantly expressed in the extracellular matrix of various cell types, including hepatocytes. Among HSPG family, Glypican 5 was demonstrated to specifically mediate HBV entry into hepatocytes (E. R. Verrier et al., 2016).

Until 2012, the exact process of viral entry was not completely elucidated, as attachment of the viral envelope proteins was demonstrated to be necessary but not sufficient for achieving complete viral infection. Through protein affinity purification and Mass Spectrometry analysis, the Sodium Taurocholate Cotransporting Polypeptide (NTCP) was identified as HBV receptor (Yan et al., 2012a). NTCP expression in non-permissive cells is sufficient to make cells permissive to HBV entry, and the stable expression of NTCP in a hepatoma cell line (HepG2 cells) allows an infection reaching the levels obtained in Primary Human Hepatocytes (PHH), the natural host of the virus (Yan et al., 2012a). Besides, myristoylation of PreS1 domain of L-HBsAg was shown to be crucial for NTCP interaction, and thus for HBV infection [START_REF] Gripon | Myristylation of the Hepatitis B Virus Large Surface Protein Is Essential for Viral Infectivity[END_REF][START_REF] Liu | Elucidation of the early infection machinery of hepatitis B virus by using bio-nanocapsule[END_REF].

HBV internalization after NTCP binding are still poorly understood processes. Majority of enveloped viruses enter cells through the endocytic pathway. It was hypothesized that HBV also escapes from endosomes through low pH-dependent membrane disruption sustained by preS1 (9)(10)(11)(12)(13)(14)(15)(16)(17)(18)(19)(20)(21)(22)(23)(24) hydrophobic peptide [START_REF] Liu | Elucidation of the early infection machinery of hepatitis B virus by using bio-nanocapsule[END_REF]. Evidences for endosomal trafficking were also highlighted, notably via Rab5/Rab7, two proteins regulating newly endocytosed vesicles transport to early endosomes, that were demonstrated to be required for HBV internalization [START_REF] Macovei | Regulation of Hepatitis B Virus Infection by Rab5, Rab7, and the Endolysosomal Compartment[END_REF]. However, it remains controversial whether HBV particles are internalized through clathrin- [START_REF] Huang | Entry of Hepatitis B Virus into Immortalized Human Primary Hepatocytes by Clathrin-Dependent Endocytosis[END_REF] or caveolin- [START_REF] Macovei | Hepatitis B Virus Requires Intact Caveolin-1 Function for Productive Infection in HepaRG Cells[END_REF] dependent mechanisms. F Figure 9 : HBV viral life cycle HBV enters differentiated hepatocytes via its receptor NTCP (step1). At the nuclear pore, the capsid dissociates and rcDNA is released (step2), rcDNA is subsequently converted into cccDNA (step3), which is the unique template for the viral transcription (step 4). The viral transcription generates an RNA intermediate called pregenomic RNA, which is encapsidated (step5) while retro-transcribed in a (-)-DNA strand (step6). The (+)-DNA strand is further synthesized (step 6) to form the rcDNA. In 10% of cases, in-situ priming of (+)-DNA strand synthesis occurs and leads to the synthesis of a dsL-DNA (step 6'), that can go to the nucleus to form a defective cccDNA or to be integrated in the host genome. rcDNAcontaining nucleocapsids can be enveloped (step 7) and secreted (step 8) to form new infectious particles, or recycled to the nucleus to replenish the cccDNA pool (step 7'). 

B. Nuclear import

HBV rcDNA is a Pathogen Associated Molecular Pattern (PAMP) that can be sensed by Pattern Recognition Receptors (PRRs) while located into the cytoplasm of infected hepatocytes [START_REF] Mogensen | Pathogen Recognition and Inflammatory Signaling in Innate Immune Defenses[END_REF]. To lower the risk of recognition and remain protected against the intrinsic cellular immune system, the nucleocapsid is assumed to stay intact until genome release into the nucleus. During retrograde transport toward the nucleus, nucleocapsids interact with the microtubular system, helped by the functional binding partner DynLL1, with empty and mature capsid affinity for microtubules being stronger than RNA containing capsids [START_REF] Osseman | The chaperone dynein LL1 mediates cytoplasmic transport of empty and mature hepatitis B virus capsids[END_REF].

Once located at the Nuclear Pore Complex (NPC), HBV nucleocapsid can directly interact with nuclear import receptors, the so-called karyopherines (importin α and β). Indeed, HBc C-ter domain bears an importin-β binding domain (IBB) that allows direct interactions with importin-β and a NLS that can bind importin-β via an importin-α intermediate [START_REF] Gallucci | Nuclear Import of Hepatitis B Virus Capsids and Genome[END_REF]. However, only non-assembled core proteins can exhibit IBB in their CTD, meaning that assembled capsids only interact with NPC through exposed NLS in order to translocate nucleocapsids into the nucleus. Interaction between HBc CTD and importins depends on CTD exposure and capsid status. Indeed, genome maturation into nucleocapsids is linked to increased CTD exposure as the synthesis of the negative DNA strand by reverse-transcription leads to the release of the C-ter domain of HBc. Subsequently, exposed CTD becomes phosphorylated by PKC [START_REF] Kann | Effect of core protein phosphorylation by protein kinase C on encapsidation of RNA within core particles of hepatitis B virus[END_REF], resulting in a strong binding capacity of nucleocapsids to the nuclear envelope at the NPC [START_REF] Gallucci | Nuclear Import of Hepatitis B Virus Capsids and Genome[END_REF]. Immature and mature capsids are both able to interact with NPC, notably by strongly binding Nup153, a key component of NPC (Schmitz et al., 2010, p. 153) and to reach the nuclear basket. However, only mature capsids can release their genome into the karyoplasm, meaning that the outcome of HBV genome is regulated into the nuclear basket [START_REF] Rabe | Nuclear import of hepatitis B virus capsids and release of the viral genome[END_REF]. It is important to note that other factors may be involved in capsid import to the nucleus as 20% of capsids are still able to reach the karyoplasm in Nup153 silenced cells [START_REF] Schmitz | Nucleoporin 153 Arrests the Nuclear Import of Hepatitis B Virus Capsids in the Nuclear Basket[END_REF]. Once capsids attain the karyoplasm, HBV rcDNA has to be uncoated and viral polymerase has to be released in order to complete the (+) strand DNA and ligate both extremities to form cccDNA. HBV F Figure 10 : rcDNA conversion to cccDNA A multi-stepped process is required to proper rcDNA to cccDNA conversion. The following steps are required: i) the removal of the covalently bound viral polymerase from the 5'end of the negative strand and the removal of the redundancy terminal region "r"; ii) the degradation of the RNA oligomer (used to prime plus-strand DNA synthesis during pgRNA retro-transcription (see Figure 12)) from the 5'end of the positive strand; iii) the completion of the plus strand; iv) the ligation of both DNA extremities. In red are named the host proteins identified to be involved in the different conversion steps. It remains unknown whether these steps are concomitant or kinetically ordered.
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FEN-1 And other cellular exo-endonucleases ?? nucleocapsid disassembly seems to initiate at specific sites of HBV genome, and partially opened capsid shells have been identified as uncoated intermediates, yet, 40% of rcDNA is found to be capsid-free in the nucleoplasm [START_REF] Köck | Generation of Covalently Closed Circular DNA of Hepatitis B Viruses via Intracellular Recycling Is Regulated in a Virus Specific Manner[END_REF]. Hypothetical models suggest that after capsid disassembly and genome release at the NPC, HBc proteins would dimerize to subsequently re-assemble to empty capsids [START_REF] Gallucci | Nuclear Import of Hepatitis B Virus Capsids and Genome[END_REF] and/or stably associate with cccDNA to insure proper nucleosomal distribution (C. Thomas Bock et al., 2001).

C. cccDNA regulation

a. Formation cccDNA is the persistent form of HBV DNA and is the crucial intermediate of viral replication.

With no Origin of Replication (ORI), cccDNA pool is maintained through de novo infection or rcDNA-containing nucleocapsid recycling to the nucleus. Bromodeoxyuridine incorporation experiments allowed the identification of an asymetric replication of cccDNA, in agreement with reverse-transcription of an RNA intermediate (Pourcel and Summers, 1986).

After releasing into the nucleoplasm, rcDNA conversion into transcriptionally active DNA is a multi-step process that strongly relies on cellular protein activity. rcDNA conversion to cccDNA requires the following steps: i) the removal of the covalently bound viral polymerase from the 5'end of the negative strand and removal of the redundancy terminal region "r"; ii) the degradation of the RNA oligomer (used to prime plus-strand DNA synthesis during pgRNA retro-transcription (see below "pgRNA transcription, retro-transcription and encapsidation") from the 5'end of the positive strand; iii) the completion of the plus strand; iv) the ligation of both DNA extremities (Figure 10).

For some steps required for rcDNA conversion to cccDNA, cellular proteins have been clearly

identified, yet, for other steps, technical limitations impair the uncovering of cellular factors.

In addition, it is important to note that the above-described steps can occur either in a timestructured manner, or concomitantly, and that this question still remains open.

It has been described that removal of the covalently attached viral polymerase from the 5'end of the minus strand was completed by the Tyrosyl phosphodiesterase 2 (TDP2) [START_REF] Königer | Involvement of the host DNA-repair enzyme TDP2 in formation of the covalently closed circular DNA persistence reservoir of hepatitis B viruses[END_REF]. Moreover, being the only viral protein with an enzymatic activity, the viral polymerase was assumed responsible for the plus strand completion during cccDNA formation. However, recent infection experiments demonstrated that inhibition of viral polymerase activity with specific inhibitors did not impair cccDNA formation and brought the hypothesis that cccDNA synthesis mostly depends on cellular factors [START_REF] Qi | DNA Polymerase κ Is a Key Cellular Factor for the Formation of Covalently Closed Circular DNA of Hepatitis B Virus[END_REF]. Qi and colleagues also demonstrated with this recent study that the polymerase κ (Polκ), and to a lesser extent Polη and Polλ, play a crucial role in the plus strand DNA synthesis in de novo infection.

Cleavage and/or degradation of the RNA oligomer at the 5'end of the plus strand and the removal of the redundant terminal region "r" from the 5'end of minus strand (that is remaining after viral polymerase detachment) prior ligation of DNA strands are both decisive events to achieve cccDNA formation. According to the molecular mechanism theoretically required to achieve these processes, cellular exo-and/or endo-nucleases and ligases seem to be fitting candidates. Besides, these enzymes belong to DNA repair pathways, assumed to be involved in rcDNA conversion to cccDNA [START_REF] Gómez-Moreno | Hepatitis B Virus and DNA Damage Response: Interactions and Consequences for the Infection[END_REF]. The "r" region, located in the 5'end of the minus strand, is 10 nucleotides long and is presumed to form a 5'-flap DNA structure. A flap structure is a single-stranded DNA (or RNA) that protrudes from a dsDNA molecule [START_REF] Tsutakawa | Human Flap Endonuclease Structures, DNA Double-Base Flipping, and a Unified Understanding of the FEN1 Superfamily[END_REF]. Through its ability to cleave 5'-flap DNA structures, flap structure-specific endonuclease 1 (FEN1) constitutes a good candidate in cccDNA formation processes by cleaving "r" sequence from rcDNA. Indeed, by specific FEN1 activity inhibitor, and siRNA, shRNA and CRISPR/Cas9 downregulation, Kitamura and colleagues demonstrated that FEN1 is involved in cccDNA formation. Interestingly, by in vitro assay, they also demonstrated that DNA polymerase, ligase and FEN1 activities were sufficient to convert rcDNA to cccDNA, and that DNA polymerase and ligase, alone, were not efficient to achieve cccDNA conversion [START_REF] Kitamura | Flap endonuclease 1 is involved in cccDNA formation in the hepatitis B virus[END_REF]. Noteworthy, DNA Damage Response (DDR) elements are largely regulated by cell cycle. As HBV replicates in quiescent hepatocytes, it would be of high interest to study DNA repair elements that are enzymatically active during G0 phase.

In addition, through its capacity to bind ssDNA and to act as scaffolding protein involved in homologous recombination, the role of SAMHD1 was recently investigated in cccDNA formation. SAMHD1 was demonstrated to be important for cccDNA levels in early infection, where its silencing induced a decrease of cccDNA amount of around 90% [START_REF] Wing | A dual role for SAMHD1 in regulating HBV cccDNA and RT-dependent particle genesis[END_REF]. However, the question of which step(s) is regulated by SAMHD1 has not been addressed.

Finally, an alternative pathway for cccDNA formation has been highlighted for DHBV cccDNA synthesis. Indeed, during pgRNA retro-transcription, priming failure can occur and leads to the formation of a dsL-DNA instead of rcDNA. DsL-DNA synthesis happens in 10% of the cases [START_REF] Staprans | Mutations affecting hepadnavirus plus-strand DNA synthesis dissociate primer cleavage from translocation and reveal the origin of linear viral DNA[END_REF]. By Non-homologous End Joining (NHEJ) mechanism, DHBV dsL-DNA can be converted onto cccDNA, notably with the implication of Ku80, yet leading to defective cccDNA molecules, containing insertions or deletions around the ligated sites [START_REF] Guo | Characterization of the Host Factors Required for Hepadnavirus Covalently Closed Circular (ccc) DNA Formation[END_REF]. Noteworthy, dsL-DNA is the predominant form leading to viral DNA integration into host genome [START_REF] Yang | Integration of Hepadnavirus DNA in Infected Liver: Evidence for a Linear Precursor[END_REF].

b. Chromatin Structure

In 1994, cccDNA was, for the first time, demonstrated to harbor a chromatin-like structure, since electron microscopy characterization of HBV nucleoprotein complexes revealed a "beads-on-a-string" nucleosomal structure. H3, H4, H2A and H2B histones were detected in the sedimented fractions containing HBV DNA, and their presence was further demonstrated by Western-Blot. H1 and H5 histones were also identified to be present with these experiments (Bock et al., 1994). The year after, Newbold and colleagues confirmed the presence of nucleosomes on DHBV cccDNA, in infected ducks, describing a peculiar nucleosomal arrangement. Indeed, in eukaryotic cells, the nucleosome is composed of 146 bp DNA wrapped around (H3, H4, H2A, H2B)2 octamer. Nucleosomes are separated by approximatively 50 bp of linker DNA associated to H1 and H5. For DHBV cccDNA, micrococcal nuclease digestion, cleaving the linker DNA between nucleosomes, revealed smaller DNA fragments, of around 150 bp, compared to the 200 bp DNA fragments expected. This higher compaction of DHBV cccDNA compared to eukaryotic chromatin confers a lower sensitivity of DHBV cccDNA to soft micrococcal nuclease activity. Moreover, with two-dimension electrophoresis of DHBV nucleoproteins, cccDNA was shown to cluster in two major structural subgroups. A first population with 18, 19 or 20 nucleosomes was identified with a 150 bp DNA surrounding nucleosomes and a small amount of linker DNA. A second population was highlighted, with half of nucleosomes, on a single tract or organized in various nucleosome groups [START_REF] Newbold | The Covalently Closed Duplex Form of the Hepadnavirus Genome Exists In Situ as a Heterogeneous Population of Viral Minichromosomes[END_REF]. The decrease in nucleosomal spacing described by Bock et al. (1994), and later confirmed by [START_REF] Newbold | The Covalently Closed Duplex Form of the Hepadnavirus Genome Exists In Situ as a Heterogeneous Population of Viral Minichromosomes[END_REF] can be explained by the presence of non-histone proteins associated to the viral minichromosome. HBV nucleoprotein immunoprecipitation experiments revealed the presence of HBc as part of the complex, suggesting that HBc is bound to HBV DNA (Bock et al., 1994). Later, HBc was confirmed to be present on cccDNA, with a preferential binding affinity for dsDNA compared to partially dsDNA, and to be involved in the reduction of the nucleosomal spacing of around 10% (C.

Thomas Bock et al., 2001).

c. Epigenetic Regulation

Chromatin structures undergo several epigenetic modifications that play key roles in gene expression regulation. The DNA wrapped around nucleosomes can be methylated and the methylation profile influences association strength with nucleosomes. Moreover, histone tails protruding from the core nucleosome can also experience several chemical modifications modulating the compaction state of the chromatin and consequently its transcriptional state.

As for cellular chromatin, HBV minichromosome is subjected to different epigenetic regulation processes.

DNA Methylation

HBV DNA methylation on specific sequences has been identified by bisulfite-specific PCR enabling the identification of methylated cytosines by conversion of these residues to uracil.

Three CpG islands were found on HBV genotype D DNA sequence at the following locations :

CpG#1 , is near the preS2 ATG, CpG#2 (1033-1749) is overlapping X ORF and EnhII and located 1 bp upstream of the basic core promoter, and CpG#3 (2215-2490) is at the polymerase ATG [START_REF] Jain | Comprehensive DNA methylation analysis of hepatitis B virus genome in infected liver tissues[END_REF]. Moreover, it has been demonstrated that HBV infection positively regulates the expression of all the cellular DNA methyltransferases (DNMT1, DNMT2, DNMT3a and DNMT3b), in turn leading to HBV DNA methylation and viral protein downregulation (Figure 11). Among them, DNMT3a was demonstrated to be implicated in HBV DNA methylation and reduced HBe and HBs antigens secretion [START_REF] Vivekanandan | Hepatitis B Virus Replication Induces Methylation of both Host and Viral DNA[END_REF]. The methylation of HBV DNA sequence is also linked to a global decrease of viral mRNA and protein levels. A cccDNA-like molecule artificially methylated and transfected into hepatocytes also demonstrated a decreased secretion of HBsAg [START_REF] Vivekanandan | Methylation Regulates Hepatitis B Viral Protein Expression[END_REF].

Interestingly, methylation of CpG#3 is enriched on HBV genome extracted from tumoral tissue of HCC patients, compared to CHB and HBV-induced cirrhosis patient samples [START_REF] Jain | Comprehensive DNA methylation analysis of hepatitis B virus genome in infected liver tissues[END_REF].

Histone modifications: methylation and acetylation

HBV chromatin has been reported to be associated with histone proteins. All the canonic histones composing the core nucleosome (H3, H4, H2A, H2B) have been described associated to cccDNA (C.Thomas Bock et al., 2001). N-ter histone tails are known to undergo several posttranslational modifications (PTMs): acetylation and methylation are broadly studied, yet, many other have been identified [START_REF] Zhao | Comprehensive Catalog of Currently Documented Histone Modifications[END_REF]. The chromatinized structure of cccDNA suggests a transcriptional regulation mediated by histone PTM (Figure 11). [START_REF] Pollicino | Hepatitis B Virus Replication Is Regulated by the Acetylation Status of Hepatitis B Virus cccDNA-Bound H3 and H4 Histones[END_REF] assessed acetylation status of cccDNA-bound H3 and H4 and correlated hyperacetylation to high viremia in HBV-infected patients. Contrarily, H3/H4 hypo-acetylation was rather correlated to low viral load. Moreover, in vitro experiments confirmed these results by artificially maintaining the acetylation status of cccDNA-bound histones, and an increase in viral transcripts, cytoplasmic viral intermediates and secreted particles was observed [START_REF] Pollicino | Hepatitis B Virus Replication Is Regulated by the Acetylation Status of Hepatitis B Virus cccDNA-Bound H3 and H4 Histones[END_REF]. In vitro specific cccDNA Chromatin immunoprecipiation (cccDNA-ChIP) also revealed the presence of histone acetyltransferases such as CPB, p300 and PCAF/GCN5 on the viral minichromosome. Histone deacetylases (HDAC) also associate to cccDNA, notably HDAC1 and Sirt1 (L. Belloni et al., 2009b;[START_REF] Pollicino | Hepatitis B Virus Replication Is Regulated by the Acetylation Status of Hepatitis B Virus cccDNA-Bound H3 and H4 Histones[END_REF]. HDAC1 recruitment to cccDNA lead to cccDNA transcriptional repression [START_REF] Pollicino | Hepatitis B Virus Replication Is Regulated by the Acetylation Status of Hepatitis B Virus cccDNA-Bound H3 and H4 Histones[END_REF].

Pegylated-IFN treatment inhibits the viral replication through global cccDNA-bound histone hypo-acetylation and the recruitment of transcriptional co-repressors together with a decreased recruitment of the transcription factors STAT1 and STAT2, in cell culture and uPA-SCID mice (Belloni et al., 2012). Recently, ChIP-seq experiments following MNase digestion of cccDNA confirmed the presence of active marks (H3K4me3, H3K27Ac and H3K122Ac) and an underrepresented presence of negative marks (H3K9me3 and K3K27me3) on HBV cccDNA [START_REF] Tropberger | Mapping of histone modifications in episomal HBV cccDNA uncovers an unusual chromatin organization amenable to epigenetic manipulation[END_REF]. The cccDNA transcriptional repression induced by IFN treatment was also confirmed in this study with a reduced level of active histone PTMs. Interestingly, a different pattern of nucleosome distribution was observed in hepatoma cell line (HepG2-NTCP) and primary human hepatocytes. Besides nucleosomal distribution, also histone PTMs seem to vary according to the cell type of tissue samples. Indeed, active marks, such as H3K4me3, H3K27Ac and H3K122Ac are mainly enriched at preC/pgRNA TSS in HepG2-NTCP cells with poor representation at other TSS, while peaks representing association of these PTMs to cccDNA are mostly visible at X and preS1 TSS in PHH and X and preS2 TSS in HBV-F Figure 11 : Epigenetic regulation of cccDNA cccDNA can be methylated by different DNA methyltransferases (DNMTs). cccDNA is chromatinized and harbors nucleosomes. cccDNA-bound histones car undergo PTMs modulated by histone acetyl transferases (HATs), histone deacetylases (HDACs) and histone methyl transferases (HMTs). Viral proteins, HBc and HBx, are also associated to cccDNA and participate to its epigenetic regulation.

-Adapted from [START_REF] Belloni | Nuclear HBx binds the HBV minichromosome and modifies the epigenetic regulation of cccDNA function[END_REF] was however shared for all these three models, reflecting its active state. Overall, distribution of histone PTMs can vary between cell culture models and infected tissues, meaning that the viral chromatin organization probably depends on and adapt to the cell type-specific environment [START_REF] Tropberger | Mapping of histone modifications in episomal HBV cccDNA uncovers an unusual chromatin organization amenable to epigenetic manipulation[END_REF].

Viral proteins associated to cccDNA

Besides being associated to histone proteins, cccDNA was also demonstrated to be associated with non-histone proteins, and particularly with the viral HBx and HBc proteins (C.Thomas Bock et al., 2001;Lucifora et al., 2011). Notably, the viral transactivator HBx is recruited onto cccDNA and is mandatory for full transcriptional activity of cccDNA (Lucifora et al., 2011), notably via influencing the epigenetic state of cccDNA (Figure 12). Indeed, while WT virus harbors active histone marks, HBx negative (HBV-X neg ) mutant displays H3/H4 global hypoacetylation, less H3K4me3 and an increased recruitment of transcriptional repressors.

Moreover, the repressive H3K9me2/3 marks is more associated to cccDNA in HBV-X neg leading to the recruitment of Heterochromatin Protein 1 (HP)1, a reader of H3K9me3. SETDB1, one of the H3K9 methyl-transferases, was demonstrated to repress the transcriptional activity of cccDNA by increasing the deposition of the methyl group on H3K9 [START_REF] Rivière | HBx relieves chromatin-mediated transcriptional repression of References hepatitis B viral cccDNA involving SETDB1 histone methyltransferase[END_REF]. In addition, CREB transcription factor activity on HBV DNA is maintained by proper phosphorylation mediated by cAMP, and can be dephosphorylated and inactivate by the Protein Phosphatase 1 (PP1). Interestingly, HBx inhibits PP1 activity, thus insuring a longlasting CREB phosphorylation and subsequent HBV DNA permissive transcription state [START_REF] Cougot | Inhibition of PP1 Phosphatase Activity by HBx: A Mechanism for the Activation of Hepatitis B Virus Transcription[END_REF]. Recently, HBx was demonstrated to promote the interaction between Structural maintenance of chromosomes protein 5 and 6 (Smc5/6) and a subunit of the ubiquitin proteasome complex (the E3-ubiquitin ligase Cul4). This HBx-mediated interaction induces the degradation of Smc5/6 and allows the maintenance of a transcriptionally active state of cccDNA (Decorsière et al., 2016). Interestingly, cccDNA-encoded HBx can undergo mutations in HCC patients. Most of HBx mutants, yet, are still able to support cccDNA transcriptional activity by degrading Smc5/6 complex. On the contrary, some mutations, principally in HBx C-ter domain and in the region between aa 52 and aa 87, exhibit a loss of ability to promote cccDNA transcriptional activity due to their inability of degrading Smc5/6 [START_REF] Rivière | Hepatitis B virus replicating in hepatocellular carcinoma encodes HBx variants with preserved ability to antagonize restriction by Smc5/6[END_REF]. This study suggests that HBx C-ter and 52-87 aa region is important for Smc5/6 interaction.

However, the precise interaction site needs to be precisely defined.

Moreover, the viral core protein HBc has also been found on the viral minichromosome, and influences the nucleosomal organization on cccDNA (C.Thomas Bock et al., 2001). It has been suggested that HBc preferentially binds the CpG#2 on the viral genome, and HBc binding abundance on CpG#2 positively correlates with the level of serum DNA in patients. Moreover, HBc binding to CpG#2 was correlated to CREB-binding protein (CBP) binding at that same location and DNA hypo-methylation (Guo et al., 2011). These observations were obtained after MNase digested and sonication treated extracts followed by cccDNA-ChIP. Nonetheless, no proof of an effective digestion of the viral minichromosome allows the confirmation of such a preferential recruitment site, and methods to efficiently digest cccDNA still need to be improved.

Host proteins associated to cccDNA

Hepatotropism of HBV suggests a key role of hepatocyte-specific factors in HBV life cycle. Indeed, host factors regulating cccDNA transcriptional activity are mostly enriched in hepatocytes compared to other cell types. Liver-enriched factors are called hepatocyte nuclear factors (HNF). Among them, HNF4α is a key regulator of approximately 40% of hepatocyte genes and its inhibition by shRNA also leads to strong decrease in HBV RNA transcripts and DNA replication in hepatoma cell line and mice [START_REF] Yan | Sodium taurocholate cotransporting polypeptide is a functional receptor for human hepatitis B and D virus[END_REF]. Moreover, other HNF have been identified to regulate HBV RNA transcription. Notably, HNF1α and C/EBPα, another liver-specific transcription factor, seem to control cccDNA regulatory elements, such as preS1 promoter and Enhancer II to favor transcriptional activation (Kim et al., 2016). Contrarily, some HNF have been reported to be transcriptional inhibitors. That is the case for HNF3β and HNF6 that both inhibit HBV gene expression in hepatocytes (Kim et al., 2016).

On another hand, other factors which are not liver-enriched nuclear factors have also been described to regulate HBV transcription, positively or negatively. First, TARDBP depletion impairs the levels of HBV replicative intermediates, HBV RNA and proteins. The two RNA recognition motifs of TARDBP have been identified to be essential for TARDBP ability to activate the transcription from the core promoter [START_REF] Makokha | Regulation of the Hepatitis B virus replication and gene expression by the multi-functional protein TARDBP[END_REF]. PUF60 have also been reported to positively regulate HBV core promoter activity as its overexpression increases levels of 3.5 kb RNA [START_REF] Sun | Involvement of PUF60 in Transcriptional and Post-transcriptional Regulation of Hepatitis B Virus Pregenomic RNA Expression[END_REF]. Oppositely, TIP60 complex has been described to negatively regulate HBV transcription. The level of HBV RNA, HBe-and HBs-antigens strongly increase in TIP60 depleted cells, without any significant impact on cccDNA level nor 3.5 kb RNA stability. The acetyltransferase TIP60 seems to inhibit viral transcription through the recruitment of the bromodomain-containing cellular repressor (Brd4) on TIP60-acetylated H4 (Nishitsuji et al., 2018). Furthermore, Sirtuin 3 (SIRT3), a cellular deacetylase, is also involved in HBV replication restriction. Notably, SIRT3 ectopic expression in HBV-infected cells decreases HBV RNA transcription and HBV DNA replicative intermediate. SIRT3 associates to cccDNA and modulates its epigenetic state by recruiting onto cccDNA the histone methyltransferase suppressor SUV39H1 that catalyzes H3K9me3 deposition, and contrarily leads to a decreased recruitment of the histone methyltransferase SET1A catalyzing H3K4me3 active mark deposition. Importantly, SIRT3 ectopic expression also decreases RNA Pol II recruitment onto cccDNA, leading to a global repressive state of cccDNA and further transcription inhibition [START_REF] Ren | SIRT3 restricts hepatitis B virus transcription and replication through epigenetic regulation of covalently closed circular DNA involving suppressor of variegation 3-9 homolog 1 and SET domain containing 1A histone methyltransferases[END_REF].

D. pgRNA transcription, encapsidation and retrotranscription

Pregenomic RNA is a key molecule in HBV life cycle as it is the RNA intermediate for the viral replication. It is the template for retro-transcription into a new rcDNA and subsequent formation of new infectious particles. Indeed, being longer-than-genome and measuring 3.5 kb long, pgRNA bears the whole genome sequence. Its transcription encompasses the genome length by 120 redundant nucleotides. pgRNA is capped in its 5'end and polyadenylated in 3'end. pgRNA is a bicistronic mRNA encoding both HBc and Pol. This latter ORF partially overlaps HBc ORF and is less translated than HBc, in a ratio 1:240, resulting from a ribosomal shunting [START_REF] Sen | Translation of Duck Hepatitis B Virus Reverse Transcriptase by Ribosomal Shunting[END_REF]. Moreover, pgRNA contains specific features that are necessary for its retro-transcription and encapsidation in progeny capsids that can be either enveloped and secreted to form new infectious particles or recycled to the nucleus to maintain the cccDNA pool.

Despite a still poorly identified tertiary structure, the secondary structure of pgRNA is well known (Figure 13). First, pgRNA harbors 5' and a 3' ε loops. ε is a stem-loop highly conserved in hepadnaviruses, harboring a bulge region and an apical loop. Only 5' ε loop serves as encapsidation signal. Noteworthy, the 3' ε loop is shared by all the viral transcripts and is not sufficient to mediate encapsidation [START_REF] Rieger | Specific Hepatitis B Virus Minus-Strand DNA Synthesis Requires Only the 5Ј Encapsidation Signal and the 3Ј-Proximal Direct Repeat DR1[END_REF]. Moreover, pgRNA contains the φ sequence, complementary to the 5' half of ε. Finally, due to the transcript length, pgRNA also contains two copies of the Direct Repeat 1 (DR1) sequence, while only bearing one copy of the DR2 [START_REF] Hu | RNA-protein interactions in hepadnavirus reverse transcription[END_REF].pgRNA retro-transcription and encapsidation is a multi-step process, requiring structural reorganizations and cis and trans-acting factors (Figure 14).

First, the TP domain of the viral polymerase, located in its N-terminal end, interacts with the bulge regions of the 5', but not the 3', ε loop. To interact, Pol has to be in its active conformation, implicating constant ATP supply, exchanged by different Heat Shock Proteins (Hsp), and the associated nucleotide exchange factors [START_REF] Beck | Hepatitis B virus replication[END_REF][START_REF] Hu | Requirement of Heat Shock Protein 90 for Human Hepatitis B Virus Reverse Transcriptase Function[END_REF].

Stable Pol-ε loop association mediates the recruitment of HBc dimers leading to packaging initiation. In the meantime, protein priming to pgRNA 5' ε-loop drives the synthesis of a small (-)-DNA sequence of 4 nt-length, to which Pol will remain covalently bound via Y63 that provides the OH group for covalent bond with the first synthesized nucleotides, until its removal during cccDNA formation.

F Figure 13: pgRNA secondary structures pgRNA harbors a 5' and a 3' ε-loops that are secondary structures forming a bulge, to which the viral Pol-TP is recruited, and an apical loop. Direct repeat (DR1) is present twice on pgRNA sequence, while DR2 is only present once. pgRNA is 5'capped and polyadenylated.

-Adapted from Beck and Nassal, 20017 At this step, the first template switch occurs with the translocation of the neosynthesized 4nt DNA primer (3'-AAGT-5') to the 3' DR1 sequence (5'-UUCA-3'), by sequence complementarity, together with the covalently attached viral polymerase. At that step, DNA primer hybridization to 3' DR1 is not the only factor involved in the translocation. Indeed, it has been proposed that pgRNA folding may be facilitated by i) the sequence complementarity of φ to the 5' half of ε; ii) yet-not-defined host factors, such as elongation initiation factor 4G

(eIF-4G) that can bind both 5' cap and polyA tail. Interestingly, pgRNA 5' capping has been demonstrated to be essential for reverse-transcription but not the polyA tail (Jeong et al., 2000). (-)-DNA completion subsequently occurs through the 3' DR1 to the 5'end of the pgRNA, and pgRNA is concomitantly digested by the RNase H domain of the viral polymerase. The fate of the non-retro-transcribed 3' end of pgRNA, from downstream 3' DR1 sequence to the polyA tail, is still unknown.

RNase H-mediated pgRNA degradation is not complete, leaving about 15-18 nt in pgRNA 5'end, including 5' DR1 sequence, spared from digestion, probably protected by RT/RNase H domains steric encumbrance. This 5' capped RNA oligo is essential for (+)-DNA synthesis priming. It can be either extended from its initial location, in 10% of cases, leading to the socalled "in-situ priming", and initiating the synthesis of a dsL-DNA; or can be translocated to the DR2 sequence. This second template switch, essential for complete rcDNA synthesis, is mediated by complementarity to the 5' DR1 sequence, remaining in the RNA primer. From its new location, RNA primer is extended toward the viral Polymerase bound in 5' end of the (-)-DNA, including the 4-nt linker to Pol [START_REF] Beck | Hepatitis B virus replication[END_REF].

A third template switch is finally required to fully synthesize rcDNA: circularization. Indeed, after having synthesized the (+)-DNA strand until the 5' end of the (-)-DNA strand, (i.e. where the Pol is still attached), the growing (+)-DNA is transferred from the 5' end to the 3' redundant ("r") sequence of the (-)-DNA from where it can be fully synthesized in mature rcDNA [START_REF] Beck | Hepatitis B virus replication[END_REF]. Although identity between 5' and 3' redundant sequences is important to fully achieve circularization, it is assumed that supplemental cis-acting elements are required to insure proper RNA primer translocation and circularization. Such elements have been identified for DHBV, and sequence similarity with HBV gives evidences on analogous events. Noteworthy, the synthesis of (+)-DNA strand is partially achieved and is F Figure 14 : pgRNA retro-transcription

The first step of pgRNA retro-transcription is the protein priming leading to the synthesis initiation of the (-)-DNA strand (A), followed by the negative strand elongation (B). After pgRNA partial degradation by the RNase H, the RNA primer is translocated to the DR2 sequence (C). The RNA priming leads to the synthesis of the (+)-DNA strand and the circularization (D) allows the proper rcDNA synthesis (E). In-situ priming can occur and lead to the synthesis of a dsL-DNA (E').

-Adapted from Beck and Nassal, 20017 heterogeneous in length, leading to the so-called "gap" that is further completed during cccDNA formation. This phenomenon could be explained by two hypotheses: i) a limited quantity of dNTPs trapped in the capsid shell, resulting in a more or less filled gap; ii) a space restriction constrained by the capsid shell. However, it is important to note that the capsid has a considerable structural plasticity [START_REF] Böttcher | High Plasticity of the Hepatitis B Virus Capsid Revealed by Conformational Stress[END_REF].

Recently, pgRNA ε-loop has been demonstrated to be N6-methyl adenosine (m6A)-modified.

Moreover, m6A modification of 5' ε-loop, but not of 3' ε-loop, has been proposed as regulator for pgRNA retro-transcription [START_REF] Imam | N6 -methyladenosine modification of hepatitis B virus RNA differentially regulates the viral life cycle[END_REF]. However, precise rcDNA synthesis step and involved mechanisms have not been elucidated yet.

Finally, it is important to note that Core proteins undergo multiple phosphorylation/dephosphorylation on their Threonine and Serine residues, enriched in HBc C-terminal domain, during pgRNA retro-transcription and encapsidation. These dynamic (de)phosphorylation processes play an essential role in pgRNA packaging and concomitant DNA synthesis [START_REF] Hu | RNA-protein interactions in hepadnavirus reverse transcription[END_REF]. Besides, the phosphorylation status of the capsid is closely linked to rcDNA maturation [START_REF] Gallucci | Nuclear Import of Hepatitis B Virus Capsids and Genome[END_REF]. Indeed, during packaged (-)-DNA synthesis, HBc C-terminal domain is released outside the capsid shell, and exposed to phosphorylation by PKC [START_REF] Kann | Effect of core protein phosphorylation by protein kinase C on encapsidation of RNA within core particles of hepatitis B virus[END_REF].

E. Assembly and secretion

While HBV secreted virions, or Dane particles, are found in the serum of infected patients at around 10 9 /mL, sub-viral particles (SVP) can be found 10 4 to 10 5 times more frequently.

Among these SVP, the most secreted are spheres and filaments, but genome-free enveloped capsids can also be detected [START_REF] Hu | Complete and Incomplete Hepatitis B Virus Particles: Formation, Function, and Application[END_REF]. More recently, HBV RNA-containing particles have been identified in the serum of infected patients, yet, in 100 to 1000 lesser extent than Dane particles [START_REF] Rokuhara | Hepatitis B virus RNA is measurable in serum and can be a new marker for monitoring lamivudine therapy[END_REF].

rcDNA-containing nucleocapsids are considered as mature nucleocapsids and have to acquire the host-derived lipid bilayer in which envelope proteins are embedded. They subsequently bud into the lumen of intracellular membrane compartments. Multi vesicular bodies (MVBs) are hypothesized to be compartments enclosing these particles [START_REF] Hu | Complete and Incomplete Hepatitis B Virus Particles: Formation, Function, and Application[END_REF].

Interactions between the capsid and L-, and S-, (but not M-) envelope proteins rely on specific peptide domains. Indeed, in a very recent study based on an overexpression of mutated core and envelope proteins, L-HBsAg was demonstrated to directly interact with HBc, through its preS1 domain, in its i-preS1 conformation, exposing a "matrix"-binding domain. L-HBsAg could thereby constitute an intermediate between S-HBsAg and core interaction. Regarding the core protein, residues L60, L95, K96, I126 and Y132 seem to be required for capsid interaction with envelope proteins [START_REF] Pastor | Direct interaction between the hepatitis B virus core and envelope proteins analyzed in a cellular context[END_REF]. However, these interactions have to be confirmed in an infectious model harboring a complete replication cycle.

The phosphorylation state of HBc C-ter domain, demonstrated to be associated with genome maturation and nuclear export, is not associated with envelopment and secretion processes [START_REF] Hu | Complete and Incomplete Hepatitis B Virus Particles: Formation, Function, and Application[END_REF]. Eventually, Rab7 cellular protein was demonstrated to participate to viral secretion regulation. HBV infection leads to an increase of Rab7 activity leading to Rab7dependent tubulation of MVBs and phagosomes. However, Rab7 knockdown induced an increased cytoplasmic viral particle accumulation and a subsequent secretion. By this mechanism, Rab7 probably constricts HBV particle release and contribute to its stealth [START_REF] Inoue | HBV secretion is regulated through the activation of endocytic and autophagic compartments mediated by Rab7 stimulation[END_REF].

SVPs, spheres and filaments, are assumed to be secreted via the host cell constitutive secretory pathway, notably involving the endosomal sorting complex required for transport (ESCRT). L-, M-and S-proteins can efficiently bud from intracellular membrane compartments, between ER and Golgi Apparatus without any capsids. Noteworthy, SVPs can be stored in the ER lumen, and can cause cell toxicity in transgenic mice [START_REF] Bruss | Envelopment of the hepatitis B virus nucleocapsid[END_REF].

Finally, genome-free enveloped capsids can also be secreted. As the envelopment and secretion processes were first demonstrated to be restricted to fully mature nucleocapsids, the hypothesis of a specific signal related to maturation emerged. A speculated "blockingsignal", somehow induced by pgRNA or ssDNA-containing capsids, would block the envelopment process. During (+)-DNA synthesis, the "blocking-signal" transducing a "nosecretion" message would be removed. Thus, genome-free capsids should not possess this pgRNA-or ssDNA-related signal, thus explaining that genome-free capsids could also be enveloped and secreted [START_REF] Hu | Complete and Incomplete Hepatitis B Virus Particles: Formation, Function, and Application[END_REF]. Nevertheless, this hypothesis is not applicable to RNA-containing particle envelopment and secretion.

Models for HBV replication study

HBV completes its life cycle only in fully differentiated hepatocytes of high primates. Due to this restriction in permissive hosts, only few in vitro and in vivo models are available to study complete HBV viral life cycle.

A. In vitro models a. Hepatoma cell lines

Being the easiest cultured model, hepatoma-derived cells lines have been extensively used during the past decades. Most particularly, Huh7 and HepG2 cells lines are two cell lines widely exploited for viral-host interaction studies. However, these cell lines partially reproduce physiological hepatic functions and do not express the HBV receptor, requiring to bypass the entry step by transient or stable transfections, and thus preventing the study of full viral life cycle (E. Verrier et al., 2016). HepAD38 and HepG2.2.15 are two HepG2-derived cell lines stably expressing HBV genome and commonly used for HBV infectious particle production.

Since the identification of NTCP as a HBV receptor (Yan et al., 2012a), most of hepatomaderived cell lines were stably transfected to overexpress human NTCP and became susceptible for HBV infection. These NTCP-overexpressing cell lines, such as Huh7-NTCP and HepG2-NTCP, allow in vitro study of the full HBV life cycle, yet HepG2-NTCP cells seem more susceptible to HBV infection than Huh7-NTCP (Ni et al., 2014).

HepaRG cells are non-transformed hepatic progenitors deriving from an HCV-induced hepatic tumor. In long-term dimethylsulfoxide (DMSO)-complemented culture conditions, HepaRG can differentiate either in cholangiocyte-like and hepatocyte-like cells. Differentiated HepaRG support both HBV entry and cccDNA production and are physiologically closer to primary hepatocytes than the previous-described hepatoma-derived cells lines, being a suitable model for studying HBV life cycle steps. In addition, HepaRG cells possess an efficient intrinsic innate immune response, rending this model suitable for innate immunity studies (Lucifora et al., 2010). Nevertheless, regardless of great advantages provided by HepaRG cell line, HBV infection levels are weak and cells need to be DMSO-differentiated for longtime. To overcome this issue, NTCP-overexpressing HepaRG cells have been developed, thus allowing HBV infection at their undifferentiated stage, yet, with less infection efficiency compared to fully differentiated HepaRG cells [START_REF] Ni | Hepatitis B Virus Infection of HepaRG Cells, HepaRG-hNTCP Cells, and Primary Human Hepatocytes[END_REF].

b. Primary Human Hepatocytes

Being the only natural host for HBV, Primary Human Hepatocytes (PHH) cells are the most physiologically in vitro models for the study of HBV life cycle. However, PHH are isolated from liver resections from human donors, which renders the availability of this model highly limited.

In addition, an important donor-to-donor variability is observed and even HBV infection efficiency depends on the donor genetic background (E. Verrier et al., 2016). Tupaia belangari Primary Hepatocytes (TPH), coming from a tree shrew, are the only non-primate animal cells susceptible to HBV infection. Noteworthy, TPH allowed the identification of NTCP as being the entry receptor for HBV (Yan et al., 2012a).

B. In vivo models a. Models based on natural infection

First insights on HBV biology have been obtained via host-adapted viruses belonging to Hepadnaviridae family.

Among those models, DHBV that infects the Pekin Duck, has been extensively used for HBV cccDNA biology studies, due to its high cccDNA copy number per nucleus. However, DHBV shares only 40% homology with HBV and infected ducks do not develop liver diseases.

Moreover, WHV that infects Woodchuck has a high degree of sequences homology to HBV and drives both acute and chronic infection, leading to HCC development in almost all infected individuals [START_REF] Ortega-Prieto | In Vivo Model Systems for Hepatitis B Virus Research[END_REF]. This model is an interesting model, in particular for HCC development study, however, the lack of specific reagents makes it difficult to use.

Study of HBV biology is possible in chimpanzee and tupaia models, which are the best available models allowing infection by the human virus. Chimpanzees are the only primate model for HBV infection, sharing highly similar characteristics with human that allowed the development of HBV vaccines [START_REF] Mcauliffe | Type B Hepatitis: A Review of Current Prospects for a Safe and Effective Vaccine[END_REF]). However, ethical constraints limit in vivo research on chimpanzees.

Besides, the northern tree shrews, or Tupaia belangeri, are the only non-primate model susceptible to HBV infection. Similarly to humans, tupaias develop chronic infections that can lead to HCC development [START_REF] Ortega-Prieto | In Vivo Model Systems for Hepatitis B Virus Research[END_REF]. Due to the lack of tupaia specific reagents for experimentation, this model is not often used, yet it brought considerable insights in HBV fields, such as NTCP discovery (Yan et al., 2012a).

b. Transgenic Mice

To assess the potential oncogenic and virology roles of the different viral proteins, transgenic mice were initially constructed to express single viral proteins. Besides, transgenic mice expressing complete HBV replicon were generated and are able to produce infectious viral particles. However, being immunologically competent, these mice rapidly clear the infection and do not develop liver diseases. This model has been useful to test antiviral drug efficacy, yet, murine hepatocytes do not express NTCP receptor, thus limiting the complete study of viral infection and cccDNA biology [START_REF] Hwang | Mouse models for hepatitis B virus research[END_REF].

c. Infectable models

In viral infection, immunocompetent animal models are required to fully reproduce a natural infection, and to study novel immunotherapeutic strategies.

To this aim, immunocompetent C57BL6 mice were transduced with an AAV containing HBV genome, and were demonstrated to support cccDNA persistence [START_REF] Lucifora | Detection of the hepatitis B virus (HBV) covalentlyclosed-circular DNA (cccDNA) in mice transduced with a recombinant AAV-HBV vector[END_REF].

Despite the presence of a functional immune system, being infected with an AAV, this model is not relevant to study viral entry and has several limitations also for the study of cccDNA.

Indeed, cccDNA molecules co-exist with parental AAV constructs and it is not clear if they are produced by recombination or intracellular recycling of newly synthesized rcDNA [START_REF] Lucifora | Detection of the hepatitis B virus (HBV) covalentlyclosed-circular DNA (cccDNA) in mice transduced with a recombinant AAV-HBV vector[END_REF].

In order to study the complete HBV viral cycle in vivo, infectable humanized chimeric mice were generated, according to two different strategies. The first one relies on SCID mice expressing urokinase-type plasminogen activator under control of albumin promoter (alb-uPA mice) that undergo liver failures compensated with PHH engraftment. This murine model allows HBV infection, yet, kidney and hematologic disorders constrains their usage to narrow period of time [START_REF] Hu | Cell and Animal Models for Studying Hepatitis B Virus Infection and Drug Development[END_REF]. PHH engraftment is also performed in a second model called HBV-infected and are a relevant model for investigating all stages of HBV infection, notably cccDNA establishment and maintenance, and also for direct antiviral agent studies [START_REF] Hu | Cell and Animal Models for Studying Hepatitis B Virus Infection and Drug Development[END_REF]. To counteract the lack of functional adaptive immune system, as described for alb-uPA and FRG mouse models, double-humanized mouse models have been generated. These models harbor both humanized innate and adaptive immune systems and a humanized liver, and support hepatotropic virus infections (HCV, HBV). For example, the HIS-HUHEP model develops human myeloid and lymphoid cell lineages and human liver tissue after human hematopoietic stem cells and human adult hepatocytes co-engraftement (Kremsdorf and Strick-Marchand, 2017).

In 2013, natural HBV infection was detected in Macaques (Macaca fascicularis) suffering from a chronic HBV infection. Due to its highly similar immune response with humans, M.fascicularis is a promising in vivo model to study HBV infection [START_REF] Dupinay | Discovery of naturally occurring transmissible chronic hepatitis B virus infection among Macaca fascicularis from mauritius island[END_REF].

Recently, in vivo HBV infection was achieved in macaques with viral-mediated expression of human NTCP on hepatocytes [START_REF] Burwitz | Hepatocytic expression of human sodium-taurocholate cotransporting polypeptide enables hepatitis B virus infection of macaques[END_REF]. The first central dogma of molecular biology was assuming that a single gene was transcribed in a single mRNA by RNA polymerase, which in turn was translated into one protein, by ribosomes. 

III. Transcriptional events

Central dogma of molecular biology

The RNA Pol II-dependent transcription controls major cellular functions such as differentiation, identity maintenance and responses to changes in cell environment [START_REF] Sainsbury | Structural basis of transcription initiation by RNA polymerase II[END_REF].

RNA Pol II is composed of 12 subunits, among which RPB1 is bearing the C-terminal domain (CTD). Pol II CTD consists in 52 repeats of the hepta-peptide (Tyr1-Ser2-Pro3-Thr4-Ser5-Pro6-Ser7) that can be phosphorylated at several sites. The most studied are phosphorylation on Ser2 and Ser5. However, Tyr1,Thr4 and Ser7 can be phosphorylated, though, their phosphorylation occurs at a frequency 100-fold lower than Ser2 and Ser5 [START_REF] Suh | Direct Analysis of Phosphorylation Sites on the Rpb1 C-Terminal Domain of RNA Polymerase II[END_REF].

RNA Pol II transcription is regulated by thousands of protein and RNA factors responding to particular physiological, environmental and developmental signals, considered as direct factors or cogs in the transcription machinery. These factors interact to and around the target DNA sequence to determine which region and at what level have to be transcribed [START_REF] Fuda | Defining mechanisms that regulate RNA polymerase II transcription in vivo[END_REF].

The DNA sequence recognized by the transcription machinery is composed of three elements: i) the core promoter, which is the place of preinitiation complex (PIC) assembly, containing the general transcription factors (GTF) and the RNA Pol II; ii) the core promoter proximal region and iii) the distal enhancers [START_REF] Fuda | Defining mechanisms that regulate RNA polymerase II transcription in vivo[END_REF]. The core promoter is composed of different sequence motifs (Figure 17). First, the initiator (Inr), encompasses the TSS, considered as the "+1" position of transcription initiation. Its conserved sequence, YYANWYY, bears the TSS in the "A" position. Then, TATA-box is located 30/31 bp upstream the TSS, and harbors the TATAWAAR consensus sequence. Downstream core promoter element (DPE) and Motif ten element (MTE) are located +28 to +33 bp downstream of the TSS. Spacing between both of these elements and the TSS is mandatory for a correct transcription initiation. The concomitant presence of TATA-box, Inr, MTE and DPE is sufficient to initiate transcription [START_REF] Juven-Gershon | The RNA polymerase II core promoter -the gateway to transcription[END_REF]. Besides, some other motifs can be found in core promoter and differentially associate to participate to promoter specificity. For example, the TATA-box can be immediately surrounded by the TFIIB recognition element (BRE), which can locate upstream (u)BRE or downstream (d)BRE and determines transcription directionality. Finally, downstream core element (DCE) and X core promoter element I (XCPE1) can be present in the core promoter. These motifs, and more generally the core promoter, recruit the general transcription factors (GTF) and the RNA Pol II.

F
The core proximal and the distal enhancer regions are involved in the recruitment of specific transcription factors (TFs), called activators and repressors. Specific TFs interact with multiprotein complexes termed co-regulators and regulate transcription mostly by nucleosome organization and chromatin structure modifications that in turn lead to specific transcription factor association and RNA Pol II CTD phosphorylation status [START_REF] Juven-Gershon | The RNA polymerase II core promoter -the gateway to transcription[END_REF].

The transcription cycle is composed of six major steps: i) RNA Pol II association and PIC assembly to the promoter; ii) DNA unwinding and transcription initiation; iii) early transcription elongation and Pol II pausing by gripping both template DNA and nascent RNA, driving the clearing of PIC from the core promoter; iv) hyperphosphorylation of Pol II complex and escape of the enzyme from the pausing region; v) transcription elongation through the entire gene body; vi) transcription termination; [START_REF] Fuda | Defining mechanisms that regulate RNA polymerase II transcription in vivo[END_REF]) (Figure 18). 

Initiation

Transcription initiation is primed by the recruitment of the preinitiation complex to the promoter. PIC is composed of general transcription factors (GTF) together with the RNA Pol II.

GTF comprise five RNA Pol II specific multi-protein complexes called: TFIIB, TFIID, TDIIE, TFIIF and TFIIH. PIC assembles through a classical pathway, which is detailed below (Figure 19).

TFIID complex is composed of the TATA-box binding protein (TBP) and 13 TBP-associated factors (TAF). While TBP is required for all the promoters, the different TAF insure promoter specificity for the complex recruitment. Altogether, these factors form the first assembled complex of PIC, leading to the bending of DNA promoter sequence of around 90° that will [START_REF] Svejstrup | Transcription: another mark in the tail: Transcription: another mark in the tail[END_REF]. In parallel, TFIIF can initiate initiation by stimulating phosphodiester bond formation and thus RNA synthesis. The fully assembled PIC can now adopt a "close state" where the promoter is still entirely dsDNA, or an "open" state that requires ATP, where 15 bp of the promoter sequence are unwound, forming the so-called transcription bubble. This opening leads to the correct TSS selection and to RNA synthesis with the first phosphodiester bond formation [START_REF] Sainsbury | Structural basis of transcription initiation by RNA polymerase II[END_REF]. At this step, the presence of (u)BRE or (d)BRE element is determinant for directionality of the transcription.

During priming and transcription initiation, PIC undergoes several transformations, until the nascent RNA reaches a length of 25 nt, thereafter a stable elongation complex is formed.

Noteworthy, during transcription initiation step, Pol II CTD is unphosphorylated [START_REF] Nechaev | Pol II waiting in the starting gates: Regulating the transition from transcription initiation into productive elongation[END_REF]. 

Elongation

When the neosynthesized RNA attains around 20-25 nt length, capping machinery insures the 5'end capping to protect the nascent RNA chain (see below "Capping"). At this point, GTF are released from the core-promoter. This early elongation step is a slow and non-productive process. After transcription initiation, RNA Pol II pauses and accumulates within 30-60 nts downstream of TSS and reaches the so-called promoter-proximal pause site. This 5' RNA Pol II pausing is thought to allow Pol II modification before productive elongation, and checkpoint for proper 5'capping [START_REF] Jonkers | Getting up to speed with transcription elongation by RNA polymerase II[END_REF]. Pol II stalling in the core-proximal regions depends on core promoter features, notably specific TF and the negative elongation factor (NELF) in complex with DRB sensitivity inducing factor (DSIF). The protein complex NELF/DSIF stabilizes Pol II. Nucleosomes may also contribute to Pol II pausing by acting as a road block for Pol II progression. Pol II pausing at this step is a key step in transcriptional regulation to insure proper further elongation step. Indeed, Pol II pausing offers a wide time frame window for interaction and coordination of crucial elongation processes [START_REF] Mayer | Pause & go: from the discovery of RNA polymerase pausing to its functional implications[END_REF].

After pausing, RNA Pol II is released from the promoter-proximal pause site by P-TEFb (positive transcription elongation factor b) composed of the cyclin T1 and the cyclin-dependent kinase (CDK) 9. P-TEFb is recruited to the promoter by specific TF and co-factors and phosphorylates both Serine 2 of RNA Pol II-CTD and NEFL/DSIF, leading to their eviction from RNA Pol II [START_REF] Jonkers | Getting up to speed with transcription elongation by RNA polymerase II[END_REF]. This removal initiates the productive elongation step, which occurs all along the gene body, until termination, with different elongation rates modulated (until 3fold) in a gene-dependent manner (Figure 20)

Pol II elongation rate can be regulated by several factors, such as: i) histone marks that loosen or tighten DNA around nucleosome (e.g. H3K56Ac, H3K79me2); ii) elongation factors (e.g. B. The torpedo model implies that, after cleavage of the neosynthesized RNA chain by CPA, RNA pol II continues transcribing a downstream RNA chain. The 5'-3' exonuclease Xrn2 digests the downstream transcript until colliding with RNA pol II, leading to its resolving from DNA template.

(due to their high nucleosomal occupancy slowing down the RNA Pol II crossing); and finally vi) chromatin tridimensional organization, notably involving mediators and cohesion complexes. Interestingly, Pol II elongation rates influences co-transcriptional processes, such as splicing and termination [START_REF] Jonkers | Getting up to speed with transcription elongation by RNA polymerase II[END_REF]. Productive elongation is characterized by the progressive loss of phosphorylation of serine 5 and the phosphorylation of serine 2 on Pol II CTD [START_REF] Svejstrup | Transcription: another mark in the tail: Transcription: another mark in the tail[END_REF], which generates a platform for different factors that will "travel" with the Pol II along the gene and that regulate the different subsequent transcription steps [START_REF] Nechaev | Pol II waiting in the starting gates: Regulating the transition from transcription initiation into productive elongation[END_REF].

Termination

Transcription termination of protein-coding genes is a highly regulated process that can occur at different positions along the gene, leading to different regulatory 3' UTR length, or different encoded proteins. Similarly to the 5' checkpoint involving promoter-proximal RNA Pol II pausing, a 3' checkpoint insures the control of transcription termination, preventing the synthesis of erroneous mRNA. The 3' checkpoint is also regulated by CDK9 activity [START_REF] Proudfoot | Transcriptional termination in mammals: Stopping the RNA polymerase II juggernaut[END_REF]. the template DNA, which is outside of the elongation complex. This DNA is unwound and nucleosome-free. RNA:DNA hybrids, also called R-loops, are thermodynamically more stable than dsDNA. It is important to note that R-loop accumulation results in increased DNA damages due to the mutagenic nature of the ssDNA. In mammals, Senatoxin is a protein that resolves R-loop structures. Senatoxin also directly promotes transcription termination [START_REF] Proudfoot | Transcriptional termination in mammals: Stopping the RNA polymerase II juggernaut[END_REF].

While RNA Pol II slows down, the termination process happens. To do so, the preceding Pol II-CTD-recruited CPA complex assembles on the pre-mRNA PAS that is extruding from the Pol II.

Two different models, yet not mutually exclusive [START_REF] Eaton | A unified allosteric/torpedo mechanism for transcriptional termination on human protein-coding genes[END_REF], are proposed for transcription termination:

The allosteric model: for this model, Pol II senses the PAS, helped by the associated CPA on its CTD. Sensing the PAS is sufficient to induce Pol II pausing and subsequent active site conformational changes triggering Pol II release. Evidences for this model suggest that the RNA Pol II release from the template DNA and the cleavage at the PAS are two independent mechanisms, occurring in subsequent steps. [START_REF] Zhang | Poly(A) Signal-Dependent Transcription Termination Occurs through a Conformational Change Mechanism that Does Not Require Cleavage at the Poly(A) Site[END_REF] (Figure 21-A).

The torpedo model: this model assumes that the transcript is still synthesized even A non-productive transcription termination process can occur upon DNA damages due to UV or chemical exposure, or oxidation. It relies on irreversible RNA Pol II association to DNA template that has to be removed by proteolytic degradation.

Interestingly, most of Pol II-transcribed genes exhibit a distinct 3' terminus pattern that runs across multiple kilobases downstream the PAS site. This 3' readthrough can connect two neighboring genes, or can arise from fusion between two distal genes. ENCODE (The Encyclopedia of DNA Elements) identified 65% of human gene-derived RNA resulting from gene-fusion, called chimeric RNAs [START_REF] He | Transcriptional-Readthrough RNAs Reflect the Phenomenon of "A Gene Contains Gene(s)" or "Gene(s) within a Gene" in the Human Genome, and Thus Are Not Chimeric RNAs[END_REF]. This phenomenon can have consequences.

Indeed, a non-stopped RNA Pol II can reach the promoter of a downstream gene, driving its repression, by a process named transcription interference. Moreover, RNA Pol II complexes transcribing two convergent genes can collide and lead to down-regulation of gene expression. Finally, if a transcribing Pol II attains a DNA replication region, Pol II and DNA polymerase can encounter, disrupting DNA synthesis and leading to genome instability [START_REF] Proudfoot | Transcriptional termination in mammals: Stopping the RNA polymerase II juggernaut[END_REF]. Readthrough is found more abundant in level and length under stress conditions [START_REF] Vilborg | Comparative analysis reveals genomic features of stress-induced transcriptional readthrough[END_REF].

Chromatin topology

In the nucleus, genome is spatially organized, in a non-random manner, at different levels of hierarchy. For a long time, genome structure has been studied separately from gene expression regulation. Nonetheless, many evidences demonstrate inter-connection and interregulation between genome organization and gene expression [START_REF] Cavalli | Functional implications of genome topology[END_REF]. The spatial organization of chromosomes and genes is variable according to cell types, and modulated by physiological processes such as differentiation, development and by pathologies. Noteworthy, the nuclear organization is heterogeneous between cells, along with transcription process that also varies between cells [START_REF] Ren | CTCF-Mediated Enhancer-Promoter Interaction Is a Critical Regulator of Cell-to-Cell Variation of Gene Expression[END_REF]) (Figure 22).

First, the chromatin fiber, composed of DNA wrapped around histones, can fold in higherorder structures called chromatin domains. These domains can be partitioned in "repressive"

and "open" domains, in accordance with their transcriptional state. Only three repressive contacts between different enhancers and promoters to insure proper transcription regulation. Moreover, these contacts also promote transcription activation by negative histone mark removal. On the contrary, gene silencing can be regulated by polycombdependent repression that reaches distal promoter via DNA loops. This kind of loop can also exist for other regulatory proteins. Eventually, insulator-binding proteins can form DNA loops.

For example, CCCTC-Binding Factor (CTCF) and cohesin proteins isolate differentially regulated regions [START_REF] Cavalli | Functional implications of genome topology[END_REF]. 99% of CTCF interacting sites have been demonstrated to be co-occupied by cohesin. Moreover, CTCF foci are spatially associated with the so-called RNA Pol II transcription factories [START_REF] Cavalli | Functional implications of genome topology[END_REF]. These factories consist in nuclear sites enriched for RNA polymerase and transcription factors that are the places where transcription occurs. These observations support the fact that CTCF-mediated loops are associated with transcription regulation [START_REF] Tang | CTCF-Mediated Human 3D Genome Architecture Reveals Chromatin Topology for Transcription[END_REF]. Importantly, many CTCF binding sites are encompassed by enhancers that are still capable to make contact with promoters.

Remarkably, CTCF and cohesin seem not to be the exclusive insulator proteins as their knockdown does not drastically impact gene expression [START_REF] Cavalli | Functional implications of genome topology[END_REF].

Development of new technologies, such as (circular) chromosome conformation capture (4C and 3C) and High chromosome contact mapping (Hi-C), allow the identification of long-range interactions across the genome. Clustering of chromatin domains by looping through distal interactions forms super domains that further assemble into chromosome domains. Interchromosomal contacts are also implicated in gene expression regulation. Notably, long-range contacts between different genes or chromosomes may be mediated by TFs to co-activate contacting genes [START_REF] Cavalli | Functional implications of genome topology[END_REF].

Another layer of organization is represented by the so-called Topologically Associated Domains (TAD) harboring sharp boundaries defined by CTCF binding sites, or delimited by TSS.

Long-range interactions among TAD influence the active or inactive TAD characteristics [START_REF] Cavalli | Functional implications of genome topology[END_REF].

Chromosome territories constitute the last order of chromatin organization, in which chromosomes preferentially occupy defined nuclear regions of around 2-4 μm diameter [START_REF] Cavalli | Functional implications of genome topology[END_REF].

More generally, chromatin topology seems to affect transcription regulation through two divergent effects: the accessible surface area that favors contact between DNA binding sites and proper regulatory factors, and the local density of reaction, depending on the crowded state of the regulated area [START_REF] Almassalha | The Global Relationship between Chromatin Physical Topology, Fractal Structure, and Gene Expression[END_REF].

HBV transcriptional regulation

HBV is the smallest DNA virus described and harbors a highly compact genome. The only viral enzyme of HBV is the DNA polymerase/retro-transcriptase, involved in rcDNA synthesis and effective virion production. However, in order to be efficiently transcribed, HBV hijacks the host cell machinery by harboring similar features to cellular genes, required for an effective transcription. Cell-free experiments demonstrated that α-amanitin treatments inhibited the viral transcription, highlighting that RNA Pol II is the cellular RNA polymerase in charge of the viral transcription [START_REF] Rall | Transcription of hepatitis B virus by RNA polymerase II[END_REF]. Moreover, these experiments revealed for the first time the presence of HBsAg and HBcAg promoters, harboring TATA-like structures. Later, these two promoters and two others were identified more precisely (Moolla et al., 2002).

HBV transcription is regulated by cis-regulatory elements, located in the genome, and embedded within protein coding sequences, and by trans-regulatory elements that are liverspecific and ubiquitous transcription factors (TFs). HBV transcription is under the control of four well-described promoters, whose activity is further regulated by two enhancers. Except for the preS1 promoter, HBV promoters do not contain the classical TATA-box sequence.

Regulatory sequences in HBV genome possess binding sites for different cellular factors that are involved in proper viral transcription activation or repression (Figure 23).

A. The core promoter

PreCore and pgRNA transcription is regulated by the core promoter, which is 232 bp long and divided in two elements. The upper regulatory region (URR) is located from nt 1613 to nt 1742, and the basic core promoter (BCP), located from nt 1742 to nt 1849. Choice in preC or pregenomic TSS is not liver-specific and does not involved URR element. Moreover, core promoter is devoid of TATA-box motif, yet, it harbors A/T-rich regions located 20 to 35 nt upstream of preCore Initiator (Inr) and binds cellular TATA-binding protein (TBP) [START_REF] Kramvis | Modeling hepatitis virus infections and treatment strategies in humanized mice[END_REF]. The BCP is preceded by the core upstream regulatory sequences (CURS) subdivided in CURS-α, CURS-β and CURS-δ. Among these sequences, only CURS-α is required for BCP activity. BCP is also further upstream preceded by the negative regulatory element (NRE), divided in NRE-α; NRE-δ and NRE-γ that have a synergic repressive activity on viral transcription (Moolla et al., 2002). Although BCP is a weak promoter, it is sufficient to activate preC and pgRNA transcription, preferentially in differentiated hepatocytes, shedding light on the involvement of liver-specific factors. Notably, BCP contains two binding sites for the liver transcription factor HNF4. HNF4 has been demonstrated to be important for preC and pgRNA transcription in chronically infected patients [START_REF] Zheng | Regulation of Hepatitis B Virus Core Promoter by Transcription Factors HNF1 and HNF4 and the Viral X Protein[END_REF]. Interestingly, HFN4 binding sites can differentially regulate the versatile transcription of either preC or pgRNA, maybe due to their proximity with both of the TSS. Recently, TARDBP has been demonstrated to associate with the core promoter and to play a role in viral replication [START_REF] Makokha | Regulation of the Hepatitis B virus replication and gene expression by the multi-functional protein TARDBP[END_REF]. Moreover, the histone acetyl transferase NuA4 subunit TIP60 was demonstrated to negatively regulate the core promoter and the consequent 3.5 kb RNA transcription by recruiting BrdD4 to acetylated H4 (Nishitsuji et al., 2018).

B. The surface antigen promoters

The 2.4 kb long RNA, encoding the L-HBsAg, is transcribed in lower abundance than the two 2.1 kb long RNAs encoding M-and S-HBsAg. This ratio is further detected at the protein level, where S-and M-surface proteins are found in higher quantity than the L-surface protein. This differential transcription is explained by the presence of two different promoters. The first one is the preS1 promoter, regulating the 2.4 kb RNA. PreS1 promoter is the only TATA-boxcontaining HBV promoter, and interacts with HNF1 and TBP. Moreover, preS1 promoter also harbors a negative regulatory sequence located downstream of the preS2 promoter. The preS2 promoter contains two different TSS leading to the transcription of the PreS2 and the S RNAs. This promoter contains seven regulatory elements that can be either positive or negative regulators according to their association with liver-specific and ubiquitous TF.

Interestingly, this TATA-less promoter represses preS1 promoter activity and thus 2.4 kb RNA transcription (Moolla et al., 2002).

C. The X promoter

X promoter is located 140 nt upstream of X TSS and contains sites for liver-specific and ubiquitous TFs such as NF1, C/EBP, ATF, AP1/Jun-Fos and p53 (Moolla et al., 2002). Globally, X and Core promoters are more active than preS1 and preS2 promoters. Possibilities of this -Adapted from Moolla et al, 2002 differential activation is their ability to associate with several transcription activators and their location in high proximity, if not overlapping, with enhancer sequences I and II, named EnhI and EnhII.

D. The Enhancer I

EnhI favors transcription under control of core and X promoters to enhance the synthesis of preC, pregenomic and X transcripts. EnhI is 120 nt long and is organized in three domains. The 5'end domain is a modulator element able to interact with ubiquitous and liver-specific TF.

The central domain, or enhancer core domain, displays a strong influence on the different promoters, notably by associating with HNF4. Finally, the 3'end region overlaps with the X promoter [START_REF] Bock | The Enhancer I Core Region Contributes to the Replication Level of Hepatitis B Virus In Vivo and In Vitro[END_REF]. Mutations in EnhI can occur during the natural course of HBV infection and impact negatively the viral transcription [START_REF] Cho | Impact of Nucleotide Mutations at the HNF3-and HNF4-Binding Sites in Enhancer 1 on Viral Replication in Patients with Chronic Hepatitis B Virus Infection[END_REF].

E. The Enhancer II

EnhII is 148 nt long and is located immediately upstream of BCP and controls the two surface antigen promoters, the X promoter and the BCP (Moolla et al., 2002). Moreover, EnhII associates with HNF1 and HNF3 liver-specific transcription factors [START_REF] Kramvis | Modeling hepatitis virus infections and treatment strategies in humanized mice[END_REF].

Recently, a precise mapping of different viral TSS has been obtained in HBV-infected liver and HCC patient samples by a technic of Cap Analysis of Gene Expression (CAGE), based on the fact that HBV transcripts are capped in 5'. This experiment allowed the identification of the six major already well-described TSS, but also the uncovering of 11 supplemental TSS, among which two are in an anti-sense orientation (Altinel et al., 2016).

Proximity between EnhI and X promoter, and EnhII and core promoter easily explains their direct regulatory role in X and preC/pgRNA transcription. However, these two enhancers also regulate the transcriptional activity of the two further preS1 and preS2 promoters, located several hundred bp downstream in HBV genome. As demonstrated for cellular transcription regulation, even though being distally located, enhancers and promoters can physically interact via DNA looping to initiate transcription [START_REF] Cavalli | Functional implications of genome topology[END_REF]. These intrachromosomal interactions could be part of explanation on how HBV regulatory sequences act from distal sites. However, the average length of so far identified DNA loops in human genome is 100 kb, thus raising the question if DNA looping within a highly compacted and short 3.2 kblong genome could happen and could be technically identified. Indeed, chromosome contact technics, such as Hi-C, 3C and 4C, which could help answer this question achieve a resolution of 3-4 kb [START_REF] Raviram | Interpreting 4C-Seq data: how far can we go?[END_REF]. Resolution improvement for these technics would allow a better understanding on HBV intra-chromosomal transcriptional regulation.

Interestingly, these cutting-edge technics have been used to study HBV genome localization and potential inter-chromosomal long-range interactions with the host genome. Enrichment for HBV genome in transcriptionally active chromatin regions was demonstrated. Contacts with active gene transcription loci correlates with the presence of HBx [START_REF] Hensel | Episomal HBV persistence within transcribed host nuclear chromatin compartments involves HBx[END_REF], but does not require the presence of HBx, as HBx-negative virus genomes are still mainly present in the active compartment (Moreau et al., 2018). Giving that HBx is essential for cccDNA transcriptional activity, the observation that HBx-negative cccDNA are present in chromatin active compartments raises the question about the biological relevance for cccDNA to be present in such compartments.

IV. Co-transcriptional events

Synthesis of mRNA is nuclear and physically separated from translation that occurs in the cytoplasm. Transcription is the process that leads to pre-mRNA synthesis. However, neosynthesized RNA is not a suitable template for protein translation and has to be further processed through different mechanisms. Moreover, mature mRNA has to be exported from the nucleus to reach the cytoplasm to be addressed to the translation machinery. Thereby, pre-mRNA undergoes series of maturation steps in a co-transcriptional way to acquire a 5' cap, to get rid of intronic sequences and be alternatively spliced in some circumstances, and to be lengthened with a polyadenylation tail. Moreover, other modifications such as methylation can be added to the neotranscribed RNA chain that implement a supplementary regulatory layer. All these steps constitute the so-called RNA processing and are interconnected and inter-regulated. Remarkably, the mature mRNA is coated and interacts with several proteins belonging to the different RNA processing machineries, and could be considered as a messenger ribocucleoprotein (mRNP).

Capping

Capping in 5' end of the neosynthesized RNA is the first modification received by the transcript and occurs when transcription initiation has transcribed around 25-30 nucleotides. 5'cap is formed of a N7-methylated guanosine (m7G) associated with the first 5' nucleotide of the RNA chain. 5' m7G cap is highly conserved in eukaryotes and is generated by three enzymatic reactions. The first step consists in the removal of the γ-phosphate from the 5' end of the nascent RNA to generate a 5' diphosphate RNA by the RNA triphosphatase (TPase). This new extremity then supports the covalent bound to a guanosine monophosphate in a 5'-5' linkage, catalyzed by an RNA guanylyltransferase (GTase). The last step is the addition of a methyl group to the N7 amine group of the guanine cap by the guanine N7-methyltransferase (Guanine N7 MTase) [START_REF] Ramanathan | mRNA capping: biological functions and applications[END_REF]. Capping is a co-transcriptional event as the three capping enzymes are recruited on the Pol II-CTD, notably via a direct interaction between GTase and MTase with pol II-CTD phosphoserine 5, phosphorylated during the transcription initiation step [START_REF] Ghosh | Enzymology of RNA cap synthesis[END_REF]. A 5' capping quality control is insured by other co-transcriptional RNA processing mechanisms, such as pre-mRNA splicing and F Figure 24 : mRNA capping A. The addition of a N7-methylated guanosine is a 3-steps process mediated by three different enzymes, namely a triphosphatase, a guanylyltransferase and a mathyltrasnferase.

B. The m7G cap structure added in 5' of the neosynthesized pre-mRNA interacts with the polyA, the spliceosome and the export machineries via the Cap binding protein (CBP). In the cytoplasm, m7G cap is involved in translation regulation, notably by mediating mRNA circularization through the interaction of the cap and the polyA tail via eIFG4 connecting CBP and polyA binding protein PABP.

polyadenylation (See below "Splicing" and "3' end processing"). Moreover, DXO, a decapping, pyrophosphohydrolase and a 5'-3' exonuclease, is demonstrated to degrade unmethylated capped mRNA. Knockdown of DXO increases the accumulation of immature pre-mRNA in the nucleus, and strikingly affects splicing and leads to polyA defective cleavage. These observations, together with the involvement of splicing and polyadenylation in 5' capping quality control highlight a strong link between the different co-transcriptional events (Figure 24).

Capping is firstly involved in RNA protection against 5'-3' exonuclease digestion and, thus, in RNA stability. For example, Dcp2 can remove the cap to generate a 5' monophosphorylated terminated RNA that can be in turn digested by 5'-3' exonucleases, such as Xrn1 [START_REF] Ghosh | Enzymology of RNA cap synthesis[END_REF]. Furthermore, 5' cap is associated with the capping binding protein (CBP) that can interact with many cellular proteins and confer different cellular functions to this 5' modification. Notably, through CBP, m7G cap is in complex with U4/U6-U5 subunits of the spliceosome. CBP also contributes to the 3' end processing. Interestingly, deletion of CBP abolishes the endonucleolytic cleavage constituting the first step of polyadenylation process.

In the nucleus, CBP interacts with RNA export factors such as Aly, and drives the way to nuclear export [START_REF] Ramanathan | mRNA capping: biological functions and applications[END_REF]. Afterward, in the cytoplasmic compartment, CBP recruits the translation initiation complex eIF4G that further enrolls the two ribosomal subunits to initiate translation. While eIF4G is associated to CBP in the mRNA 5'end, it also interacts with the polyA tail via the polyadenylation binding protein 1 (PAPB1) and rearranges mRNA structure into a pseudo-circular shape that favors ribosome processivity and thus translation efficiency [START_REF] Ramanathan | mRNA capping: biological functions and applications[END_REF].

To escape immunity, viruses have adapted their transcripts to be capped as cellular mRNAs.

Viruses can either synthesize their own cap (e.g. Alphaviruses, Rhabdoviruses, among others)

or hijack 5' cap from cellular mRNA, a mechanism called "cap snatching". This is the case for influenza virus for example. Interestingly, in order to perpetuate the recognition of foreign RNA together with preventing self-reactivity, immune cells possess mRNA with a supplementary 2' O-methylation in their m7G cap [START_REF] Ramanathan | mRNA capping: biological functions and applications[END_REF]. B. Removal of the intron (or alternative exon) occurs via the assembly of the spliceosome, composed of 5 factors: U1, U2, U4, U5 and U6 that are sequentially recruited to form a mature splicing machinery that will lead to intron (or alternative exon) skipping by two trans-esterification reactions. 

Splicing

In 1970, coding sequences were described to be discontinuous and the process of removing non-coding in-between sequences was named "splicing". Coding sequences were called exons whereas non-coding sequences were called introns. Later, consensus sequences were identified at the borders of intronic sequences, driving the splicing machinery for proper pre-mRNA splicing. Introns are flanked by a 5' splice site (5

'-C/A-A-G-G-T-A/G-A-G-T-3'), 3' GT
being the two first intron nucleotides, and by a 3' splice site (5'-C/T-A-G-3'), AG being the two last intron nucleotides. In the last 3' 40 nts of the intron, an adenosine residue constitutes the so-called "branch point", crucial for the first splicing step, and a downstream polypyrimidine tract [START_REF] Baralle | The splicing code[END_REF]. All these splice motifs direct the splicing machinery assembly, also called "spliceosome".

The spliceosome contains more than 100 components, and a ribozyme catalytic center, mainly driven by the U6 snRNA [START_REF] Lee | Mechanisms and Regulation of Alternative Pre-mRNA Splicing[END_REF]. The spliceosome assembles de novo onto the neosynthesized pre-mRNA without any pre-formed complex. It is composed of the NineTeen Complex (NTC) and five small nuclear ribonucleoproteins (snRNP) containing U-rich snRNA, namely U1, U2, U4, U5 and U6. Each snRNA is associated with a ring of seven Sm proteins.

Spliceosome-mediated splicing process can be divided in six steps. The first step is the association of U1 snRNP to the 5' splice site. Then, U2 snRNP is recruited to the branch point, together with U2 auxiliary factor U2AF recruitment onto the polypyrimidine tract. The third step is the recruitment of the tri-snRNP U4/U5/U6 (or pre-B complex) immediately followed by the removal of U1 and U4. At this step, the spliceosome (or B complex) enters its catalytically active conformation (or B act complex) and performs the two subsequent transesterification reactions that lead to lariat dissociation and exon-exon ligation [START_REF] Dvinge | Regulation of alternative mRNA splicing: old players and new perspectives[END_REF] (Figure 25).

The splicing can either be constitutive, with the systematic exclusion of intronic sequences and exonic inclusion in the mRNA, or alternative by differential joining of 5' and 3' splice sites.

Alternative splicing allows the generation of multiple RNAs, coding multiple protein isoforms with different functions. Alternative splicing regulation is mainly tissue-specific and is happening in more than 95% of genes [START_REF] Baralle | The splicing code[END_REF]. Moreover, exons are small sequences (50-250 bp) while introns are thousand bp long, and splice sites can be "strong" or "weak" according to the sequence similarity with the consensus sequence. As the vast majority of genes undergo alternative splicing, the splicing machinery has to choose between the different splice sites available. This choice relies on different regulators.

First, cis-acting sequences are contained in the pre-mRNA substrate. These can act as exon Briefly, SR proteins are mostly associated with splicing enhancement as they promote exon inclusion by recruiting U1 snRNP or U2AF. Contrarily, hnRNP are mostly splicing repressors.

However, this model is simplistic and reality is much more complicated as the effect of transacting factors is essentially position-specific. The phosphorylation status of splicing factors is another layer of regulation. Finally, splicing events can also be modulated by tissue-specific RNA binding proteins (RBP) that can act as negative or positive splicing factors depending on the pre-mRNA substrate targeted [START_REF] Dvinge | Regulation of alternative mRNA splicing: old players and new perspectives[END_REF].

Besides, the global transcriptional environment also controls splicing events. Indeed, two models have been proposed: the "kinetic model" relies on the splicing site recognition modulation by the RNA Pol II elongation rate, and the "recruitment model" that assumes splicing to be directly or indirectly regulated by splicing factor recruitment onto the pre-mRNA.

Definitely, these two models are not mutually exclusive, and rather inter-connected.

In a first place, transcription rate affects splicing events. As previously described, the elongation rate that can be modulated by several mechanisms (cf. part "transcription elongation") and the chromatin structure are intimately linked to splicing processes.

Interestingly, exons are enriched in nucleosomes compared to introns and help the recognition of exon by splicing machinery together with contributing to RNA Pol II slowdown in exonic regions. For example, the SWI/SNF nucleosomal remodeling complex decreases RNA [START_REF] Naftelberg | Regulation of Alternative Splicing Through Coupling with Transcription and Chromatin Structure[END_REF]. Eventually, alternative splicing can also be regulated by the promoter architecture and the recruitment of specific TFs and co-activators that can influence the subsequent RNA processing. As expected, promoter-sensitive exons are mostly located in 5'

of the neosynthesized RNA chain. The core spliceosome itself can modulate alternative splicing, through differential snRNP biogenesis, or snRNA changes through abundances in sequence variants [START_REF] Dvinge | Regulation of alternative mRNA splicing: old players and new perspectives[END_REF].

Alternative splicing is also important for RNA quality control, both in the nucleus and in the cytoplasm by co-translational processes. Briefly, a polyadenylated RNA with an incomplete splicing, and thus retained intron is sensed and eliminated by the nuclear exosome machinery.

Similarly, spliced mRNA with a still-associated lariat, not fully discarded, retains the spliceosome on the mRNA and thus leads to RNA degradation. Finally, the choice in the alternative terminal exon is also decisive for the mRNA fate. Indeed, as the 3' UTR bears miRNA target sequences, alternative exons in the 3' UTR can regulate the stability and the translation rate of mRNA. In the cytoplasm, alternative splicing and the choice in alternative exon inclusion/skipping can trigger nonsense-mediated decay (NMD) when mRNA contains a premature termination codon, non-stop decay (NSD), when the ribosome reaches the polyA tail without having encountered any stop codon, or non-go decay (NGD) when stable RNA secondary structures trigger ribosome stalling [START_REF] Ramanouskaya | The determinants of alternative RNA splicing in human cells[END_REF].

Finally, several non-canonical splicing events can occur, representing major events for new transcript emergence during evolution. Non-canonical splicing processes can generate cryptic exons, micro-exons, recursive splicing, circular RNA, retained introns [START_REF] Sibley | Lessons from non-canonical splicing[END_REF].

frequently found and is involved in polyA site choice through the binding factors that are recruited (Neve et al., 2017).

The polyA machinery is recruited co-transcriptionally and is composed of more than 80 proteins. Among them, 20 compose the core machinery divided in four multi-protein complexes. First, the cleavage and polyadenylation specificity factor (CPSF) is composed of six (Nudt21) alone are sufficient for UGUA upstream element recognition. A second CF is also present in the machinery and is assumed to bridge CFI to CPSF, yet CFII is just partly purified and its functions still need to be uncovered (Neve et al., 2017). The enzyme responsible for the addition of the polyA tail is the monomeric polyA-polymerase (PAP) that catalyzes the following reaction: ATP + RNA-3'OH PPi + RNApolyA-3'OH (Figure 26). PAP adds around 200 non-templated adenosines in the exposed 3'-OH. Some non-canonical PAPs have been identified, notably associated to mitochondrial RNA polyadenylation. The polyadenylation rate of PAP is enhanced by the recruitment of the polyA binding protein (PABPN1). Finally, RNA Pol II-CTD is also part of the polyA machinery as it constitutes a dynamic interaction platforms for the different polyA factors (Neve et al., 2017).

The model explaining the complete detachment of the transcript from the machinery proposed that while being polyadenylated, the RNA tail is concomitantly coated with PABPN1

and folds in a spherical RNP that constrains the number of PABPN1 recruited. When PABPN1 cannot integrate anymore, the RNA-PAPBN1-PAP complex disrupts from CPSF and terminates the polyadenylation (Neve et al., 2017). In mammals, more than 70% of genes contain more than one PAS. The differential use of PAS leads to alternative transcripts. Alternative polyA (APA) can happen either upstream or downstream of the last exon. Upstream of the last exon, the use of an alternative PAS modifies the coding region of the transcripts and leads to different mRNA coding capacity and thus affects the cellular proteome. When APA happens downstream of the last exon, it triggers alternative length of the 3'-UTR leading to the presence or absence of regulatory regions involved in mRNA fate (Neve et al., 2017). Indeed, the 3'-UTR is targeted by microRNA and changes in 3'-UTR affects miRNA functions, notably stability and translation regulations [START_REF] Tian | Alternative polyadenylation of mRNA precursors[END_REF]. 3'-UTR size modifications and thus differential mRNA regulation have been reported during cell differentiation and in several pathologies such as cancer (Curinha et al., 2014).

F
The APA remains a poorly understood mechanism. However, it might principally relies on trans-acting RBP (Neve et al., 2017;[START_REF] Tian | Alternative polyadenylation of mRNA precursors[END_REF]. Notably, CFI promotes the use of distal PAS by binding to the UGUA motif mostly enriched near distal PAS. Recently, CPSF6 and NUDT21, two subunits of CFI complex, were demonstrated to be enriched near distal PAS sites, consistently with the distribution of UGUA motif. Moreover, NUDT21 depletion triggers APA site usage of hundred genes upon depletion and increases a subset of protein levels.

These observations were linked to a loss of miRNA target sequences and a subsequent upregulation of the translation [START_REF] Brumbaugh | Nudt21 Controls Cell Fate by Connecting Alternative Polyadenylation to Chromatin Signaling[END_REF]. Indeed, when CPSF6 and NUDT21 are depleted, mRNA 3'-UTR are shortened (Hardy and Norbury, 2016).

Finally, the co-transcriptional polyA process is interdependent with capping and splicing processes. Capped RNAs are better substrate for polyadenylation, principally through the cap binding protein CBP. Furthermore, alternative splicing of exons and introns can stimulate or repress the use of PAS. Notably, 3' splice sites binding factors, such as U2 snRNP, directly contact polyA machinery via CPSF. On the contrary, factors that associate with 5' splice sites generally inhibit the polyA machinery to prevent premature polyadenylation (Neugebauer, 2002).

F Figure 27 : RNA methylation N6-methyladenosine is the most described RNA modification. It consists in adding a methyl group on an adenosine residue. This reaction is catalyzed by two methyltransferases, or writers, and can be reverted by and eraser that is a demethylase. Several readers bearing a YTH protein domain can recognize m6A and mediate subsequent nuclear or cytoplasmic processes.

RNA methylation

In eukaryotes, RNA molecules can undergo more than 100 modifications and raise the notion of "epitranscriptome". The most studied modifications are RNA methylations that have been described to be key players in gene expression regulation. Six different types of RNA methylations have been identified: N1 and N6 methylation on adenosine, N3 and C5 methylation on cytosine, N7 methylation on guanosine and 2'OH methylation on the ribose.

Nonetheless, the most abundant one is the N6-methyladenosine, or m 6 A (Figure 27). This mark is present on more than 7000 mammal genes in at least one copy. m 6 A is found enriched in TSS, around stop codons and in the last exon of the mRNA. It has also been identified in non-coding RNA (ncRNA, lncRNA, snRNA). The RRACH motifs seems to be a conserved site on mRNA, yet, in the 5'-UTR, BCA is the conserved motif for m 6 A. Methylation of adenosine, such as other modifications, is catalyzed by different enzymes: the writers are the methyltransferases that deposit the methyl group on adenosine, the erasers are demethylases and remove the methyl group from the adenosine residues, and finally, several specific readers detect the m 6 A and initiate the subsequent functions. These functions are nuclear, where m 6 A regulates nuclear processes and cytoplasmic, where m 6 A controls RNA stability and translation [START_REF] Covelo-Molares | RNA methylation in nuclear pre-mRNA processing[END_REF].

On mRNA, m 6 A writers are the homologous proteins METTL3 and METTL14 that act in the form of a heterodimer, and the METTL16, in association with different adaptors proteins. In the stable heterodimer METTL3/METTL14, only METTL3 bears the catalytic methyltransferase activity, while METTL14 serves as a scaffold for the complex on the mRNA. This heterodimer is mostly associated to the consensus RRACH motif and methylates the "A" in the motif. METTL3/METTL14 are mainly found in nuclear speckles but their location depends on the adaptor proteins they are associated to [START_REF] Covelo-Molares | RNA methylation in nuclear pre-mRNA processing[END_REF].

The methylation of N6-adenosine is a reversible mark that can be removed by two demethylases, namely FTO and ALKBH15 that co-localize with nuclear speckles. Secondly, m 6 A is implicated in the formation of pre-mRNA 3' termini. Indeed, long last exons possess a higher probability of bearing m 6 A sites that could positively or negatively modulate the alternative PAS selection. However, different studies described opposite regulation and the role of m 6 A in PAS choice is still debated. The role of FTO in 3' length is more established as its depletion triggers longer 3' ends. Even though m 6 A seems associated with 3' processing, a lot remains to be fully elucidated [START_REF] Covelo-Molares | RNA methylation in nuclear pre-mRNA processing[END_REF].

Finally, reducing m 6 A delays mRNA export out of the nucleus. Interestingly, SRSF3 forms an adaptor between YTHDC1 and the nuclear export factor 1 (NXF1) to facilitate the export of N6-adenosine methylated mRNA [START_REF] Covelo-Molares | RNA methylation in nuclear pre-mRNA processing[END_REF].

Viral mRNAs have also been described to bear m 6 A modifications. According to the virus, methylation does not have the same impact in the viral life cycle, and can be either pro-or anti-viral. For HIV, a loss of m 6 A writers inhibits the viral replication. On the contrary, it has been demonstrated that the depletion of m 6 A readers increases HCV replication [START_REF] Patil | Reading m6A in the Transcriptome: m6A-Binding Proteins[END_REF].

Export

Once transcribed and fully processed, mRNAs reach the cytoplasm where they have different fates, such as translation to maintain or adapt the cellular proteome. The nuclear export machinery helps mRNA translocation through the nuclear pore complex (NPC) in order to exit the nucleus (Figure 28).

The NPC is the largest and the most versatile transport channel existing in the cell, and is responsible of various protein and RNA carriage. The central channel of the NPC is composed of thousand FG-repeats. The cargo mRNA has to acquire an export receptor to be able to pass through FG-repeats. Most of nuclear cargos translocate through the NPC in a karyopherindependent manner. Interestingly, mRNAs are the only nuclear cargos that are not using karyopherin as export receptor. Differently, mRNA-specific export receptor is the heterodimer NXF1/NXT1, also called Tap15 factor. Tap15 recognizes both the proper mRNA to export, without any sequence specificity and the FG-repeat. Tap15 interaction with FG-repeat is weak in order to allow a rapid exchange from the nucleus to the cytoplasm [START_REF] Xie | Mechanisms of nuclear mRNA export: A structural perspective[END_REF].

Nuclear export can be summarized in three steps. The first one is the assembly of an export competent mRNP, composed of the mature mRNA associated to Tap15 factor through a DEADbox ATPase UAP56. UAP56 mediates the binding of Tap15 to the mRNA via the transcription and export (TREX) complex, in the nucleus. Notably, THO, a subunit of TREX, was demonstrated to travel with RNA Pol II-phosphorylated CTD, and to recruit UAP56 onto the mRNA. The second step is the mRNA driving and translocation through the NPC. Finally, in the cytoplasmic face of the NPC, the mRNP cargo dissociates from its Tap15 receptor with the help of the DEAD-box ATPase DDX19 [START_REF] Xie | Mechanisms of nuclear mRNA export: A structural perspective[END_REF].

Only properly matured transcripts are exported. During transcription and concomitant RNA processing, plethora of RNA binding proteins (RBP) are loaded onto the nascent RNA, insuring an appropriate regulation of the following export. Indeed, the first RNA maturation step which is the decoration of the nascent RNA with a m7G cap, recruits TREX complex via its subunit ALY that directly interacts with the capping binding protein (CBP). Moreover, TREX can export both intron-less and intron-containing mRNA. In order to only export correctly spliced transcripts, TREX is recruited on the mRNA in a splicing-dependent manner. Finally, TREX is F Figure 28 : mRNA export

The export machinery, or TREX complex, is composed of 7 subunits. The TREX complex is recruited by the CBP via its subunits ALY, THO and Yra1, the spliceosome and PABP, and mediates the nuclear export of properly processed mRNA. TREX interacts with the export receptor Tap15 to drive mature mRNA export, with the help of two RNA helicases, namely UAP56 and DDX19 that translocate the mature mRNA through the nuclear pore complex (NPC) to the cytoplasm. 

HBV co-transcriptional regulation & RNA processing

HBV RNA transcription is addressed by the cellular RNA Polymerase II [START_REF] Rall | Transcription of hepatitis B virus by RNA polymerase II[END_REF]. It is thus natural to expect co-transcriptional RNA processing similar to cellular pre-mRNA (Figure 29).

A. Capping

First, HBV RNAs are capped in their 5' termini. Capping of pgRNA is essential for effective encapsidation process (Jeong et al., 2000). Moreover, different studies are based on the presence of a 5' cap in HBV RNA for the precise identification of viral TSS (Altinel et al., 2016) and to discriminate HBV transcripts in cultured cells and patient samples (Stadelmayer et al., 2020a). However, besides taking advantage of HBV 5' capped RNA, no study explores the mechanisms involved in effective HBV RNA capping. Knowing that the capping machinery travels with the RNA Pol II and directly interacts with its CTD, it could be interesting to investigate the role of the three capping enzymes in HBV RNA capping. Moreover, our results demonstrate that X mRNA can exist in the form of uncapped transcripts in viral particles secreted by HBV-producing HepAD38 cell line (Stadelmayer et al., 2020a). Surprisingly, preC, pgRNA and S RNA are not detected in 5' RACE experiments uncovering uncapped X transcripts (Stadelmayer et al., 2020a). At present, the role of uncapped HBx transcripts remains unknown and raised the question about the fate of such RNA, notably concerning immune system recognition of un-capped RNA.

B. Splicing, export & stability

In the second hand, singly and multi-spliced variants have been identified in HBV. Predicted constitutive and cryptic splice sites have been found to vary in number and location according to the different HBV genotypes. To date, 17 variants have been identified to derive from pgRNA, and four to derive from Surface RNA (Candotti and Allain, 2016;Chen et al., 2015).

Interestingly, besides the fact that majority of HBV transcripts are unspliced, splicing of HBV RNA seems to be finely regulated by cis-acting sequence elements and trans-acting cellular and/or viral factors. Indeed, the conservation of predicted splice sites among genotypes A to D suggest a functional role of splicing in HBV life cycle. Among putative donor and acceptor sites, some have been found to be used in transfected cultured cells and in sera of infected patients. It is noteworthy to mention that the location of primers used to amplify spliced variants can affect the detection of some species. Furthermore, most of the variants have been identified in viral particles, thus introducing a selection bias toward variants that are still capable of being encapsidated (Candotti and Allain, 2016).

Nowadays, little is known about splicing regulation of HBV pre-mRNA. In HBV genome, some cis-acting elements have been identified to participate to splicing regulation. Two activators and one inhibitor of splicing have been identified within an intronic splicing regulatory domain in pgRNA, at the position 2951-2970, 3051-3070 and 3138-3143, respectively (Bhanja Chowdhury et al., 2011). Moreover, from nucleotide 1252 to 1288, a splicing regulatory element (SRE) has been identified to stimulate HBV splicing, notably via the splicing factor PSF.

In this study, predictive tool identified this site as potential interactor for SR protein family [START_REF] Heise | The hepatitis B virus PRE contains a splicing regulatory element[END_REF]. Two cellular factors have been reported as potential splicing trans-regulators.

First, the multi-functional protein TARDBP, demonstrated to be involved in HBV transcriptional activation, was described to regulate HBV RNA splicing, and notably the singlespliced SP1, as its depletion triggers a 100% increase in splicing RNA ratio to full-length RNA.

TARDBP was thus defined as a splicing inhibitor for HBV pgRNA [START_REF] Makokha | Regulation of the Hepatitis B virus replication and gene expression by the multi-functional protein TARDBP[END_REF]. On a second hand, PUF60, a member of the U2AF family, was reported to inhibit SP1 in favor to other alternatively spliced HBV RNA [START_REF] Sun | Involvement of PUF60 in Transcriptional and Post-transcriptional Regulation of Hepatitis B Virus Pregenomic RNA Expression[END_REF]. The capsid protein itself might play a role in splicing as mutation in its C-terminal domain reduces encapsidated spliced isoforms (Candotti and Allain, 2016).

Remarkably, in eukaryotic cells, only correctly spliced mRNAs are exported as export factors interact with spliceosomal proteins. Surprisingly, majority of HBV transcripts are not spliced and still exported. This paradox lead to uncovering a post-transcriptional regulatory element, or PRE, in HBV genome, at the position 1217-1582, within the 3' end shared by all HBV RNA (Candotti and Allain, 2016). PRE serves as a splicing surrogate to allow the correct orientationdependent nuclear export of the viral transcripts. Indeed, a 116 nt-long sub-element of PRE, also called SEP1, interacts with a subunit of the TREX complex, the so-called ZC3H18 factor.

Interestingly, the efficient recruitment of TREX on SEP1 is dependent on the 5' cap structure and the 3' end processing of viral mRNA [START_REF] Chi | A Sub-Element in PRE enhances nuclear export of intronless mRNAs by recruiting the TREX complex via ZC3H18[END_REF]. Evidences on the role of TREX, and Tap15 export factor have been reported, notably to interact with HBV 3.5 kb RNA and be involved in HBV RNA nuclear export (Yang et al., 2014). It is important to note that all these studies were performed in artificial models, such as full or partial HBV genome-containing plasmid transfection or HBV minigenes. Investigation in infectious models would confirm these results. Notably concerning TREX recruitment on viral transcripts.

In addition, PRE seems to be involved in pgRNA stability, but the mechanisms involved remain unknown (Candotti and Allain, 2016). Moreover, HBV transcript stability is also regulated by two non-canonical polyA polymerases, namely PAPD5 and PAPD7. These two proteins function in a redundant manner and their concomitant depletion leads to HBV RNA destabilization and degradation, without affecting the viral transcription [START_REF] Mueller | PAPD5/7 Are Host Factors That Are Required for Hepatitis B Virus RNA Stabilization[END_REF].

C. Polyadenylation

HBV transcripts are polyadenylated and all end at a common PAS. HBV genome element located at nucleotide 1916 and bearing the TATAAA sequence was first predicted to constitute a PAS for S transcript due to its great homology with canonical eukaryotic PAS [START_REF] Pourcel | Transcription of the hepatitis B surface antigen gene in mouse cells transformed with cloned viral DNA[END_REF]. The year after, this PAS was confirmed to be used by the S transcripts. More precisely, transcripts were in reality identified to end 12 to 19 nts downstream of HBV PAS. Moreover, it was uncovered that the hexanucleotide composing HBV PAS was not sufficient to promote HBV RNA processing without the downstream 30 nts [START_REF] Simonsen | Analysis of processing and polyadenylation signals of the hepatitis B virus surface antigen gene by using simian virus 40-hepatitis B virus chimeric plasmids[END_REF].

Interestingly, 3.5 kb RNA transcription starts around 100 nts upstream of HBV PAS, meaning that the longer-than-genome transcripts contain twice the PAS. In transgenic mice carrying the 3' portion of HBV genome, the use of the PAS was demonstrated to be tissue-specific.

Indeed, in the liver, PAS was mainly used and transcripts stopped 10 nts downstream this site.

Surprisingly, 500 nt-longer transcripts were identified in other tissues, such as kidney, spleen, brain and testis and identified to be read-through of the transgene. It was thus hypothesized that in other tissues than liver another PAS was used, yet, no more information was provided [START_REF] Perfumo | Recognition efficiency of the hepatitis B virus polyadenylation signals is tissue specific in transgenic mice[END_REF]. Strikingly, HBV TATAAA PAS appears to overlap with a promoter region, [START_REF] Paran | A Composite Polyadenylation Signal with TATA Box Function[END_REF]. The use of an upstream cryptic PAS was demonstrated in certain circumstances with DNA sequence restriction. Indeed, removal or inactivation of the HBV TATAAA PAS renders the cryptic CATAAA site functional [START_REF] Schutz | DNA Sequence Requirements for the Activation of a CATAAA Polyadenylation Signal within the Hepatitis B Virus X Reading Frame: Rapid Detection of Truncated Transcripts[END_REF]. Actually, this cryptic site is used by integrated HBV genome-deriving viral transcripts. In patients, integrated HBV genome lacks the canonical HBV PAS and produces truncated RNA polyadenylated at the cryptic site [START_REF] Kairat | Truncated Hepatitis B Virus RNA in Human Hepatocellular Carcinoma: Its Representation in Patients with Advancing Age[END_REF][START_REF] Su | Circulating Hepatitis B Virus Nucleic Acids in Chronic Infection: Representation of Differently Polyadenylated Viral Transcripts during Progression to Nonreplicative Stages 12[END_REF][START_REF] Wooddell | RNAi-based treatment of chronically infected patients and chimpanzees reveals that integrated hepatitis B virus DNA is a source of HBsAg[END_REF].

Some defective circulating HBV DNA particles have been identified in patient samples. These shorter-than-WT HBV genomes were found in minority and harbored a premature polyA sequence immediately followed by 1.8 to 2.9 kb-long deletions. While harboring this internal polyA sequence and lacking long parts of the genome, the remaining sequences upstream of the aberrant the polyA tract contain the encapsidation signal together with DR1 and DR2 sequences. Despite being truncated and possessing an internal polyA, the presence of encapsidation elements in such sequences explains the fact that these shorter-than-WT HBV genomes could be found retro-transcribed and encapsidated in patient sera [START_REF] Sommer | A New Class of Defective Hepatitis B Virus Genomes with an Internal Poly(dA) Sequence[END_REF].

D. Methylation

Finally, the viral transcripts are methylated in A residues belonging to ε-loop. Interestingly, 5' 

V. Roles of DDX5/DDX17

In gene expression regulation, the highly conserved RNA helicases represent the largest family harboring an enzymatic activity and regulating all steps of RNA metabolism, from transcription to translation. Indeed, mRNA maturation and fate mostly rely on its association with RBP and the different subsequent mRNP generation. Dynamic reorganization of mRNP is controlled by RNA helicases (Bourgeois et al., 2016). The conserved core structure of RNA helicases is composed of two globular RecA domains involved in ATP binding and hydrolysis, and in sequence-independent RNA binding, through the sugar-phosphate backbone. N-and Ctermini of helicases are variable and confer the specificity of each member, notably by interacting with different protein partners. RNA helicases are divided in six families, among which the most represented is the DEAD-(Asparagine-Glutamine-Alanine-Asparagine) box helicase family comprising 40 members (Bourgeois et al., 2016). In this part, we will focus on DDX5 (p68) and DDX17 (p72), two prototypic members of the DEAD-box helicase family.

Characterization

The multitasking RNA DEAD-box helicases DDX5 and DDX17 are paralogs that share 90% homology in their core domains and can associate in heterodimers in cells (Lamm, 1996;[START_REF] Ogilvie | The highly related DEAD box RNA helicases p68 and p72 exist as heterodimers in cells[END_REF]. The core domain consists in two RecA translation initiation sites generating 2 isoforms: p82 and p72 , the former being 79 amino acids longer at its N-Terminus (Lamm, 1996). As no distinction between these two isoforms will be made below, p72 and p82 will be referred as DDX17. Aberrant DDX5 and DDX17 protein expression is linked to some pathologies, such as cancer (Fuller-Pace and Moore, 2011). DDX5 and DD17 share 90% homology in their core domain, composed of and ATP-binding domain and an helicase motif. The core domain is divided in 9 sub-domains, namely Q, I, Ia, Ib, II, III, IV, V and VI. Moreover, they share 60% homology in their N-ter domain, and 30% homology in their C-ter domain. DDX17 presents two isoforms: p72 and p82, the longer one produced from an alternative translation initiation codon. Furthermore, the diverse functions of DDX5 and DDX17 are frequently investigated separately. However, whether they can act individually remains elusive.

Role of DDX5/17 in the transcription and cotranscriptional regulation

DDX5 and DDX17 have been associated to several processes of nuclear mRNA processing, mainly at the transcriptional level and alternative splicing regulation, and also in mRNA termination and export. DDX5 and DDX17 are also involved in microRNA maturation and have cytoplasmic functions that are well reviewed here (Bourgeois et al., 2016) (Figure 31).

A. Transcriptional Regulation

DDX5 and DDX17 are co-factors of several transcription factors, such as p53 or estrogen receptor ERα. Transcriptional modulation mediated by DDX5 and DDX17 can be either positive or negative and depends on the nature of the TF stabilized and the target sequence (Giraud et al., 2018). Moreover, DDX5 and DDX17 interact with chromatin remodelers such as enzymes involved in histone PTMs. DDX5 and DDX17 binding can positively or negatively modulate histone acetyl transferases and HDACs. For example, DDX17 associates with CPB/p300 histone acetyl transferase and synergizes with it to promote transcription. On the contrary, helicases can also co-repress specific promoters by interacting with HDAC1 [START_REF] Wilson | No title found][END_REF]. DDX5 can also modulate the methylation state of histone tails, notably in HBVinfected hepatocytes by interacting with SUZ12, a subunit of the PRC2 complex driving trimethylation of H3K27 and consequent transcriptional repression of cccDNA (Zhang et al., 2016). DDX5 and DDX17 are also associated with DNMT3A/B and might have a role in DNA methylation that is yet to be elucidated (Giraud et al., 2018).

In mammal cells, gene insulation mediated by CTCF is essential for allele-specific expression of IGF2/H19 locus. DDX5 associates to CTCF on IGF2/H19 locus via the long non-coding RNA steroid nuclear receptor activator (SRA). CTCF association to IGF2/H19 is not impaired by DDX5

nor SRA depletion, however, knock-down of SRA, DDX5 and potentially DDX17 affects CTCFmediated insulation functions and consequent loss of IGF2/H19 imprinting. This imprinting is regulated by silenced expression of the maternal allele by CTCF-mediated contact inhibition between enhancer and promoter. DDX5 depletion increases the association between these two regulatory regions and leads to an increase of the maternal-allele expression. Finally, in the IGF2/H19 locus, the cohesin complex also mediates insulation function of CTCF and is crucial for CTCF-mediated IGF2/H19 imprinting. On this locus, cohesin complex is also recruited in an interdependent manner with DDX5. Interestingly, genome-wide data revealed that DDX5 is present on around 20% of CTCF binding sites (H. Yao et al., 2010b). These latter results raise the question on the role of DDX5, and probably DDX17, in CTCF non-insulator functions, on other loci along the genome. A recent CTCF interactome and genome-wide study further identified overlapping binding of CTCF and DDX5, notably enriched at TSS that highly suggests a cooperation between these two proteins in transcription regulation [START_REF] Marino | Interactome mapping defines BRG1, a component of the SWI/SNF chromatin remodeling complex, as a new partner of the transcriptional regulator CTCF[END_REF]. Noteworthy, DDX17 also belongs to CTCF interactome, but its presence on CTCF binding sites has not yet been assessed.

B. Splicing and alternative splicing regulation

DDX5 and DDX17 co-purify with the spliceosome, notably DDX5 co-immunoprecipitates with U1 snRNP at the 5' splice sites. These observations suggest a role of DDX5, and probably DDX17, in splicing machinery assembly. Indeed, DDX5 appears to favor the release of U1 snRNP from the core splicing machinery that renders the spliceosome catalytically active [START_REF] Xing | The DDX5/Dbp2 subfamily of DEAD-box RNA helicases[END_REF].

In a general manner, DDX5 and DDX17 depletion affects the global splicing pattern genomewide [START_REF] Xing | The DDX5/Dbp2 subfamily of DEAD-box RNA helicases[END_REF]. More precisely, DDX5/17 are able to drive an open structure of 5' splice site of Tau exon 10 leading to a facilitated access to U1 snRNP and following exon inclusion [START_REF] Xing | The DDX5/Dbp2 subfamily of DEAD-box RNA helicases[END_REF]. Moreover, DDX5 and DDX17, via their helicase activity are able to resolve RNA secondary structures that might be important for alternative splicing. Notably, DDX5 and DDX17 are demonstrated to bind G-quadruplexes, but their ability to resolve this stable tertiary structure is yet to be elucidated [START_REF] Xing | The DDX5/Dbp2 subfamily of DEAD-box RNA helicases[END_REF]. Interestingly, DDX5/17 depletion affects splicing of alternative exons that possess 5' splice site embedded in G-rich sequences (Dardenne et al., 2014). G-rich sequence and, more precisely, G-quadruplexes are known to be hnRNP H/F binding sites. During muscle cell differentiation and epithelial-tomesenchymal transition, DDX5 and DDX17 appear to modulate splicing programs of exons predictably located upstream of G-rich sequences. Exon skipping correlates with decreased association of hnRNP H/F in G-rich sequences when DDX5 and DDX17 are downregulated (Dardenne et al., 2014). However, it is yet to be determined whether DDX5 and DDX17 directly act on G-quadruplex structures or whether they mediate specific factor recruitment and subsequent alternative splicing changes.

In certain cases, alterations in splicing program may be implicated in human diseases. DDX5 knock-down leads to the inclusion of an alternative exon containing a premature stop codon in h-Ras mRNA, forming a shorter protein isoform that delays G1/S phase and consequently drive cells in a quiescent state [START_REF] Xing | The DDX5/Dbp2 subfamily of DEAD-box RNA helicases[END_REF]. DDX5/17 are also involved in cell invasiveness as they promote the spliced isoform macroH2A1.1 which is linked to tumor-cell invasiveness by modulating expression of genes involved in redox metabolism [START_REF] Dardenne | Splicing switch of an epigenetic regulator by RNA helicases promotes tumor-cell invasiveness[END_REF].

Remarkably, in this study, it is described that exons mostly skipped upon DDX5/17 depletion possess a 5' splice site enclosed in GC-rich sequences [START_REF] Dardenne | Splicing switch of an epigenetic regulator by RNA helicases promotes tumor-cell invasiveness[END_REF].

C. Termination

To date, few studies associate DDX5 to transcriptional termination regulation. During circadian clock, the PERIOD complex, containing Period (PER) and Cryptochrome (CRY)

proteins, accumulates and transcriptionally represses its own Pre and Cry genes. [START_REF] Padmanabhan | Feedback Regulation of Transcriptional Termination by the Mammalian Circadian Clock PERIOD Complex[END_REF]. In this study, the direct role of DDX5 has not been elucidated and its implication in transcription termination seems to rely on its belonging to the PERIOD complex. Recently, the involvement of DDX5 and DDX17 was demonstrated in transcription termination of HSP70 locus. Interactome of the termination and export complex THO identified Xrn2, CPSF6, DDX5 and DDX17 as protein partners and good candidates for transcription termination regulation (Katahira et al., 2019). Notably, the concomitant depletion of DDX5 and DDX17 lead to an accumulation of HSP70 transcripts in nuclear foci, concomitantly with an accumulation of Xrn2, CstF64 and THO at the HSP70 locus.

F Figure 31 : DDX5 and DDX17 protein partners according to gene expression processes DDX5 and DDX17 have several protein partners and are involved in several cellular processes implicated in gene expression regulation. First, in mRNA metabolism, DDX5 and DDX17 interact with factors to regulate transcription, and co-transcriptional events (splicing, termination, export). In the cytoplasm, DDX5 and DDX17 are involved in nonsense-mediated decay that leads to mRNA degradation. DDX5 and DDX17 are also involved in microRNA biogenesis and assembly, notably within the miRISC complex, which is the functional unit of miRNA-mediated translation regulation.
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Remarkably, the cleavage and the polyadenylation was not affected upon DDX5/17 silencing (Katahira et al., 2019). Knowing DDX5 role in R-loop resolution, the following model was proposed: DDX5/17 restrict R-loop formation thereby facilitating Xrn2-mediated transcriptional termination and release of the mature transcript. Evidence for this model was further brought by another study that reports that DDX5 unwinds R-loops thereby allowing a complete degradation of the read-through transcript by Xrn2 (Mersaoui et al., 2019). DDX5 interact with Xrn2 and mediate RNA Pol II pausing downstream of the PAS. DDX5 was thus demonstrated to be important for transcription termination and neosynthesized transcript release from the DNA template (Mersaoui et al., 2019). In this study, DDX17 has been identified as a protein partner of DDX5, yet, its role in transcriptional termination has not been addressed.

D. Other functions of DDX5 and DDX17

Besides transcription and pre-mRNA processing regulatory functions, DDX5 and DDX17 are also important for consequent mature RNA metabolism steps. Notably, DDX5 is a regulator of co-transcriptional splicing mRNP assembly and subsequent proper mRNA export. Indeed, correct mRNP gathering requires ATPase-mediated unwinding activity of DDX5. During export, ALYREF recruitment to the mRNP inhibits DDX5 activity to prevent mRNP rearrangement and favor an effective export (Bourgeois et al., 2016). Moreover, DDX5 associates with some factors of nonsense-mediated decay (NMD) process and interestingly enhances NMD-driven degradation of its paralog transcript DDX17 (Geißler et al., 2013, p. 3). Another important role of the DEAD-box helicases DDX5 and DDX17 is the regulation of microRNA biogenesis and their assembly in the miRISC complex (Bourgeois et al., 2016). This latter role in miRNA processing renders DDX5 and DDX17 important regulators of post-transcriptional gene regulation.

Importantly, DDX5 and DDX17 directly promote the expression of some miRNA that in turn down-regulate their expression (Dardenne et al., 2014;Lambert et al., 2018).

Fine control of each of the paralogs, notably through regulatory feedback loop involving miRNA, maintains their stable expression at the protein level. Moreover, DDX5 and DDX17 share high homology and similar cellular functions that suggest a functional redundancy between these two proteins (Giraud et al., 2018). As their individual role is intricate to assess, concomitant deletion in cells appears to be a relevant way to examine their common functions and avoid functional overlying.

E. Role of DDX5/17 in the regulation of viruses

Ubiquitous expression of DDX5 and DDX17 in plant and animal cells make them essential regulators of gene expression, from transcription to translation. As viruses require host cell machineries to fully replicate, evidences for the role of DEAD-box helicases emerged in replication cycle of several viruses. DDX5 and DDX17, mostly independently, have been linked to be essential for many virus lifecycles, notably for RNA viruses, while DDX5 and DDX17 functions in DNA virus infections have been investigated to a lesser extent (Figure 32). For the Human Immunodeficiency Virus (HIV-1), both DDX5 and DDX17 display several roles in the viral lifecycle, notably in HIV-1 RNA processing. HIV-1 is a 9 kb-long RNA virus whose replication relies on several host factors, and notably on DEAD-box helicases. DDX5 was found to complex with the viral regulatory protein Rev, which is crucial for nuclear export of unspliced HIV-1 transcripts. As DDX5 and Rev seem to belong to the same complex, a role of DDX5 in HIV-1 unspliced mRNA export was suggested but is yet to be demonstrated (Wenyu Cheng et al., 2018). In HIV-1 replication cycle, DDX5 and DDX17 were hypothesized to act independently (Sithole et al., 2018). DDX17 displays several roles in HIV-1 replication, notably in unspliced viral transcript export by interacting with Rev, degradation of HIV-1 RNA through its interaction with the NMD factor Upf1. Moreover, DDX17 regulates alternative splicing of HIV-1 pre-mRNA (Lorgeoux et al., 2013). Particularly, DDX17 depletion triggers an increase in HIV-1 spliced transcripts in line with a decrease in HIV-1 full-length mRNA. Opposite results were observed in siDDX5 condition and a compensatory effect of each protein to its paralog has been proposed (Lorgeoux et al., 2013). However, the alternative splicing of the A4/5 cluster on HIV-1 RNA was shown to only depend on DDX17 (Sithole et al., 2018). In this study, Sithole and colleagues validated that DDX17 depletion triggers an increased level of full-length HIV-1 transcripts, and on the contrary a significant reduction of multiply spliced viral transcripts. Moreover, they identified U2AF65/35 and SRSF1/2 as protein partners of DDX17 associated to the 3' splice site of A4/5 cluster (Sithole et al., 2018). Besides uncovering a role of DDX17 in alternative splicing of HIV-1 mRNA, these two latter studies reported opposite effects of DDX17 on spliced to unspliced ratio. Furthermore, the independent role of DDX17 was demonstrated by a lack of phenotype rescuing in DDX5 overexpression upon DDX17 depletion. Noteworthy, no efficient overexpression of DDX5 was obtained in DDX17 depleted cells and further demonstrations would be required to conclude on the DDX5-independent function of DDX17. Further investigations are necessary in order to fully elucidate the role of DDX17 in HIV-1 RNA splicing regulation and to exclude or comprise a role of DDX5.

Finally, DDX5 and DDX17 also display regulatory role in viral translation processes. Hepatits C virus (HCV) and Japanese Encephalitis Virus (JEV) both belong to Flaviviridae family and possess a (+)-RNA genome. HCV NS5B protein that transcribe (+)-and (-)-RNA strands interacts with DDX5. Moreover, DDX5 also associates with HCV 5'-UTR and is thereby proposed to enhance IRES-dependent HCV translation (Wenyu Cheng et al., 2018). In HCV life cycle, DDX5 is important in viral genome synthesis. However, contradictory studies demonstrated that depleting DDX5 leads to higher HCV RNA levels and further investigations would help in elucidating the precise role of DDX5, and possibly DDX17, in HCV viral cycle (Wenyu Cheng et al., 2018). In JEV life cycle, DDX5 interacts with the core protein and the two non-structural proteins NS3 and NS5 implicated positive regulation of the viral replication through their helicase activity. NS3 and NS5, together with DDX5, bind JEV RNA 3'-UTR, probably mediating IRES-dependent JEV translation (Wenyu Cheng et al., 2018). Interestingly, besides HCV and JEV, other flavivirus members were found to hijack DDX5 activity. Among them, the pestivirus family, regrouping small (+)-RNA animal viruses, were found to interact with DDX5, notably via N pro viral protein involved in viral RNA translation (Wenyu Cheng et al., 2018). DDX5 is also restrictive for Myxoma virus (MYXV) replication cycle. Indeed, DDX5 depletion triggers increased viral titer but seems not to be involved in gene expression, as suggested by luciferase reporter assay. In this study, DDX5 is suggested to act indirectly on MYXV replication repression through activation of antiviral innate responses [START_REF] Rahman | Identification of host DEAD-box RNA helicases that regulate cellular tropism of oncolytic Myxoma virus in human cancer cells[END_REF].

Concerning DNA viruses, DDX5 interacts with Epstein-Barr virus (EBV), a dsDNA, via its nuclear antigen 2 (EBNA2) during latency stage of EBV infection. EBNA2 regulates cellular and viral transcription by interacting with cellular TF and co-activators (Wenyu Cheng et al., 2018).

Besides interacting with EBNA2, DDX5 role in EBV replication is still poorly understood. In HBVinfected cells, DDX5 seems to be downregulated at mRNA and protein levels thereby conferring an advantage for viral transcription. Indeed, DDX5 has been demonstrated to compete with the E3-ligase Mex3b for the binding to the lncRNA HOTAIR. When DDX5 is downregulated, HOTAIR acts as a scaffold between Mex3b and the PRC2 subunit SUZ12 to promote its proteasomal degradation and thereby a decrease in the repressive H3K27me3 mark deposition on cccDNA. Oppositely, when DDX5 is overexpressed in HBV-infected cells, it sequesters HOTAIR, thus preventing the degradation of SUZ12 and the persistence of H3K27me3 mark on cccDNA and subsequent viral transcription repression (Zhang et al., 2016).

In a general manner, RNA viruses seem to take advantage in DDX5 recruitment to facilitate their replication at different steps of viral gene expression (Wenyu Cheng et al., 2018).

Interestingly, via its helicase activity, DDX5 participates in RNA secondary structure resolution.

This property suggests a role of DDX5 in unwinding viral RNA genomes to promote efficient viral gene expression and proper following replicative cycles. Interestingly, in DNA viruses, DDX5 is mostly associated to restrictive activities (Wenyu Cheng et al., 2018). While its exact role is not fully elucidated in DNA viruses, DDX5 seems to be associated to latency control and is suggested to act as a restriction factor for MYXV and HBV by impairing viral transcription (Wenyu Cheng et al., 2018;Zhang et al., 2016). Noteworthy, besides transcriptional repression of HBV cccDNA and a poorly described role in EBV EBNA2-mediated transcription regulation, the role of DDX5 and DDX17 is understudied in episomal viruses.

Finally, the different abovementioned roles of DDX5 and DDX17 have been addressed

individually and no compelling demonstrations on independent functions of these two helicases were depicted. As DDX5 and DDX17 share 90% sequence homology in their core domain (Lamm, 1996), can associate in heterodimer [START_REF] Ogilvie | The highly related DEAD box RNA helicases p68 and p72 exist as heterodimers in cells[END_REF], and have been described to participate to similar gene expression processes (Bourgeois et al., 2016;Giraud et al., 2018), overlapping functions of these two helicases are extensively assumed. To fully appreciate the role of DDX5 and DDX17 in viral replication, and to avoid redundancy between the two paralogs, analysis by concomitant silencing appears to be a relevant approach.

Research Projects

I. Hypothesis and objectives

Despite the existence of effective antiviral treatments that maintain viral replication under control, cccDNA is still a major obstacle to achieve a definitive cure for HBV chronic infection (Lok et al., 2017). Indeed, cccDNA persistence in the nucleus of infected hepatocytes is responsible for HBV chronicity. cccDNA is the unique replicative intermediate used as template for viral transcription. Through its chromatinized structure, containing histones and non-histone proteins, together with the presence of regulatory sequences, cccDNA hijacks the host RNA Polymerase II machinery to ensure its efficient transcription (C.Thomas Bock et al., 2001;Moolla et al., 2002;[START_REF] Rall | Transcription of hepatitis B virus by RNA polymerase II[END_REF].

While HBx is well described to be essential in the transcriptional active state of cccDNA (Lucifora et al., 2011), little is known about the implication of cellular factors in cccDNA activity. Notably, HBV RNA metabolism is poorly studied and the processes leading to HBV RNA capping, splicing and polyadenylation are largely under-investigated.

In eukaryotic cells, RNA Pol II-transcribed genes are concomitantly processed by diverse cellular machineries. RNA maturation is crucial for proper generation of a suitable mRNA for translational processes and correct protein synthesis (Neugebauer, 2002). The largest family of enzymes involved in gene expression regulation, notably transcription and co-transcription modulation, are the so-called DEAD-box RNA helicases (Bourgeois et al., 2016). Among them, DDX5 and DDX17 are typical representatives, largely demonstrated to regulate alternative splicing together with several mechanisms involved in RNA processing (Bourgeois et al., 2016;Giraud et al., 2018). Furthermore, DDX5 and DDX17 have been demonstrated to participate to insulator function of CCCTC-binding protein (CTCF) (H. Yao et al., 2010). CTCF is an insulator protein involved in RNA metabolism, particularly in alternative splicing regulation [START_REF] Shukla | CTCF-promoted RNA polymerase II pausing links DNA methylation to splicing[END_REF]. Interestingly, both DDX5/17 and CTCF have been shown to be involved in the regulation of the replication of several viruses (Pentland and Parish, 2015;Wenyu Cheng et al., 2018).

Based on these observations, and previous results obtained in the laboratory, the main aims of my PhD thesis work were to: i)

Investigate the role of DDX5 and DDX17 in HBV RNA transcription and processing ii)

Investigate the implication of CTCF in cccDNA regulation Conclusions. Altogether, our data highlight an essential role of DDX5 and DDX17 in fine tuning HBV RNA processing and ensure proper viral replication.

INTRODUCTION

Hepatitis B Virus (HBV) is the causative agent of a chronic hepatitis that affects more than 250 million people in the world. Chronic carriers have increased risks of developing severe liver diseases, such as liver cirrhosis and hepatocellular carcinoma (HCC) (Trépo et al., 2014).

Despite effective prophylactic vaccines and antiviral treatments, chronic hepatitis B remains a major health burden, causing more than 800 000 deaths every year (WHO, 2019). A key determinant of the chronicity of viral infection is the persistence of HBV covalently closed circular DNA (cccDNA), which is its episomal replicative intermediate residing in the nucleus of infected hepatocytes. cccDNA contains the complete viral genetic information and is the template for full viral transcription and replication. Therefore, direct targeting of cccDNA is fundamental for a complete HBV cure (Nassal, 2015).

cccDNA harbors a chromatin structure regulated by epigenetic mechanisms, and is the unique template for transcription of the viral RNAs. cccDNA encodes six subgenomic RNAs: the 0.7 kb X RNA, the two 2.1 kb PreS2 and S RNAs, the 2.4 kb PreS1 RNA and the two longer-thangenome 3.5 kb preCore (pC) and pregenomic (pg) RNAs (Seeger and Mason, 2000). This latter is also the RNA intermediate necessary to achieve complete viral replication. pgRNA contains the whole genome information and is retro-transcribed into rcDNA by the viral polymerase/retro-transcriptase while being encapsidated to form nucleocapsids. These newly assembled nucleocapsids can be either recycled to the nucleus replenishing the cccDNA pool, or be enveloped and secreted to form new infectious particles (Seeger and Mason, 2000). Viral transcription is regulated by 4 promoters, 2 enhancers, and a common polyadenylation signal (PAS) and is orchestrated by the cellular RNA polymerase II [START_REF] Rall | Transcription of hepatitis B virus by RNA polymerase II[END_REF]. Each viral RNA starts at its own Transcription Start Site (TSS) and harbors a cap at its 5' end (Jeong et al., 2000). HBV genome contains four overlapping open reading frames (ORF), oriented in the same direction, with every base coding for at least one ORF (Nassal, 2015) and leading to the synthesis of the seven viral proteins. In addition to the above-described HBV transcripts, several spliced variants have been identified in vivo, in patient samples, and in vitro, in cell culture. Considering all HBV genotypes, seventeen spliced variants deriving from the pgRNA and four spliced variants deriving from the PreS2/S mRNA have been identified (Candotti and Allain, 2016;Chen et al., 2015). These spliced variants can be retro-transcribed and encapsidated, generating defective HBV DNA particles that are correlated with severe liver diseases in patients (Soussan et al., 2008). The mechanisms and host factors involved in the fine-tuned regulation of cccDNA transcription are not yet fully understood.

The highly conserved DDX5 protein is a prototypic member of the DEAD-box RNA helicase family involved in several steps of RNA metabolism. This multitask protein regulates RNA processing from transcription to translation, through transcriptional regulation, pre-mRNA splicing, RNA export and decay (Bourgeois et al., 2016;Giraud et al., 2018). Several studies reported a role of DDX5 in promoting RNA virus replication (Wenyu Cheng et al., 2018).

However, other studies demonstrated an antiviral role of DDX5 in DNA viruses, such as Myxoma Virus and HBV (Wenyu Cheng et al., 2018). In particular, DDX5 has been proposed to stabilize the PRC2 subunit SUZ12 promoting the deposition of the repressive H3K27me3 histone mark on HBV cccDNA subsequently inhibiting HBV RNA transcription (Zhang et al., 2016).

DDX5 shares more than 70% of sequence homology with its paralog DDX17 (Lamm, 1996) resulting in functional redundancy of these two proteins (Lamm, 1996). As DDX5, DDX17 is also implicated in gene expression regulation (Bourgeois et al., 2016) and has been shown to be involved in HIV-1 splicing regulation (Lorgeoux et al., 2013;Sithole et al., 2018) et al., 2014). Interestingly, several HBV spliced isoforms deriving from pgRNA have been identified (Candotti and Allain, 2016). These observations led us to hypothesize that the shortening of HBV RNA observed upon DDX5 and DDX17 depletion could be a consequence of an altered production of some splicing variants. We therefore investigated HBV transcriptome of DDX5/17-depleted HepG2-NTCP cells by RNA-seq at 8 days post-HBV infection. All sequenced RNA samples showed good clustering in the principal component analysis (PC1 and PC2), which clearly separated the two biological replicates from each experimental condition (FigS2A). Sequencing reads were mapped to the H.sapiens reference genome (hg19) and to a chimeric genome consisting in the combination between H.sapiens and HBV (NC_003977.2)

genomes.

An analysis of DDX5/17-dependent differential splicing of human transcripts was carried out using the FaRLine tool (Benoit-Pilven et al., 2018), and was validated by RT-PCR on candidate alternative exons (FigS2C). For example, we confirmed in cultured hepatocytes the previously described inclusion of RFC5 exon 2 upon DDX5/17 silencing (Dardenne et al., 2014). We also carried out a DESeq2-based global expression analysis of human genes, as described previously (Lambert et al., 2018), and we validated experimentally the effect of DDX5/17

depletion by RT-qPCR in four independent experiments (FigS2C).

We then asked whether sequenced reads could be aligned to HBV genome. 284 000 reads were mapped to HBV genome when pooling the 4 sequenced samples. Such number of reads allowed a sufficient coverage of the virus genome to achieve a whole HBV genome sequence analysis (Fig3A). We created a novel HBV annotation file that included the previously described nomenclature for HBV spliced variants (Chen et al., 2015), allowing the first precise annotation of spliced and unspliced HBV transcripts that provides important information for HBV transcriptome analyses (Fig3B).

The Besides its role in transcriptional and alternative splicing regulation, DDX5 is part of a complex involved in transcriptional termination (Katahira et al., 2019;Mersaoui et al., 2019;[START_REF] Padmanabhan | Feedback Regulation of Transcriptional Termination by the Mammalian Circadian Clock PERIOD Complex[END_REF]. Therefore, we then asked whether DDX5 and DDX17 could affect HBV 3' end processing. To validate this hypothesis, precise termination sites of HBV transcripts, including the length of the polyadenylated tail was evaluated by 3' RACE. 3' RACE technics relies on anchor ligation to the free 3'-OH chemical group exposed at the 3' end of all RNA chains, followed by a HBV specific retro-transcription. PCR amplification detects amplicons starting at a gene specific primer, common to all HBV transcripts at the position 1564, and ending with the ligated anchor. Agarose gel electrophoresis of 3' RACE products showed a different band profile in siDDX5/17 compared to the control condition (Fig4C).

Major bands from 400 to 700 bp are visible in the control condition, while a major smear of around 500 bp is detectable in siDDX5/17. These results suggest that DDX5 and DDX17 are involved in the 3' end HBV RNA processing and that HBV transcripts seem more homogeneous in their 3' termini upon DDX5/17 silencing compared to the non-depleted conditions. 

DDX5 and DDX17 recruit CPSF6 and NUDT21 on HBV RNA

Alternative polyadenylation (APA) site usage is occurring in 70% of mammal genes (Neve et al., 2017). While APA can occur between two PASs allowing for generation of transcripts with distinct coding potential from a single gene, most APA occurs within the untranslated region (3ʹUTR) and changes the length and content of these non-coding sequences. We then explored whether potential alternative PAS were present along the readthrough sequence. We first confirmed that the described canonical HBV PAS was conserved within the major HBV Overlapping open reading frames and regulatory elements on HBV genome have to be precisely and timely controlled to ensure correct cccDNA transcription, termination and viral mRNA processing. In this study, we identified RNA helicases DDX5 and DDX17 as novel regulators of HBV RNA processing, describing a shortening of HBV RNAs upon depletion of the helicases in infected cells. DDX5/17 are master regulators of alternative splicing during human transcription (Bourgeois et al., 2016;Dardenne et al., 2014). Several studies uncovered spliced isoforms deriving from HBV pgRNA using semiquantitative PCR amplification using primers flanking the donor and acceptor splicing sites, thus discriminating between the different variants only by size, or by full-genome reverse PCR amplification of encapsidated DNA, assuming that defective molecules were originating from spliced RNAs (Bayliss et al., 2013;Chen et al., 2015;Duriez et al., 2017). We used a non-biased technique to investigate HBV RNA splicing by RNA sequencing. RNAseq has already been used for detecting viral transcripts in infectious models, with the main limitation that, when cccDNA transcription is active, the short read sequences cannot be allocated to a particular transcript, due to the overlapping nature of HBV RNAs (Niu et al., 2017). For the first time, we used RNAseq-generated data for unbiased identification of splice junctions on HBV RNAs. We identified splice junctions, corresponding to splice variants, which have been annotated according to previously published literature (Chen et al., 2015). Under DDX5/17 depletion, a less usage of specific donor/acceptor sites was highlighted. Splice junction skipping from position 2337 to 2447 from SP12, 2350 to 2447 from SP2 and 2350 to 2471 from SP16 leads to variant switch to SP3 isoform (donor site: 2067; acceptor site: 489). SP3 isoform constitutes 70% of spliced variants in circulating HBV particles, together with SP1 and SP2 (Chen et al., 2015). However, their implication in HBV replication remains to be elucidated. Moreover, exon skipping from position 2350 to 2447 from SP10 and 2237 to 2447 from SP15 leads to a switch to SP17 variant (donor site: 2067; acceptor site: 282). SP17 is a newly identified spliced isoforms, described for the first time by Chen and colleagues in the serum of CHB patients (Chen et al., 2015).

Interestingly, pgRNA splicing has been correlated with HBV pathogenesis, and notably with HCC development (Bayliss et al., 2013;Soussan et al., 2003). However, exact identification of spliced isoforms positively associated with HCC development was not possible due to the technical limitations of using primers flanking the splice donor/acceptor sites common to several variants. Since DDX5 seems to be downregulated in a subset of HBV-associated tumors (Zhang et al., 2016), investigating functions of the favored SP3 and SP17 variants in the absence of DDX5/17 could bring further information on HBV-related pathogenesis and tumorigenesis.

To fully characterize HBV transcripts upon DDX5/17 silencing, we combined 5' RACE and 3' RACE methods to cover the entire HBV RNA length. 5' RACE adapted for HBV transcripts was set up in our team (Stadelmayer et al., 2020a) and allows the precise identification of the main viral transcripts. 3' RACE allows precise identification of 3' end of viral transcripts. We uncovered phenotype changes in the 3' end of viral transcripts. Deeper characterization was performed by single-molecule sequencing using the 3 rd generation sequencing with MinION TM Nanopore technology. We showed that HBV transcripts precisely end 13 +/-1 nucleotides downstream of HBV PAS 5'-TATAAA -3' (position 1916-1921). Moreover, we uncovered that almost 50% of HBV transcripts in control conditions harbor an extensive 3' readthrough, which is completely abolished in DDX5/17 depleted condition, where all HBV transcripts end at canonical PAS. This phenomenon could explain the phenotype of "RNA shortening" that we saw by Northern Blot analysis. Given the fact that DDX5 and DDX17 were already suggested to be part of the termination and export complex THO, together with CPSF6 (Katahira et al., 2019), and were involved in transcription termination process (Mersaoui et al., 2019;[START_REF] Padmanabhan | Feedback Regulation of Transcriptional Termination by the Mammalian Circadian Clock PERIOD Complex[END_REF], we hypothesized that the 3'readthrough could be ascribed to an we found target sequences for miR222, miR500 and miR548, all demonstrated to be modulated in HCC patients (Bao et al., 2018;Hu et al., 2016;Ogawa et al., 2012). The length of 3' UTRs seems to be correlated to the proliferative status of the cell, being shorter in actively dividing cells and highly proliferative tumors (Curinha et al., 2014). We could speculate that when HBV infects terminally differentiated hepatocytes, its transcription would be submitted to the preferential use of distal PAS, as expected in non-dividing cells. After HBV infection, we and others (Zhang et al., 2016) observe a decrease in DDX5/17 protein expression and this could be instrumental for the virus to limit the 3' UTR lengthening and optimize viral RNA processing rate and protein translation.

To conclude, we identified DDX5 and DDX17 as regulators of HBV RNA processing and demonstrated that HBV transcripts do not systematically end at the expected PAS. Rather, HBV transcripts are lengthened in their 3' end. This observation has to be deeper investigated to better understand processes at the basis of cccDNA transcriptional activity and cotranscriptional regulation. Indeed, development of accurate non-invasive biomarkers is crucial to precisely reflect cccDNA transcriptional activity and to further develop new treatments toward a cure of HBV. Further investigations are required to elucidate the role of such 3' readthrough in HBV replication. Notably, confirming these observations in HBV-infected patients is crucial. Indeed, uncovering such readthrough in CHB patients would question on the accuracy of current available biomarkers for cccDNA transcriptional activity.

MATERIAL AND METHODS

PHH Isolation

Primary human hepatocytes (PHHs) were isolated from surgical liver resections, after informed consent of patients (IRB agreements #DC-2008-99 and DC-2008-101) as previously described (LeCluyse and Alexandre, 2010) and plated in complete William's supplemented with 1% penicillin/streptomycin (Life Technology), 1% glutamine (Life Technology), 5 μg/ml Human insμlin (Sigma-Aldrich), 25 μg/mL Hydrocortisone hemisuccinate UPJOHN (SERB), and 5% Fetal Calf Serum (FCS; Fetalclone IITM, PERBIO). PHH were maintained in William's medium supplemented with 1.8% DMSO (Sigma, St Quentin, France). All PHH-related data were obtained from at least two distinct patients. All experiments on PHH were prerformed as described for HepG2-NTCP.

Cell culture and HBV infection

HepG2-NTCP cells were seeded at 10 5 cells/cm 2 in DMEM medium supplemented with 1% penicillin/streptomycin (Life Technology), 1% sodium pyruvate (Life Technology), 1% glutamine (Life Technology), 5% Fetal Calf Serum (FCS; Fetalclone II TM , PERBIO). The day after, medium was renewed and complemented with 2.5% DMSO (SIGMA). After 72h, cells were infected at a mμltiplicity of infection of 250 in the presence of 4% PEG800 for up to 16h and then extensively washed with PBS and maintained in complete DMEM medium containing 2.5% DMSO until harvesting. Intracellμlar accumμlation of viral RNA and DNA, were monitored by RT-qPCR, qPCR, Northern-blotting and Southern blotting. Total DNA was purified from infected cells using MasterPure™ Complete DNA Purification Kit (Epicentre). Total RNA was extracted using ExtractAll TRI-Reagent (MRC), precipitated in isopropanol, washed in ethanol and resuspended in RNasefree water.

siRNA transfection siRNA (siDDX5 catalog# 4392420; siDDX17 catalog# 4390824; ON-TARGETplus LUC siRNA, Dharmacon) were transfected either concomitantly (12.5 nM siDDX5, 12.5 nM siDDX17), or alone (25 nM siRNA control: siLUC) in HepG2-NTCP cells and PHH four days post-infection, using Lipofectamine RNAiMAX (ThermoFisher), following manufacturer's protocol. The day after transfection, culture medium was changed, and cells were transfected a second time six days post-infection. The culture medium was changed the day after the second transfection. The supernatants were collected and cells were harvested two days after the second transfection.

qPCR and RT-qPCR

Extracted RNA were digested with RNAse-free DNase I (Qiagen) and retro-transcribed into cDNA using SuperScript III reverse transcriptase according to manufacturer's instructions (Invitrogen, Carlsbad, USA). cccDNA was quantify after ExoI + ExoIII endonuclease (Epicentre) digestion of total extracted DNA for 2 hours at 37°C, followed by 20 minutes inactivation at 80°C. Real-time qPCR for total HBV RNA/DNA and cccDNA was performed using an Applied QuantStudio 7 machine (BioSystem) and TaqMan Advanced Fast Master Mix or SYBR Green Master Mix (see primers and probes below, table 1). Serial dilutions of a plasmid containing an HBV monomer (pHBV-EcoR1) served as quantification standard for HBV DNA and cccDNA. The number of cellular genomes was determined by using the β-globin gene kit (Roche Diagnostics, Manheim, Germany). RT-qPCR were analyzed using the ΔΔCt method were ΔCt = Ct (target) -Ct (GUS), where GUS is the housekeeping gene.

Western-Blot

Cells were lysed in RIPA buffer supplemented with 1X PIC and 1X PMSF. 20 μg of protein were migrated in 4-20% mini-PROTEAN @ TGX stain-Free TM Precast Gel (Bio-Rab Laboratories) and transferred onto a nitrocellulose membrane (Bio-Rab Laboratories). Membranes were blocked 1 hour with 5% milk in TBS (1 x Tris Buffer Saline (Sigma)) and stained with primary antibodies in blocking buffer overnight at 4 °C (see Table XX). After primary antibody incubation, membranes were washed 3 times with TBS-T 0.1% (1X TBS with 0.1% Tween 20), stained with HRP-conjugated secondary antibodies (1/5000) for 1 hour at room temperature and washed again 3 times with TBS-T 0.1%. The detection was done using Clarity Western ECL and the ChemiDoc XRS system (Biorad).

Northern-Blot

Purified RNA were denatured at 50°C for one hour with glyoxal reagent (Life Technologies) and then subjected to electrophoresis through 1X phosphate buffer in a 1.2% agarose gel and transferred to a positively charged nylon membrane (Amersham N+, GE). Membrane-bound RNA were hybridized overnight at 42°C to DIG-labeled HBV-specific probes (Table 1). The membrane was washed twice in low-stringency wash buffer (1X SSC, 0.1% SDS) for 30 min at room temperature and twice in high-stringency wash buffer (0.1X SSC, 0.1% SDS) for 30 min at 65°C. Detection was performed using anti-DIG alkaline phosphatase (1/20 000) and CDP-Star reagent (Roche) according to the manufacturer's recommendation and imaged using ChemiDoc MP imaging system (BioRad). 18S and 28S rRNA were used as loading and quality control.

Nascent RNA Capture

Cultured cells were pulsed for 2 hours with 0.2 mM Ethynil-Uridine. Total RNA were extracted as above. 1 μg of RNA was used to perform nascent RNA capture using Click-iT ® Nascent RNA Capture Kit (ThermoFisher), according to the manufacturer's instructions. Precipitated RNA were retro-transcribed using Superscript IV Vilo (ThermoFisher), and qPCR was performed as described above.

5'RACE

5'RACE was performed as previously described in (Stadelmayer et al., 2020a).

3'RACE

RNA were extracted as described above. 1 μg of extracted RNA was digested with RNAse-free DNase I (Qiagen) and purified with acid phenol (pH 4.3), and then precipitated with 100% ethanol, 10% Sodium Acetate (Sigma), and 1 μl Glycogen, overnight at -20°C, then washed with 70% ethanol and resuspended in water. A 3'-DNA-Adaptor Ligation was performed with T4 RNA ligase 2 truncated (NEB) in presence of RNase-OUT (ThermoFisher) for 1 hour at 25°C. After acid phenol precipitation, gene specific reverse-transcription of anchored RNA was performed using ProtoScript II (NEB). The final PCR reaction was done with Platinum SuperFi II DNA Polymerase (ThermoFisher) (see primers Table X). PCR products were deposited and migrated on a 1% ultrapure agarose gel.

RNA-seq

RNA was extracted as above. Extracted RNA was digested with RNAse-free DNase I (Qiagen) and tested for RNA quality control using a Bioanalyzer Instrument (Agilent). mRNA libraries were prepared using the TruSeq Stranded Total RNA Library Prep Gold (Illumina) kit to increase the depth of sequencing. Each library was paired-end sequenced to an average of 50 million reads per sample using 75x2 cycles on a NextSeq 500 Illumina platform. On average, approximately 90 million reads were generated per sample.

Sequencing reads were mapped to the H.sapiens reference genome (hg19) and to a merged artificial genome combining H. sapiens and HBV (NC_003977.2)

For the analyses of human reads, the raw reads were mapped on GRCh37.75 EnsEMBL reference annotation by Tophat2 (Kim et al., 2013) (v2.0.13). Only reads mapping to exonic junctions were used analysed using the FaRLine pipeline (Benoit-Pilven et al., 2018) and the FasterDB database (Mallinjoud et al., 2014). The reads below a mapping score of 10 or mapped to multiple locations were filtered out using samtools (Anders et al., 2015) (v0.1.19). The gene expression level in each sample was analysed as described previously (Lambert et al., 2018).

For the HBV analysis, a novel progenomic reference that started with preC and ended with the full HBV sequence was derived from NC_003977.2. We concatenated the segments (nt) 1820-3182 and 1-1932 of NC_003977.2. Consequently, former segment (nt) 1820-1932 is represented twice. Raw reads were mapped on the progenomic reference with bowtie2 (Langmead and Salzberg, 2012) in the local mode (option --local). The resulting mapping file was analyzed with our home-made tool ClipStick (unpublished) to detect all splicing events de novo. A GTF file compiling all known and new splicing events was created. Alternative splicing of the different segments was calculated using STAR (v2.7.3) (Dobin et al., 2013) and rMATS (v3.1.0) (Shen et al., 2014). The level of HBV transcripts was estimated with kallisto (v0.44.0) (Bray et al., 2016). 

Nanopore

Cross-Link Immunoprecipitation

RIP experiments were carried out 7 days post-infection. Cells were washed in 1X PBS and UV cross-linked at 200 mJ/cm 2 . Total cell lysate was obtained by 20 min RIPA lysis buffer incubation on ice, followed by sonication. Total cell lysate was pre-cleaned in RIPA buffer with Protein G-coupled magnetic beads (Dynabeads, Invitrogen), and then subjected to overnight immunoprecipitation at 4 °C using 2-4 μg of antibodies (see Table 2). Chromatin incubated with no antibody or anti-H3.3 antibody was processed as other conditions and was used as negative controls. Immune complexes were then incubated 2 hours with Protein G-coupled magnetic beads at 4 °C, washed, and eluted in ChIP elution buffer. The flow-through from the no antibody condition was used as input. Immunoprecipitated RNA were extracted using ExtractAll TRI-Reagent (MRC), precipitated in isopropanol, washed in ethanol and resuspended in RNase-free water. RT-qPCR was performed as described above. Samples were normalized to input RNA using the ΔΔCt method were ΔCt = Ct (input) -Ct (immunoprecipitation) and calculated as percentage of the input.

Chromatin Immunoprecipitation

ChIP experiments were carried out 7 days post-infection. Cells were washed in 1X phosphate buffered saline (PBS), and incubated for 15 minutes with 1% formaldehyde at 37 °C and quenched with 0.125 M Glycine for 10 minutes at 37°C. For nuclear extracts preparation, cells were lysed in lysis buffer (5 mM PIPES, 85 mM KCl, 0,5% NP-40, 1 mM PMSF, 1X Protease inhibitor cocktail (PIC) (ThermoFisher)). After "tight" douncing (10 times) and 5 minutes centrifugation at 3000 rpm, nuclei were resuspended in sonication buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl pH8, 1 mM PMSF, 1X PIC). After sonication, chromatin was pre-cleaned in RIPA buffer with Protein G-coupled magnetic beads (Dynabeads, Invitrogen), and then subjected to overnight immunoprecipitation at 4 °C using 2-4 μg of antibodies (see Table 2). Chromatin incubated with no antibody or anti-E2F antibody was processed as other conditions and was used as negative controls. Immune complexes were then incubated 2 hours with Protein G-coupled magnetic beads at 4 °C, washed, and eluted in 10 mM Tris-HCl pH8, 5 mM EDTA, 50 mM NaCl, 1% SDS, 50 μg Proteinase K, 1X PIC. The flow-through from the no antibody condition was used as input. Immunoprecipitated DNA was extracted with phenol-chloroform isoamyl (25:24:1) and quantified by qPCR using cccDNA specific primers (see table 1). Samples were normalized to input DNA using the ΔΔCt method were ΔCt = Ct (input) -Ct (immunoprecipitation) and calculated as percentage of input.

Target

Primer Forward (5'-3') Primer Reverse (5'-3') 

MAIN FIGURES & LEGENDS

Supplementary results

In this study, we demonstrated that DDX5 and DDX17 are involved in HBV RNA transcription termination, notably by recruiting CPSF6 and NUDT21, two factors important for the choice of Western Blot analysis of intracellular HBs proteins would help in determining if an increase in protein translation is associated to less secretion.

HBV-induced cytoplasmic vesicles contain viral particles

Cytoplasmic vacuoles only exist in HBV-infected cells [START_REF] Patient | Hepatitis B Virus Subviral Envelope Particle Morphogenesis and Intracellular Trafficking[END_REF]Rat et al., 2019).

However, to the best of our knowledge, no evidence for the presence of intra-vesicular viral particles was demonstrated in HBV infection model. To confirm the presence of viral particles in cytoplasmic vacuoles, we stained HBc and HBs with golden beads, in DDX5/17 depleted cells as these cells appear to contain higher levels of HBV-induced cytoplasmic compartments. The presence of golden beads in cellular vesicles confirmed the presence of HBc and HBs in such compartments (Supp Fig1C -Upper and Middle panels). Moreover, the concomitant presence of these two viral proteins was confirmed by co-immunostaining with beads with different diameter (5 nm and 15 nm respectively) (Supp Fig1C -Lower pannel). Noteworthy, we can notice a weak number of golden beads within HBV-induced vacuoles. Ultra-thin section preparation physically cuts potential epitopes, explaining why HBc-and HBs-antibody staining does not reflect the expected abundance of particles. Collectively, these data uncovered an accumulation of viral particles in HBV-induced cytoplasmic vesicles which are not efficiently secreted. Moreover, co-immunogold staining demonstrated for the first time that both HBc and HBs are present in the same HBV-induced cytoplasmic vesicles.

DDX5 and DDX17 silencing does not affect pgRNA retro-transcription

To investigate whether the accumulation of cytoplasmic viral particle upon DDX5/17 depletion was due to a default in pgRNA retro-transcription, we carried out cytoplasmic capsid isolation and quantified encapsidated HBV RNA and DNA. A slight increase of total HBV RNA within capsid-containing particles was observed in siDDX5/17 (Supp Fig2A). Interestingly, an equivalent increase in encapsidated HBV DNA was also observed upon DDX5 and DDX17 depletion (Supp Fig2B). These results suggest no defects in viral retro-transcription despite the absence of DDX5 and DDX17.

Novel circular species of encapsidated HBV DNA are revealed by Nanopore sequencing

We demonstrated that DDX5/17 silencing does not affect pgRNA retro-transcription. We further wanted to investigate whether encapsidated HBV DNA within the cytoplasm was qualitatively affected by DDX5/17 silencing. To answer this question, we performed reverse PCR amplification of encapsidated DNA, isolated from cytoplasmic capsid-containing particles (Supp Fig3A). Reverse PCR allows the amplification of retro-transcribed and circularized species. PCR products were sequenced using Nanopore technology and approximately 14 000 reads were aligned to reference full-length HBV genome in both conditions (Supp Fig3B).

Cytoplasmic encapsidated HBV DNA revealed a same coverage profile in siCTL and siDDX5/17 

Transmission Electron Microscopy

Cells were fixed directly in the culture dish with 2% glutaraldehyde for 15 minutes at 4°C, and then incubated for at least 45 minutes at 4°C with 2% glutaraldehyde and 0.1 M cacodylate pH 7. Three washes with 0.1 M cacodylate pH 7.4 and 0.2 M saccharose were performed before incubation with 1% osmium teroxyde and 0.15 M cacodylate pH 7.4. Samples were then dehydrated in successive ethanol baths with increasing concentration (from 30% to 100%) thus allowing epoxy resin substitution and impregnation. Cells were then included and resin was polymerized during 24 hours at 60°C. Ultramicrotome ultrathin sections were generated and contrasted for TEM imaging using JEM-1400 (Jeol) microscope.

Nanopore

DNA products of Complete genome (CG) amplification performed with Platinum™ Taq DNA Polymerase High Fidelity (Invitrogen) (see primer sequences table X) were prepared for Nanopore Sequencing with SQK-PBK004 kit, according to the manufacturer's instructions. Analysis was performed with Epi2me (epi2me.nanoporetech.com), NanoPipe (http://bioinformatics.uni-muenster.de), and aligned to the reference HBV genome corresponding to full-length HBV genome (starting position : 1627). controlling its transcriptional activity to reach a complete HBV cure (Martinez et al., 2019;Yang and Kao, 2014).

SUPPLEMENTARY RESULTS: FIGURES & LEGENDS

In the nucleus of infected hepatocytes, cccDNA forms a stable chromatinized episome that is the unique template of the transcription of the 6 major viral mRNA: the 0.7 kb X RNA, the 2.1 kb S and PreS2 RNA, the 2.4 kb PreS1 RNA, the 3.5 kb PreCore RNA and the 3.5 kb pregenomic RNA (pgRNA). Once synthesized, the pgRNA is retro-transcribed in rcDNA and encapsidated to form new infectious virions. In addition to these major mRNAs, spliced variants derived from the pgRNA and the PreS1 mRNA have been identified in the serum of patients and in cultured cell lines. Nevertheless, their role in HBV replication remains elusive. The transcription of these mRNAs is finely regulated by different regulatory elements, 4 promoters (X, PreS1, PreS2

and PreC), 2 enhancers (EnhI and EnhII) and a common polyadenylation signal (PAS), which require host cell transcription factors and cofactors for their activity (Dandri, 2020).

The CCCTC-binding factor CTCF is DNA binding protein involved in the regulation of gene expression and in particular transcription. It was originally identified as an insulator protein blocking the action of enhancers on a specific promoter, notably in the imprinted locus IGF2/H19 (Braccioli and de Wit, 2019). CTCF mediates its effect by promoting chromatin looping between distant regions and organizes the genome as topologically associated domains in mammalian cells [START_REF] Hyle | Acute depletion of CTCF directly affects MYC regulation through loss of enhancerpromoter looping[END_REF][START_REF] Khoury | Constitutively bound CTCF sites maintain 3D chromatin architecture and long-range epigenetically regulated domains[END_REF][START_REF] Llères | CTCF modulates allele-specific sub-TAD organization and imprinted gene activity at the mouse Dlk1-Dio3 and Igf2-H19 domains[END_REF].

Independently from its role in chromatin looping, CTCF can also directly repress or activate gene expression by interacting with the RNA Polymerase 2 (RNA Pol II) machinery [START_REF] Chernukhin | CTCF References Interacts with and Recruits the Largest Subunit of RNA Polymerase II to CTCF Target Sites Genome-Wide[END_REF]. Apart from transcription, CTCF also regulates co-transcriptional mRNA processing steps such as alternative splicing. For example, CTCF is recruited to the CD45 exon 5 genomic region and promotes its inclusion by inducing RNA Pol II pausing [START_REF] Shukla | CTCF-promoted RNA polymerase II pausing links DNA methylation to splicing[END_REF]. Genome-wide studies have proposed that CTCF regulates alternative splicing by promoting chromatin loops between the alternative exons and their cognate promoter but these correlative studies have to be more properly demonstrated (Ruiz-Velasco et al., 2017). Interestingly, CTCF directly binds to RNA and requires this activity to regulate the expression of at least some of its target genes and to promote chromatin looping [START_REF] Hansen | An RNAbinding region regulates CTCF clustering and chromatin looping: bioRxiv[END_REF][START_REF] Saldana-Meyer | CTCF regulates the human p53 gene through direct interaction with its natural antisense transcript, Wrap53[END_REF][START_REF] Saldaña-Meyer | RNA Interactions Are Essential for CTCF-Mediated Genome Organization[END_REF]. In particular, CTCF forms a complex with the long non-coding RNA SRA (Steroide Receptor Activator)) and the protein DDX5, which are important for its insulator activity(Hongjie Yao et al., 2010). Increasing evidence indicates that CTCF is directly recruited to the genome of several DNA viruses and plays important roles in their replication by promoting chromatin looping driving transcriptional repression or alternative splicing (Pentland and Parish, 2015).

Based on these observations, we hypothesized that CTCF regulates HBV replication. In this study, we demonstrated that CTCF is directly recruited to cccDNA and HBV mRNAs and that CTCF regulates HBV mRNA processing.

MATERIALS AND METHODS

Generation of HBV molecule carrying mutation of CTCF BS

PCR from the pMN-HBV plasmid and using overlapping primers (Table 1) carrying the designed mutation in the CTCF BS were performed using the PrimeSTAR Max premix (Takara) according to the manufacturer's instruction. The parental plasmid was then digested with 10 U of DpnI (Promega) restriction enzyme for 2 h at 37 ˚C. TOP10 bacteria were transformed with the resulted plasmid for 45 s at 42 ˚C, plated in LB agar plates supplemented with 35 μg/mL kanamycin and incubated overnight at 37 ˚C. Plasmid DNA was extracted with the Nucleospin Plasmid Mini kit and SANGER-sequenced at GATC to check for the mutation. ZYCY10P3ST2 bacteria (System Bioscience) were then transformed with the plasmid DNA carrying the designed mutation, plated and incubated as above. 1 colony was picked up and cultured in Terrific broth medium overnight at 37 ˚C until reaching a DO between 0.4 and 0.6. 2 volumes of LB medium supplemented with 0.04 N NaOH and 20 μg/mL L-Arabinose were added to the culture, which was incubated for 8 h at 37 ˚C. Plasmid DNA corresponding to the HBV genotype D genome with an attr sequence added at the position 2850-2888 was extracted with the Nucleospin Endotoxin-free Xtra Maxi kit (Macherey-Nagel), digested with NdeI restriction enzyme (New England Biolabs) for 2 h at 37 ˚C and with Plasmid-Safe DNAse (System Bioscience) overnight at 37 ˚C according to the manusfacturer's instruction. Plasmid DNA was further purified with Phenol/Chloroform and precipitated with 2.5 volume of EtOH.

Mutated site

Primer sequence HepG2-NTCP cells were transfected with 12 μg of plasmids with Mirus 2020 transfection reagent according to manufacturer's instruction. Once transfected, HepG2-NTCP cells were cultured as above in antibiotic-free medium. The day after, medium was replaced by fresh medium containing antibiotics. 3 days and a half after the transfection, cells were collected for further analysis.

CTCF BS1 F GTGTTTGCTGACGCAACACCAACTGGATGGGGCTTGGTC R GACCAAGCCCCATCCAGTTGGTGTTGCGTCAGCAAACAC CTCF BS2 F GCCGATCCATACTGCGGAATTATTAGCAGCTTGTTTTGCTCGCAGCAG G R CCTGCTGCGAGCAAAACAAGCTGCTAATAATTCCGCAGTATGGATCG GC CTCF BS3 F CCTCCAGCTTATCGTCCGCCCAATGCCCCTATCCTATCAACACT R AGTGTTGATAGGATAGGGGCATTGGGCGGACGATAAGCTGGAGG CTCF BS5 F CTGGGATTCTTTCGCGGAATTATTAGCAGCTTGTTTTGCTCGCAGCGC CTTCAGAGCA R TGCTCTGAAGGCGCTGCGAGCAAAACAAGCTGCTAATAATTCCGCGA AAGAATCCCAG

Chromatin immunoprecipitation

Cells were washed twice with 1 X PBS and cross-linked with 1 % formaldehyde for 10 minutes at 37 ˚C. After 5 minutes of quenching with 125 mM Glycin at 37 ˚C, cells were washed twice with 1 X PBS, centrifuged 5 minutes at 1500 rpm and lysed with Nuclear Lysis Buffer to isolate nuclei for 30 minutes in ice. The lysate was then dounce 10 times and centrifuge 5 minutes at 3000 rpm at 4 ˚C. Nuclear membrane was then broken by 2 cycles of sonication 30 sec ON, 30 sec OFF on a Bioruptor (Diagenode). Debris were pelleted 10 minutes at 14800 rpm at 4 ˚C.

The lysate was diluted 10 times with RIPA buffer supplemented with 1 X Complete Mini EDTAfree (Roche Diagnostics) and 1 mM PMSF and pre-cleared for 2 h at 4 ˚C by adding magnetic Protein G coated dynabeads (Life Technologies). Beads were discarded and the proper amount of antibody raised against the protein of interest was added to the chromatin or no antibody was added for the negative control. After an overnight incubation at 4 ˚C, magnetic Protein G coated dynabeads were added followed by another incubation of 2 h at 4 ˚C. 10 % of the No Antibody control was saved to constitute the Input. Beads were washed 5 times with RIPA buffer, once with TE buffer and resuspended in Elution buffer containing proteinase K. Chromatin was reverse crosslinked by incubating the mixture 2 h at 68 ˚C, purified by adding one volume of Phenol:Chloroform:Isoamyl Alcohol 25:24:1 (Life Technologies) and precipitated. The antibodies used in this study are the following: Rabbit anti-CTCF (Diagenode), Rabbit anti-DDX5 (Bethyl) and Rabbit anti-DDX17 (Proteintech).

ELISA

ELISA was performed as previously described (Stadelmayer et al., 2020b).

Real-time PCR

DNA was extracted as previously described (Stadelmayer et al., 2020b). RNA was extracted using TriReagent (MRC) according to manufacturer's instruction. Real time PCRs were performed as previously described (Stadelmayer et al., 2020b).

Northern blot

Purified RNA were denatured at 50°C for one hour with glyoxal reagent (Life Technologies) and then subjected to electrophoresis through 1X phosphate buffer in a 1.2% agarose gel and transferred to a positively charged nylon membrane (Amersham N+, GE). Membrane-bound RNA were hybridized overnight at 42°C to DIG-labeled HBV-specific probes (Table 2). The membrane was washed twice in low-stringency wash buffer (1X SSC, 0.1% SDS) for 30 min at room temperature and twice in high-stringency wash buffer (0.1X SSC, 0.1% SDS) for 30 min at 65°C. Detection was performed using anti-DIG alkaline phosphatase (1/20 000) and CDP-Star reagent (Roche) according to the manufacturer's recommendation and imaged using ChemiDoc MP imaging system (BioRad). 18S and 28S rRNA were used as loading and quality control. Total cell lysate was obtained by 20 min RIPA lysis buffer incubation on ice, followed by sonication. Total cell lysate was pre-cleaned in RIPA buffer with Protein G-coupled magnetic beads (Dynabeads, Invitrogen), and then subjected to overnight immunoprecipitation at 4 °C using 1 μg of anti-CTCF antibody (Diagenode). Chromatin incubated with 5 μg anti-H3.3 antibody (Abcam Ab62642) or no antibody was processed as other conditions and was used as negative control. Immune complexes were then incubated 2 hours with Protein G-coupled magnetic beads at 4 °C, washed, and eluted in ChIP elution buffer. The flow-through from the no antibody condition was used as input. Immunoprecipitated RNA were extracted using ExtractAll TRI-Reagent (MRC), precipitated in isopropanol, washed in ethanol and resuspended in RNase-free water. RT-qPCR was performed as described above. Samples were normalized to input RNA using the ΔΔCt method were ΔCt = Ct (input) -Ct (immunoprecipitation) and calculated as percentage of the input.

DIG-Labeled Probes

RESULTS

CTCF is recruited to cccDNA and HBV mRNAs

To first address whether CTCF regulates HBV replication, we analysed the sequence of HBV genotype D genome with the CTCFBSDB 2.0 database to predict for potential CTCF binding sites (BS). This analysis revealed the presence of 8 potential CTCF BS dispersed in this sequence suggesting that CTCF is recruited to cccDNA (Figure 1a). To test this hypothesis, we performed chromatin immunoprecipitation (ChIP) experiments from HBV-infected HepG2-NTCP cells using or not the anti-CTCF antibody followed by qPCR to quantify cccDNA. As observed in Figure 1b, the percentage of Input obtained after using the anti-CTCF antibody is reproducibly higher than in the negative control indicating that CTCF is recruited to cccDNA.

To test whether CTCF can potentially be recruited to all the HBV genotypes, we aligned these 8 potential CTCF BS to the HBV genotype A to H to check for conservation. This analysis revealed that the stretch of Cs that are critical for the recruitment of CTCF is conserved in most of the genotype strongly suggesting that the recruitment of CTCF to cccDNA could be a common phenomenon to all the genotypes (Figure 1c).

Finally, CTCF can also directly bind to RNA and requires this activity for at least some of its function [START_REF] Hansen | An RNAbinding region regulates CTCF clustering and chromatin looping: bioRxiv[END_REF][START_REF] Saldana-Meyer | CTCF regulates the human p53 gene through direct interaction with its natural antisense transcript, Wrap53[END_REF][START_REF] Saldaña-Meyer | RNA Interactions Are Essential for CTCF-Mediated Genome Organization[END_REF]. To test whether CTCF can directly bind HBV RNAs, we performed CLIP experiments using the anti-CTCF or the anti-H3.3 (negative control) antibodies in the same condition as above. These experiments were followed by RT-qPCR to quantify the total HBV RNAs or more specifically the 3.5 kb RNAs (preCore and pgRNA). The data obtained show that the percentage of Input obtained using the anti-CTCF antibody is reproducibly higher compared to the negative control for both total and 3.5 kb RNAs (Figure 1d). These data show that CTCF is directly recruited to HBV RNAs.

CTCF recruitment to HBV EnhI regulates the metabolism of HBV mRNAs

To address the role of the recruitment of CTCF to cccDNA on HBV replication, we first used the minicircle strategy [START_REF] Guo | The recombined cccDNA produced using minicircle technology mimicked HBV genome in structure and function closely[END_REF] to engineer HBV molecules (mcHBV) carrying silent mutations in the CTCF BS1 and/or CTCF BS2 that are both located to HBV EnhI region (Figure 2a).

To test whether the mutation of CTCF BS1 and CTCF BS2 alone or in combination impairs the recruitment of CTCF, we transfected HepG2-NTCP cells with the wild-type (wt) or the mutant synthetic mcHBV molecule. We then performed ChIP experiments using the anti-CTCF antibody or without antibody followed by qPCR to quantify the cccDNA. As expected, the percentage of Input obtained after using the anti-CTCF antibody is higher compared to the negative control in the cells transfected with the wt mcHBV indicating that CTCF is indeed recruited to this synthetic molecule (Figure 2b). Strikingly, this percentage of Input is reproducibly reduced in the cells transfected with the CTCF BS1 and/or CTCF BS2 mutant mcHBV compared to the wt mcHBV. Nevertheless, the percentage of Input obtained with the anti-CTCF is still higher compared to the negative control in the cells transfected with these mutant HBV molecule (Figure 2b). These data strongly suggest that the mutation of CTCF BS1

and CTCF BS2 alone or in combination decreases but does not fully abolish the recruitment of CTCF to cccDNA.

We then addressed the impact of the decreased CTCF binding to cccDNA on HBV markers.

ELISA and qPCR analysis revealed that the mutation of the CTCF BS1 and/or BS2 does not significantly influence the level of secreted HBV antigens (Figure 2c) and the level of intracellular total HBV DNA (Figure 2d). The same observation is made for intracellular total HBV RNA (Figure 2e). However, RT-qPCR experiments showed a reproducible though not significant increase of the 3.5 kb RNAs after mutation of these CTCF BS compared to the wt condition (Figure 2e). These results suggest that the recruitment of CTCF to the CTCF BS1 and BS2 is involved in the regulation of the level of the 3.5 kb RNAs.

As the different HBV mRNAs cannot be discriminated by RT-qPCR, we performed Northern blot experiments using HBV specific probes that allow the detection of all HBV mRNAs except for the HBx RNA. Strikingly, we observe the appearance of a band migrating slightly faster than the 3 main bands corresponding to the 3.5 kb, 2.4 kb and 2.1 kb RNAs in the HepG2-NTCP cells transfected with the CTCF BS1 and/or BS2 mutant mcHBV while these 3 bands are unique in the control cells (Figure 2f). These results suggest that the mutation of CTCF BS1 and BS2 might impair the HBV mRNA processing.

CTCF recruitment to Core/POL and PreS1/POL ORFs also regulate the metabolism of HBV mRNAs CTCF BSs are also present in other cccDNA regions than the EnhI region. That is particularly the case of the CTCF BS3 and BS5 located to Core/POL and PreS1/POL ORFs, respectively. To address the role of these particular CTCF BS, we generated mcHBV carrying mutations in these BS as described above (Figure 3a). In the case of CTCF BS3, these mutations are silent while for the CTCF BS5, the designed mutations introduced 1 aminoacid change in the POL ORFs:

V199I.

We first addressed the impact of those mutations on the recruitment of CTCF to cccDNA. ChIP-qPCR experiments showed that the recruitment of CTCF to mcHBV carrying mutation in the CTCF BS3 and BS5 is reduced compared to the wt mcHBV. Nevertheless, the recruitment of CTCF to the mutant mcHBV is not completely abolished as the percentage of Input obtained using the anti-CTCF antibody is still higher compared to the negative control performed without antibody (Figure 3b).

As above, we checked for the impact of this decreased binding of CTCF on HBV markers. ELISA and qPCR analyses showed that the mutation of CTCF BS3 or BS5 does not influence the level of secreted HBV antigens (Figure 3c) and intracellular total HBV DNA (Figure 3d). Interestingly, RT-qPCR experiments revealed a reproducible though not significant increase of the level of intracellular total HBV mRNA and 3.5 kb RNAs (Figure 3e).

We finally performed Northern blot experiments with RNA extracted from HepG2-NTCP cells transfected with the wt or the CTCF BS3 or BS5 mutant mcHBV. Strikingly, while the 2.4 kb and the 2.1 kb migrate at the same size in all the condition, the 3.5 kb RNAs displayed a different migration pattern in the cells transfected with the mutant mcHBV. Indeed, as observed in Figure 3f, the 3.5 kb RNA migrates slower when the CTCF BS3 is mutated while after the mutation of CTCF BS5, the 3.5 kb RNAs migrates faster (Figure 3f). These results suggest then that the recruitment of CTCF to CTCF BS3 and BS5 is involved the processing of the 3.5 kb RNAs.

CTCF recruits DDX5 and DDX17 RNA helicases to cccDNA

All the data mentioned above point to a role of CTCF in the metabolism of HBV mRNAs. CTCF forms protein complex with several proteins involved in this process, in particular the RNA helicase DDX5, which is important for the CTCF insulator function [START_REF] Yao | Mediation of CTCF transcriptional insulation by DEAD-box RNA-binding protein p68 and steroid receptor RNA activator SRA[END_REF].

We recently demonstrated that DDX5 is recruited to cccDNA (Chapus, in prep). This observation led us to hypothesize that CTCF mediates its role in the metabolism of HBV transcripts at least by recruiting DDX5 to cccDNA. To tackle this question, we performed ChIP-qPCR using the anti-DDX5 antibody in HepG2-NTCP cells transfected with the different mutant mcHBV tested above. As expected, we observed the recruitment of DDX5 to the wt mcHBV (Figure 4a). Interestingly, the recruitment of DDX5 to the different mutant mcHBV is reproducibly decreased compared to the wt. These results suggest that CTCF binding is required for DDX5 recruitment to cccDNA.

The RNA helicase DDX17 is a close paralog of DDX5 and shares redundant functions with DDX5 (Bourgeois et al., 2016;Giraud et al., 2018). We recently demonstrated that as DDX5, DDX17 is recruited to cccDNA (Chapus, in prep). Therefore, we tested whether CTCF recruits DDX17 to cccDNA by new ChIP-qPCR experiments using the anti-DDX17 antibody. The results

shown in Figure 4b indicate that the recruitment of DDX17 to the mutant mcHBV is decreased compared to the wt mcHBV. These results suggest then that CTCF is also necessary for DDX17 recruitment to cccDNA.

DISCUSSION

Targeting cccDNA is critical to achieve a complete HBV cure. Therefore, understanding how HBV gene expression is regulated remains essential to reach this goal. The regulation of cccDNA relies on the combinatorial action of viral and host factors. In this study, we strongly suggest that CTCF binds to cccDNA through 8 potential binding sites and contributes to the metabolism of HBV RNAs.

Two of these potential binding sites are located to the EnhI region. The mutation of these CTCF BS alone or in combination triggers an increased level of the 3.5 kb RNA. At this stage, whether the mutation of these sites increases the transcription and/or the stability of the 3.5 kb RNAs remains elusive. Interestingly, CTCF is bound to the enhancer region of HPV18 and represses the expression of the oncoprotein E6/E7. In this particular case, CTCF creates a repressive chromatin landscape associated with the chromatin looping between the enhancer and the E6/E7 proteins [START_REF] Pentland | Disruption of CTCF-YY1-dependent looping of the human papillomavirus genome activates differentiation-induced viral oncogene transcription[END_REF]. In KHSV, CTCF is also bound to an intergenic region of the viral genome and contributes to the repression of lytic gene expression (Kang et al., 2011).

These 2 studies point to a role of CTCF in repressing viral enhancer activity. Then, based on these observations, we hypothesize that the increased expression of the 3.5 kb RNA after mutation of the CTCF BS in the EnhI is the reflect of a transcriptional de-repression when CTCF is not recruited. Run-on experiments will definitely help in tackling this hypothesis. The 3.5 kb

RNAs correspond to the PreCore and pgRNA, the former encoding the HBeAg. Surprisingly, the mutation of the 2 CTCF BS in the EnhI region is not associated with a significant increase of HBeAg level. This observation suggests that CTCF bound to the EnhI region could specifically repress the transcription of the pgRNA. 5' RACE experiments (Stadelmayer et al., 2020b) with primers discriminating between PreCore and pgRNA will allow to investigate this hypothesis.

An increased level of HBV mRNAs and, in particular, of the 3.5 kb RNAs is also observed after mutation of two other CTCF BS located in the PreCore/POL (CTCF BS3) and PreS1/POL (CTCF BS5) ORFs suggesting that CTCF bound to cccDNA at these positions also represses the transcription of HBV mRNA. As already mentioned, CTCF mediates its effect on transcription at least partly by promoting long-range interaction between regulatory sequences recruiting this factor (Braccioli and de Wit, 2019). In particular, several studies demonstrated that these CTCF-mediated chromatin loop frequently require 2 CTCF binding sites that are in convergent orientation (de Wit et al., 2015;[START_REF] Rao | A 3D map of the human genome at kilobase resolution reveals principles of chromatin looping[END_REF]. Interestingly, the CTCF BS1 is in the opposite direction of the other CTCF BS. We then think that the recruitment of CTCF throughout the cccDNA creates a chromatin topology that represses the expression of HBV mRNAs. Testing this hypothesis relies either on the use of chromosome conformation capture techniques or in super-resolutive microscopy. Nevertheless, the small size of cccDNA makes it challenging the use of such techniques to assess its topology in the presence or absence of CTCF.

Another striking phenotype observed after mutation of the CTCF BS is the change in size of either all HBV mRNAs or more specifically of 3.5 kb RNAs. Indeed, the mutation of the CTCF BS1, BS2 and BS5 triggers a shortening of the HBV mRNA. Spliced variants derived from either the pgRNA or the PreS1 mRNA have been described in the serum of patients and cultured cell lines (Duriez et al., 2017). Nevertheless, their role in HBV replication is still unclear. Apart from being involved in the regulation of transcription, CTCF is important for co-transcriptional processing such as alternative splicing [START_REF] Shukla | CTCF-promoted RNA polymerase II pausing links DNA methylation to splicing[END_REF]. Interestingly, the CTCF BS5 is located to the acceptor site of already described spliced variants (SP7, SP8 and SP14). This observation suggests then that CTCF represses the production of this particular spliced variant by being recruited to the CTCF BS5. Chromatin looping mediated or not by CTCF regulates as well alternative splicing(Tim R. [START_REF] Mercer | a. DNase I-hypersensitive exons colocalize with promoters and distal regulatory elements[END_REF]Ruiz-Velasco et al., 2017). The shortening of the HBV mRNAs could be therefore mediated by the production of spliced variants controlled by CTCF-mediated long-range interaction. In contrast, the mutation of CTCF BS3 triggers a lengthening of the 3.5 kb RNAs. 3' end mRNA processing is another cotranscriptional processing controlled by long-range interaction between promoters and terminator sites (Lamas-Maceiras et al., 2016). CTCF controls this process by preventing transcriptional readthrough notably after infection with the influenza virus [START_REF] Heinz | Transcription Elongation Can Affect Genome 3D Structure[END_REF].

The lengthening of the 3.5 kb RNAs observed after lost binding of CTCF at the BS3 could be therefore mediated by a transcriptional readthrough. The use of the 3 rd generation sequencing using the Nanopore sequencing will definitely allow to test these different hypotheses.

CTCF can also directly bind RNA through some of its Zn finger domain [START_REF] Hansen | An RNAbinding region regulates CTCF clustering and chromatin looping: bioRxiv[END_REF][START_REF] Saldana-Meyer | CTCF regulates the human p53 gene through direct interaction with its natural antisense transcript, Wrap53[END_REF][START_REF] Saldaña-Meyer | RNA Interactions Are Essential for CTCF-Mediated Genome Organization[END_REF]. This activity is notably important for its contribution to organize the genome. Nevertheless, it is still not known whether the role of CTCF in co-transcriptional processing requires the recruitment of CTCF to RNA and whether CTCF recognizes the same motif as in DNA is not known. Interestingly, CTCF is directly recruited to HBV RNAs. This observation let the possibility that the contribution of CTCF to HBV mRNA metabolism can be mediated by its binding to HBV mRNA. Determining whether the mutation of the CTCF BS impairs the recruitment of CTCF to RNA by new CLIP experiments is then critical for a better understanding of the mechanisms by which CTCF contributes to HBV.

One of these mechanisms could involve the RNA helicases DDX5 and DDX17. DDX5 together with the long-noncoding RNA SRA forms a complex with CTCF and mediates the CTCF insulator function [START_REF] Yao | Mediation of CTCF transcriptional insulation by DEAD-box RNA-binding protein p68 and steroid receptor RNA activator SRA[END_REF]. Besides, DDX5 and DDX17 are multitask proteins involved at several stage of gene expression (Bourgeois et al., 2016;Giraud et al., 2018). In this study, we demonstrated that CTCF recruits both DDX5 and DDX17 to cccDNA and these data suggest 

Supplementary results

In this study, we demonstrated that CTCF can be recruited at different binding sites located along the HBV genome and conserved across the major HBV genotypes. Among these sites, four were mutated, either alone or in combination. Mutation of CTCF binding sites, achieved by the generation of WT or mutated cccDNA-like molecules by minicircle strategy (mcHBV), impairs CTCF recruitment to cccDNA. Moreover, mutation of CTCF binding sites affects HBV RNA processing, and results in longer or shorter viral transcripts in Northern-Blot analysis.

Finally, we demonstrated that the loss of recruitment of CTCF onto cccDNA triggers a loss of recruitment of DDX5 and DDX17, previously demonstrated to regulate HBV RNA processing (Project 1).

CTCF, DDX5, DDX17 and Cohesins are concomitantly present on a same cccDNA molecule.

CTCF is an insulator protein which mediates its functions, notably in IGF2/H19 imprinting, thanks to DDX5 and probably DDX17 [START_REF] Yao | Mediation of CTCF transcriptional insulation by DEAD-box RNA-binding protein p68 and steroid receptor RNA activator SRA[END_REF]. We demonstrated that mutations in CTCF binding sites result in loss of CTCF recruitment to cccDNA concomitantly to a loss of DDX5 and DDX17 association. These results suggest that CTCF and DDX5/DDX17 are concomitantly bound to the same cccDNA molecule and that, probably, CTCF mediates DDX5/17 resruitment. To test this hypothesis, we performed sequential ChIP -qPCR.

Sequential ChIP-qPCR experiments consist in a first immunoprecipitation of CTCFassociated DNA, followed by a second immunoprecipitation of the eluate with antibodies specific for other target proteins. These experiments allow the detection of chromatin concomitantly associated to different proteins of interest. In our study, we investigated whether CTCF and the DDX5/17 were present on a same cccDNA molecule. We thus performed sequential ChIP-qPCR with CTCF, followed by either DDX5 or DDX17. CTCF-NoAb and NoAb-NoAb are the negative controls for each condition. We observed a higher signal for CTCF-DDX5 and for CTCF-DDX17 conditions than for the negative control conditions, witnessing the concomitant presence of CTCF and DDX5, and CTCF and DDX17 in a same cccDNA molecule (Supp Fig2A).

CTCF is also known to be a structural protein involved in chromatin looping notably via its interaction with the cohesin complex (Barrington et al., 2017). Cohesin complex is composed of three subunits, namely SMC1, SMC3 and RAD21 ( Barrington et al., 2017).

Cohesins are essential for the insulator function of CTCF [START_REF] Yao | Mediation of CTCF transcriptional insulation by DEAD-box RNA-binding protein p68 and steroid receptor RNA activator SRA[END_REF]). As we demonstrated that CTCF is associated to cccDNA, we therefore asked whether cohesins could also be present on this minichromosome. In HBV-infected HepG2-NTCP cells, ChIP-qPCR experiments performed seven days post-infection revealed the presence of Smc3 and Rad21 on HBV cccDNA (Supp Fig2B). These results were confirmed in PHH (Supp Fig2C).

Moreover, sequential ChIP-qPCR experiments with CTCF immunoprecipitation followed by either SMC3 or RAD21 immunoprecipitation, revealed that CTCF and SMC3, and CTCF and RAD21 are concomitantly bound to a same cccDNA molecule (Supp Fig2D).

Collectively, these data suggest that CTCF recruitment onto cccDNA is concomitant with the presence of DDX5/17 and the cohesin complex.

Supplementary Figure

A. HepG2-NTCP cells were infected with HBV at a MOI of 250. 7 days post-infection, sequential ChIP experiments were performed using the anti-CTCF antibody followed by a second immunoprecipitation with an anti-DDX5 antibody (dark pink bar), an anti-DDX17 antibody (light pink bar) or without antibody (right black bar) that serves as a first negative control. A no-antibody immunoprecipitation followed by a second no-antibody immunoprecipitation is a second negative control (left black bar). qPCR amplification w as 

Discussion

HBV chronically infects more than 250 million people in the world and is a major health burden by being the leading cause of HCC, causing more than 800 000 deaths each year (Nassal, 2015).

Despite the existence of prophylactic vaccine and efficient antiviral treatments, HBV persists in hepatocytes via its transcriptionally active replicative intermediate, the so-called cccDNA.

This viral minichromosome is the template for the viral transcription and is not affected by current treatments, leading to a perpetual transcription and subsequent secretion of viral antigens. HBV transcription has to be finely regulated to achieve correct HBV transcript synthesis. The mechanisms at the basis of this complex regulation are poorly understood and under-investigated. Regarding the complexity of HBV gene expression, many questions remain unresolved regarding:

-the host factors involved in the correct cccDNA transcriptional activity, in particular During my thesis internship, I pursued the aim of better understanding the role of selected cccDNA-associated factors in cccDNA transcription and viral RNA metabolism. To do so, I investigated the role of two cellular RNA helicases belonging to the DEAD-box family well described to participate to several processes of gene expression regulation (Bourgeois et al., 2016). Notably, two prototypic members of this family, DDX5 and its paralog DDX17, are implicated in splicing regulation (Dardenne et al., 2014b) and have been associated to the modulation of the lifecycle of different viruses (Wenyu Cheng et al., 2018). Differently from many studies interrogating the cellular and viral roles of DDX5 and DDX17 independently, we decided to concomitantly investigate their function in HBV life cycle, and particularly in the viral RNA processing, given the fact that DDX5 and DDX17 operate as a heterodimer and have redundant roles. Moreover, DDX5, and probably DDX17, are part of an insulator complex and participate to the insulator function of CTCF (H. Yao et al., 2010). Genome-wide analysis revealed that DDX5 binding on chromatin extensively overlaps CTCF binding sites (H. [START_REF] Yao | Mediation of CTCF transcriptional insulation by DEAD-box RNA-binding protein p68 and steroid receptor RNA activator SRA[END_REF]. Interestingly, CTCF also regulates co-transcriptional processes, such as splicing (Tim R [START_REF] Mercer | a. DNase I-hypersensitive exons colocalize with promoters and distal regulatory elements[END_REF][START_REF] Shukla | CTCF-promoted RNA polymerase II pausing links DNA methylation to splicing[END_REF]. In a second time, we therefore investigated whether CTCF could be associated to cccDNA and display regulatory functions in cccDNA biology and whether DDX5 and DDX17 could exist as a cccDNA-associated complex together with CTCF.

Characteristics of experimental models

We silenced DDX5 and DDX17 concomitantly by siRNA transfection in order to avoid redundancy between these two paralogs (Giraud et al., 2018). Most of the experiments were conducted in HepG2-NTCP cells, a hepatoma cell line broadly used to study the complete viral life cycle thanks to the stable expression of the HBV receptor NTCP. Indeed, HepG2-NTCP cells are a good surrogate for PHH, the natural host of HBV, as they present robust level of viral infection and a high number of cccDNA copies (E. Verrier et al., 2016). Moreover, HepG2-NTCP cells are easily available and simple to culture and infect. While the HepG2-NTCP model has been widely used to screen antiviral drugs targeting cell entry, such as Myrcludex B, and for the discovery of host factors involved in HBV replication, HepG2-NTCP are transformed cells different from PHH in their metabolic properties [START_REF] Luangsay | Expression and functionality of Toll-and RIG-like receptors in HepaRG cells[END_REF]. This model nevertheless appears relevant for our studies as most of our results upon DDX5/17 depletion were further confirmed in PHH, thus allowing us to trustfully conduct mechanistic experiments in HepG2-NTCP cells.

Confirming the role of DDX5 and DDX17 in HBV RNA processing in vivo in a murine model would reinforce our demonstrations. Moreover, validating in patient samples the 3' readthrough observed in wild-type HBV transcripts in cultured HepG2-NTCP and PHH would highlight viral RNA properties ignored so far and help the development of novel biomarkers for cccDNA transcriptional activity.

Importance of viral splicing

As mentioned in the introduction, HBV RNAs, and notably pgRNA, can be spliced. Several spliced isoforms have been identified in the different HBV genotypes and vary in length and nature depending on the donor and acceptor splice sites used. To date, HBV splicing was investigated by two main strategies. The first one relies on PCR amplification of all the spliced isoforms by using flanking primers located upstream of the main donor site (position 2067)

and downstream of the main acceptor site (position 489). Discrimination between the different variants is achieved by differential migration on agarose gel according to their length (Bayliss et al., 2013;Duriez et al., 2017). Getting rid of full-length transcript contamination depends on elongation time. However, PCR amplification efficiency depends on the length of the amplicon and thus induces a bias in complete variant detection. The second technique relies on complete genome amplification by reverse PCR on encapsidated DNA extracted from CHB patient sera (Chen et al., 2015;Soussan et al., 2008). Nevertheless, this technique identifies DNA molecules and assumes to reflect pgRNA splicing, without directly identifying what happens at RNA level.

We used a non-biased approached based on RNA sequencing to characterize HBV transcripts.

Concerning HBV transcriptome, RNA-seq allowed the detection of viral transcripts, and notably X transcript, in PHH after four hours of infection and in CHB patient samples (Niu et al., 2017). We used for the first time RNAseq data to identify splicing junctions and uncovered five junctions that were mostly skipped upon DDX5/17 depletion. To date, a little is known about HBV RNA splicing, and what is the role of spliced variants and which are the mechanisms regulating HBV pre-mRNA splicing remain an unresolved question.

HBV is not the only virus generating spliced isoforms. Indeed, alternative splicing is a crucial mechanism for several viruses that allows the expression of multiple proteins from a small and compacted genome. Depending on the virus, spliced variants do not have the same functions.

For HIV-1, that encodes 40 mRNAs among which unspliced, partially spliced and completely spliced transcripts are generated, alternative splicing is essential for viral replication. Indeed, several spliced-encoded proteins act at different steps of HIV-1 life cycle and mutating splicing regulatory elements in HIV-1 genome inhibits viral replication [START_REF] Stoltzfus | Chapter 1 Regulation of HIV-1 Alternative RNA Splicing and Its Role in Virus Replication[END_REF].

Noteworthy, DDX17 has been described in different studies to regulate HIV-1 splicing processes (Lorgeoux et al., 2013;Sithole et al., 2018). Moreover, Herpes Simplex Virus 1 (HSV-1) harbors six well-described spliced variants and several donor and acceptor splicing sites have recently been identified by long-read sequencing, using MinION TM Nanopore Technology [START_REF] Tang | Hidden regulation of herpes simplex virus 1 pre-mRNA splicing and polyadenylation by virally encoded immediate early gene ICP27[END_REF][START_REF] Tombácz | Multiple Long-Read Sequencing Survey of Herpes Simplex Virus Dynamic Transcriptome[END_REF]. One of these spliced variants encodes a secreted glycoprotein that is suggested to serve as HSV-1 virulence factor [START_REF] Sedlackova | Herpes Simplex Virus Type 1 ICP27 Regulates Expression of a Variant, Secreted Form of Glycoprotein C by an Intron Retention Mechanism[END_REF].

Viral alternative splicing is also responsible for multiple virus-mediated oncogenicity. The Papilloma Virus (HPV) is an episomal virus that encodes 20 mRNAs among which some are spliced and code viral proteins that have been identified in patient samples. HPV spliced variants encode oncoproteins implicated in HPV-mediated cancer progression [START_REF] Graham | Control of human papillomavirus gene expression by alternative splicing[END_REF]. Some Polyomaviruses, such Simian Virus 40 (SV40) generates four mRNAs from splicing of a unique mRNA, among which two spliced-deriving proteins are the oncogenic large and small Tumor antigens [START_REF] Ajiro | Oncogenes and RNA splicing of human tumor viruses[END_REF]. Epstein-Barr Virus (EBV), another episomal virus, encodes the LMP1 oncoprotein coming from a doubly-spliced transcript. Interestingly, the single splicing of the same pre-mRNA generates another protein isoform that acts as negative regulator of LMP1, but which is rarely translated in EBV infections [START_REF] Ajiro | Oncogenes and RNA splicing of human tumor viruses[END_REF]. Finally, the oncogenic property of Human T-lymphotropic Virus (HTLV-1) hinges on Tax oncoprotein encoded by a double-spliced mRNA [START_REF] Ajiro | Oncogenes and RNA splicing of human tumor viruses[END_REF]. It is important to note that besides the uncovering of spliced variants for all these viruses, and the elucidation of their functions for some of them, the viral and cellular factors regulating alternative splicing are not fully described and remain to be better investigated.

In HBV infection, at least sixteen spliced variants deriving from pgRNA and four spliced variants deriving from preS2 have been identified (Candotti and Allain, 2016;Chen et al., 2015). Spliced variants are associated with HCC development. Indeed, spliced HBV RNAs are found in 80% of patients serum samples and their level increase of 0.1% each year prior HCC development (Bayliss et al., 2013).

Only three spliced variants are known to encode proteins. The major spliced isoform SP1, measuring approximately 2 kb, is well-described to encode the so-called HBSP. Anti-HBSP antibodies are present in the serum of chronic carriers and their detection is correlated with HBV DNA replication. Moreover, anti-HBSP antibodies strongly correlate with liver fibrosis and TNF-α secretion (Duriez et al., 2017;Soussan et al., 2003). HBSP has also been linked to cell migration and invasiveness, notably by interacting with Cathepsin B. HBSP overexpression in hepatoma cell line promotes cell motility and migration [START_REF] Chen | Interaction of the Hepatitis B Spliced Protein with Cathepsin B Promotes Hepatoma Cell Migration and Invasion[END_REF].

A doubly-spliced pgRNA-deriving 2.2 kb-long variant corresponds to the SP7 and is translated into the doubly-spliced protein HBDSP. HBDSP has been reported to activate some regulatory elements of HBV genome, notably CURS, Enhancer I and the PreS1 and PreS2 promoters, but not BCP and X promoter [START_REF] Chen | Hepatitis B doubly spliced protein, generated by a 2.2 kb doubly spliced hepatitis B virus RNA, is a pleiotropic activator protein mediating its effects via activator protein-1-and CCAAT/enhancer-binding protein-binding sites[END_REF]. Importantly, these results were generated by luciferase reporter assay under HBDSP overexpression and would deserve confirmation in infectious models. Finally, a fusion protein containing the N-ter of Pol and the C-ter of S antigen, called Polymerase-Surface fusion protein (P-S FP) is encoded by the singly spliced isoform SP14. This 43-kDa protein is glycosylated and can substitute L-HBsAg in secreted Dane and 22 nm particles (Huang et al., 2000). Moreover, P-S FP appears to colocalize with the endoplasmic reticulum, the microtubules, the intermediate filaments, and also partially with NPC, and seems to inhibit viral replication by a yet-to-be described mechanism [START_REF] Park | Modulation of hepatitis B virus replication by expression of polymerase-surface fusion protein through splicing: Implications for viral persistence[END_REF]. This protein is similar to an L protein encoded by a spliced isoform of DHBV pgRNA (Obert et al., n.d.). Interestingly, HBV P-S FP does not contain the myristoylation site of PreS1 domain that is known to be crucial for viral entry (Yan et al., 2012b).

Besides SP1, SP14 and SP7, functions of the other spliced variants deriving from HBV pgRNA have not been investigated.

Our RNAseq data revealed that the exonic sequences at position 2237 to 2447, 2350 to 2447 and 2350 to 2471 are more skipped when cells are depleted for DDX5 and DDX17. While short read sequencing, such as RNAseq, cannot permit to say to which transcripts these exons belong, description of HBV spliced isoforms in the literature (Candotti and Allain, 2016;Chen et al., 2015) allowed us to assess that these exons are part of HBV spliced isoforms SP2, SP10, SP12, SP15 and SP16. Interestingly, skipping the exon 2237-2447 from SP12, exon 2350-2447 from SP2 and exon 2350-2471 from SP16 leads to the switch to the singly spliced isoform called SP3 (donor site: 2067, acceptor site: 489). SP3 is one of the three major products of pgRNA splicing, together with SP1 and SP2, representing 70% of pgRNA-deriving spliced variants in patient sera (Chen et al., 2015). SP3 has not been yet described to encode any proteins, and its implication in HBV replication cycle remains obscure. Moreover, skipping exon 2337-2447 from SP15 and exon 2350-2447 from SP10 leads to a switch to the SP17 variant (donor site: 2067, acceptor site: 282). Interestingly, the first group to describe this seventeenth spliced isoform was Chen and colleagues, that identified and named for the first time SP15, SP16 and SP17 spliced isoforms after identification in sera of CHB patients, either treated or not with IFN (Chen et al., 2015). In this study, spliced isoform level in the serum of CHB patients was inversely correlated to IFN responsiveness (Chen et al., 2015). However, this correlation was not attributed to particular isoforms. Particularly, despite that SP15, SP16 and SP17 were identified for the first time, their implication, and implication of SP2, SP3, SP12 and SP10 in HBV replication were not investigated.

Elucidating the role of all HBV spliced variants, and the precise mechanisms of the already described viral proteins encoded by spliced variants would supply knowledge on their role in HBV viral replication and associated pathogenesis. Our results propose DDX5 and DDX17 as regulators of HBV RNA alternative splicing. Nevertheless, it remains unclear how DDX5 and DDX17 regulate HBV RNA splicing. Furthermore, we could wonder what is the biological significance of favoring SP13 and SP17 isoforms in spite of SP2, SP10, SP12, SP15 and SP16 upon DDX5/17 silencing. We demonstrated that DDX5 and DDX17 are associated to cccDNA and to viral RNA, however, precise binding sites cannot be investigated so far due to technical limitations (see below). Moreover, spliced isoforms have been linked to HCC development (Bayliss et al., 2013) and HBSP is described to provide proliferative properties to cells (Chen et al., 2012). Direct implication of splicing in HBV-mediated HCC is yet to be confirmed.

Investigating the role of the alternatively spliced variants observed in wild-type and DDX5/17 depleted cells still needs to be performed and would provide information on the consequences of DDX5/17 silencing in HBV-mediated pathogenesis. DDX5 was demonstrated to be downregulated in a subset of HCC tumors (Zhang et al., 2016). It would be interesting to investigate whether the isoforms identified in DDX5/17 depleted cells are correlated with HCC development in patient samples.

Importance of 3' end processing

Polyadenylation of cellular mRNA is required for RNA fate regulation, notably stability and translation. Indeed, the polyA tail is associated with PABP that connect m7G cap to circularize the mRNA thereby promoting translation efficiency. Interestingly, canonical histones mRNAs are not polyadenylated but rather contain a conserved stem-loop structure that mimicks polyA tail functions, notably during translation [START_REF] Marzluff | Metabolism and regulation of canonical histone mRNAs: life without a poly(A) tail[END_REF]. Genome-wide analysis uncovered than dozens of mRNA, notably encoding Zinc-finger proteins, but also lncRNA and other RNA species, do not contain the canonical polyadenylated tail [START_REF] Yang | Genomewide characterization of non-polyadenylated RNAs[END_REF]. Rather, such non-polyadenylated transcripts, like MALAT1 and MENβ, harbor an RNA secondary triple helical structures that compensates the lack of polyA tail. This secondary structure insures RNA stability, together with nuclear export and translation regulation [START_REF] Wilusz | Long noncoding RNAs: Re-writing dogmas of RNA processing and stability[END_REF].

Strikingly, CPSF6 and NUDT21, in competition with hnRNPK are involved in the 3' end formation regulation of MENβ. Indeed, MEN lncRNA exists as two different isoforms depending on their 3' end. MENε is shorter and polyadenylated while MENβ is longer and ends with a cloverleaf secondary structure similar to MALAT1. On the contrary, hnRNPK recruitment to MENε PAS blocks CFI recruitment and favors the synthesis of the nonpolyadenylated MENβ isoform [START_REF] Wilusz | Long noncoding RNAs: Re-writing dogmas of RNA processing and stability[END_REF]. hnRNPK is one of the identified targets in the ChROP project (Appendice 1) and we further validated its association to cccDNA upon HBV infection in HepG2-NTCP and PHH. Preliminary analysis suggests that the viral RNA harboring a longer 3' correspond to non-polyadenylated HBV transcripts. Interestingly, some nonpolyadenylated cellular transcripts contain 3' UTR that extend beyond the PAS along several hundreds of nucleotides [START_REF] Yang | Genomewide characterization of non-polyadenylated RNAs[END_REF]. Moreover, we correlated the use of the proximal PAS to decreased recruitment of CPSF6 and NUDT21 upon DDX5/17 depletion. As CPSF6 and NUDT21 are involved in distal PAS choice (Hardy and Norbury, 2016) our results suggest a role of CPSF6 and NUDT21 in the choice of HBV distal PAS. Moreover, DDX5 and DDX17 are involved in transcriptional termination (Katahira et al., 2019;Mersaoui et al., 2019;[START_REF] Padmanabhan | Feedback Regulation of Transcriptional Termination by the Mammalian Circadian Clock PERIOD Complex[END_REF] and strikingly, DDX5, DDX17 and CPSF6 belong to the same termination and export complex THO interactome (Katahira et al., 2019). However, whether CPSF6 and NUDT21 directly regulates HBV PAS choice remains to be elucidated. Developing specific knockdown of these two factors would bring to light their role in HBV RNA 3'

processing. Moreover, it would be interesting to investigate whether long HBV transcripts possess secondary RNA structures that compensate the lack of polyA tail.

Moreover, the 3' UTR length, which represents the region between the STOP codon and the end of the transcript, is important for RNA regulation as it is targeted by several miRNA. The length of 3' UTR is associated to the proliferative state of cells. Under proliferative conditions, the 3' UTR is generally shorter. That is the case for B and T cells that have to be rapidly activated to properly insure immune response [START_REF] Sandberg | Proliferating Cells Express mRNAs with Shortened 3' Untranslated Regions and Fewer MicroRNA Target Sites[END_REF]. This observation is also true for transformed and cancer cells that exhibit shorter mRNA isoforms to acquire a higher stability and to produce more proteins. Importantly, in proliferative cells, the proximal PAS is preferentially used to generate shorter 3' UTR (Curinha et al., 2014). On the contrary, during development and differentiation, transcripts harbor longer 3' UTR (Curinha et al., 2014).

Viruses also possess polyA tail and can differentially use distal or proximal PAS. During HPV replication cycle, the distal PAS is inhibited in early infection in order to prevent the expression of viral proteins involved in late stage of infection. In later infection, hnRNPC binds the two cleavage and polyadenylation factors CPSF30 and Fip1 to inhibit early PAS, thereby causing readthrough in viral transcription [START_REF] Nilsson | Role of the DNA Damage Response in Human Papillomavirus RNA Splicing and Polyadenylation[END_REF].

As With MiRBase in silico prediction tool, we identified that longer 3' UTR harbors binding sites for six miRNAs, namely miR169, miR72, miR727, miR500, miR222 and miR548. Among them, miR500, miR222 and miR548 were reported to be modulated in HCC patients. Firstly, miR500 increases in HCC patients by the presence of epigenetic active histone PTM on its promoter.

MiR500 is involved in cell proliferation by targeting and mediating degradation of the proapoptotic factor BID (Bao et al., 2018). On the contrary, miR222 is downregulated in HBVrelated HCC, notably by HBx. MiR222 targets p27 (Kip1), whose downregulation correlates with HCC patient poor prognosis [START_REF] Bandopadhyay | Tumor suppressor micro RNA miR-145 and onco micro RNAs miR-21 and miR-222 expressions are differentially modulated by Hepatitis B virus X protein in malignant hepatocytes[END_REF]. MiR548 is also downregulated in HBV-related HCC and seems downregulated by HBx. MiR548 targets HBx-Interacting protein (HBXIP) directly in its mRNA 3'UTR (Hu et al., 2016). HBXIP is a negative regulator of HBx but is also described to be an oncoprotein promoting tumorigenesis and progression (Hu et al., 2016). In this study, it is not clear whether upregulated HBXIP subsequently impacts HBx, or favors tumorigenesis. Collectively, these predictions suggest that shorter HBV transcripts induced by DDX5 and DDX17 depletion lose these miRNA target sequences and would harbor a less downregulated translation. Investigating whether these three miRNA candidates regulate HBV transcripts would help understanding how the viral transcripts are posttranscriptionally regulated in hepatocytes. Notably, does the silencing of these candidates, or other potential miRNAs, increase HBV RNA levels and viral proteins translation, as observed upon DDX5/17 silencing?

Moreover, one could speculate that transcription termination site could vary along HBV infection natural course, as it has been reported for HPV life cycle. Investigating the length of HBV RNA 3' UTR in HBV infection kinetics would provide information in the biological significance of such viral RNA 3' readthrough. Indeed, is HBV RNA 3' UTR shorter during the early stage of infection, leading to an efficient infection establishment by optimal viral protein synthesis? On the contrary, is the 3' UTR lengthening upon chronic stages of infection necessary to maintain discrete expression of HBV proteins and maintain low antiviral cellular response?

Model of HBV RNA transcription termination by DDX5/17

During my PhD project, I also demonstrated that DDX5 and DDX17 regulate HBV RNA transcription termination. Indeed, in wild-type condition, we observed a so-far ignored extensive 3' readthrough of approximately 50% of HBV transcripts that completely disappears upon DDX5/17 depletion. We correlated the 3' UTR shortening of HBV transcripts in siDDX5/17 to a loss of recruitment of DDX5 and DDX17 onto HBV RNA together with the loss of recruitment of CPSF6 and NUDT21, two subunits of CFI complex involved in PAS choice (Hardy and Norbury, 2016). Moreover, we demonstrated that DDX5/17 silencing triggers an increase in cytoplasmic viral particles.

Collectively, our data suggest the following working model in 

Wild-Type No DDX5/17 Wild Type

No DDX5/17 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 CPSF6 and NUDT21 to their binding motif UGUA onto neosynthesized HBV RNA. Presence of CFI complex at UGUA motifs triggers 3' end formation, yet, no canonical PAS is present in this region. We thus propose that transcription ends without recruiting the polyadenylation machinery. Instead, HBV longer transcripts end with a specific secondary structure, as described for non-polyadenylated cellular transcripts [START_REF] Wilusz | Long noncoding RNAs: Re-writing dogmas of RNA processing and stability[END_REF][START_REF] Yang | Genomewide characterization of non-polyadenylated RNAs[END_REF]. 3' end secondary structure stabilizes non-polyadenylated HBV transcripts. These longer transcripts therefore harbor a longer 3' UTR that contains target sequences to three microRNAs, namely mir22, mir500 and miR548. In this context, we assume that translation mostly occurs from polyadenylated transcripts, while non-polyadenylated HBV RNA mostly undergo degradation or translation blocking. The translation rate insures synthesis of a certain number of viral particles.

When DDX5 and DDX17 are depleted, CPSF6 and NUDT21 are not recruited to UGUA motifs, leading to the loss of longer HBV transcripts. Instead, almost all of the transcripts end at the PAS and are polyadenylated. These shorter transcripts harbor a short 3' UTR that does not contain additional miRNA target sequences and that allow higher production of viral proteins and subsequent viral particles assembly.

Noteworthy, the direct implication of DDX5 and DDX17 in the recognition of the PAS remains obscure so far. DDX5 and DDX17 are required for RNA secondary structure resolution, such as G-quadruplex. G-quadruplex are highly dynamic structures modulated by cellular factors. Gquadruplex resolution by DDX5/17 is essential for proper alternative splicing (Dardenne et al., 2014). Importantly, another project in our team investigates G4 structures along HBV genome and HBV transcripts. Interestingly, a putative G4 structure is located few bp upstream of the PAS and has been validated to also be present on viral RNA. We could therefore suggest that DDX5/17 presence in WT condition leads to G4 resolution on some HBV RNA molecules.

Subsequently, when the G4 is stable, RNA Pol II pauses near PAS and triggers transcription termination and following 3' end processing. RNA with stable G4 structure are thus shorter and polyadenylated. On the contrary, when the G4 is resolved by DDX5/17 helicase activity, RNA Pol II can pass along this unwound structure and pauses when it encounters a proper motif, namely UGUA. In this latter condition, HBV RNAs are longer and do not harbor a polyadenylated tail. Being dynamic, this process could lead to more or less stable G4 structures along HBV RNA and consequent presence of short and long transcripts. When DDX5 and DDX17 are knocked down, G4 resolution does not occur anymore, leading to almost all HBV RNA ending at the PAS.

Pursuing investigation of G4 structure and dynamic in HBV genome and viral RNA, and implication of DDX5/17 in their maintenance, would supply further information on the mechanism leading to HBV RNA 3' readthrough.

Technical limitations

We used next generation sequencing (RNAseq) in combination with third generation sequencing (MinION TM Nanopore Technology) to characterize HBV transcripts in WT and DDX5/17 depleted conditions. Our RNAseq data demonstrated that DDX5/17 is involved in HBV RNA splicing. Nevertheless, short-read sequencing does not permit to assess to which transcript belongs each splicing event. Precisely discriminating the different HBV mRNA species would be possible using single-molecule sequencing technologies.

To date, few studies took advantage of Nanopore technology in HBV biology and investigated only HBV genome [START_REF] Mcnaughton | Illumina and Nanopore methods for whole genome sequencing of hepatitis B virus (HBV)[END_REF][START_REF] Sauvage | Early MinION TM nanopore single-molecule sequencing technology enables the characterization of hepatitis B virus genetic complexity in clinical samples[END_REF]. For the first time, we were able to apply third generation sequencing using Nanopore technology to HBV transcript We also demonstrated for the first time that DDX5 and DDX17 recruit the two cleavage and polyadenylation factors CPSF6 and NUDT21 that are involved in the choice of distal PAS.

Besides demonstrating the binding of DDX5, DDX17, CPSF6 and NUDT21 on HBV RNA and cccDNA, CLIP and ChIP results did not allow the precise localization of these factors.

CLIP experiments consist in UV cross-linking that only reveals direct binding of a protein to RNA. Identifying the precise binding sites of DDX5, DDX17, CPSF6 and NUDT21 would confirm our data and reinforce their described role in HBV RNA splicing and 3' processing. For example, it would be important to demonstrate that CPSF6 and NUTD21 do associate to the 5'-UGUA- Co-transcriptional regulation and processing of pre-mRNA is also modulated at the template DNA level by recruitment of specific factors to the chromatin. Investigating the precise binding site of DDX5 and DDX17 would bring further evidences on their role in HBV RNA processing.

Nevertheless, efficient sonication of cccDNA is rarely achievable due to the highly compact structure of the viral minichromosome. Enzymatic digestion, for example using MNase, as described by Tropberger in 2015, has allowed experiments such as ChIP-seq and identification of nucleosome positioning and histone enrichment on cccDNA [START_REF] Tropberger | Mapping of histone modifications in episomal HBV cccDNA uncovers an unusual chromatin organization amenable to epigenetic manipulation[END_REF].

However, in this study, no proof of an efficient digestion of cccDNA was demonstrated, and unfortunately, digesting cccDNA with MNase treatment was technically not feasible in our hands. Implementation of cccDNA enzymatic digestion or sonication would bring powerful tools to better understand cccDNA biology and implications of viral and cellular factors in its regulation.

HBV episome, a 3D-structured genome?

We demonstrated that CTCF is associated to cccDNA and mutations in CTCF binding sites impaired the recruitment of CTCF on the viral minichromosome. However, where CTCF is exactly recruited, notably, whether the mutation in one CTCF binding site affects only the binding at this site or also impairs CTCF recruitment on the other sites remain unresolved points. Notably, we identified convergent CTCF binding sites, feature commonly involved in chromatin looping (de Wit et al., 2015). CTCF is extensively implicated in intergenic long-range interactions and intragenic DNA-looping [START_REF] Cavalli | Functional implications of genome topology[END_REF]. The presence of an antisense CTCF binding site (BS1) raises the question of possible DNA loops along HBV genome, by association with one of the seven (BS2-8) available positive strand-located binding sites. Moreover, DNA looping is achieved when two convergent CTCF binding sites recruit CTCF proteins in an oriented manner. Subsequently, cohesin complex forms a "handcuff" around DNA loop and stabilizes it by interacting with CTCF C-ter domain (Barrington et al., 2017).

Interestingly, we also demonstrated the presence of Smc3 and Rad21, two subunits of the cohesin ring, on cccDNA, concomitantly with the association of CTCF. Besides cohesin complex, DDX5, and probably DDX17, are important for CTCF insulator functions (H. Yao et al., 2010). Moreover, genome-wide analysis reported that CTCF binding sites are frequently occupied by DDX5 (H. Yao et al., 2010). Strikingly, mutations in CTCF binding site on HBV genome also affect DDX5 and DDX17 recruitment onto cccDNA, but in which region both of these factors are recruited cannot be identified so far.

The presence of CTCF and identification of convergent CTCF binding sites on HBV genome, together with the demonstrated association of cohesin complex subunits Smc3 and Rad21, and DDX5 and DDX17 on cccDNA attractively suggest that HBV genome might form chromatin loops. Although average of chromatin loop length identified along human genome is approximately 100 kb, the question of chromatin looping within viral genome, which are much smaller than human genome, has already been addressed and revealed the participation of CTCF in viral episome 3D structure. CTCF has been suggested to participate to HSV-1 genome (152 kb-long) insulator functions where CTCF binding sites are independently regulated [START_REF] Washington | CTCF Binding Sites in the Herpes Simplex Virus 1 Genome Display Site-Specific CTCF Occupation, Protein Recruitment, and Insulator Function[END_REF]. Moreover, CTCF promotes the viral transcription by facilitating RNA

Pol II elongation and by preventing repressed chromatin state of HSV-1 [START_REF] Washington | CTCF Binding Sites in the Herpes Simplex Virus 1 Genome Display Site-Specific CTCF Occupation, Protein Recruitment, and Insulator Function[END_REF]. Notably, CTCF binding sites are located between neighboring genes [START_REF] Lang | CTCF interacts with the lytic HSV-1 genome to promote viral transcription[END_REF] that further suggests insulator functions. However, CTCF functions in HSV-1 genome organization have been partially demonstrated, notably with luciferase reporter assay, and remain to be fully determined. On the contrary, the structural organization of HPV-18 mediated by CTCF has been well described. Chromosome conformation capture (3C)

experiments revealed that CTCF directs the formation of chromatin loops within HPV genome, measuring 7.9 kb, and connected CTCF-mediated HPV genome looping to the presence of YY1 transcription factor [START_REF] Pentland | Disruption of CTCF-YY1-dependent looping of the human papillomavirus genome activates differentiation-induced viral oncogene transcription[END_REF]. In this study, CTCF-YY1-mediated chromatin looping regulates the transcriptional repression of early gene expression by PRC2 recruitment and subsequent H3K27me3 marks [START_REF] Pentland | Disruption of CTCF-YY1-dependent looping of the human papillomavirus genome activates differentiation-induced viral oncogene transcription[END_REF]. Loss of YY1 upon cellular differentiation leads to the resolution of HPV chromatin loops and to the following loss of PCR2 and H3K27me3 repressive marks, thereby enabling viral oncoprotein transcription [START_REF] Pentland | Disruption of CTCF-YY1-dependent looping of the human papillomavirus genome activates differentiation-induced viral oncogene transcription[END_REF]. Interestingly, CTCF association with HPV genome has been associated to Smc1 recruitment [START_REF] Mehta | Human Papillomaviruses Activate and Recruit SMC1 Cohesin Proteins for the Differentiation-Dependent Life Cycle through Association with CTCF Insulators[END_REF], but implication of Smc1 in HPV genome organization has not been addressed. CTCF-mediated chromatin looping has also been reported for EBV genome organization, notably to contact specific promoter and enhancer. EBV genome is 170 kb long and mutations in CTCF binding sites disrupted loop formation and subsequently altered transcriptional repression of the promoter-regulated viral gene [START_REF] Tempera | EBV Latency Types Adopt Alternative Chromatin Conformations[END_REF].

Collectively, these studies bring evidences that episomal genomes do harbor DNA loops and that CTCF insulator functions described for cellular genes also take place in viral genomes. As HPV and EBV harbor longer genomes than average length of human chromatin loop it could be easily expected that such genomes can be spatially structured. However, it is important to note that HSV-1 also forms chromatin loops within an 8 kb-long genome, unravelling that cellular processes can be adapted to viral context. 

Model of HBV RNA splicing modulated by DDX5/17

During my thesis internship, I demonstrated in a first project that DDX5 and DDX17 are involved in HBV pgRNA splicing regulation. The role of DDX5/17 may be mediated by their direct interaction with HBV RNA and/or cccDNA. DDX5, and possibly DDX17, are required for CTCF insulator activity, together with cohesin (H. Yao et al., 2010). We also showed in a second project that CTCF, SMC3 and RAD21 are associated to cccDNA, and that CTCF, SMC3, RAD21, DDX5 and DDX17 are concomitantly associated to a same cccDNA molecule. Moreover, CTCF is involved in alternative splicing regulation by modulating RNA Pol II pausing and subsequent exon inclusion [START_REF] Shukla | CTCF-promoted RNA polymerase II pausing links DNA methylation to splicing[END_REF]. HBV genome contains eight potential CTCF binding sites.

Among them, BS1 is convergent to the seven others. These observations are opening the possibility of chromatin loop formation along cccDNA and potential consequences in splicing regulation. We therefore propose a functional model of HBV RNA splicing in presence or in absence of DDX5 and DDX17 in Figure 34.

First, in wild-type condition, CTCF binding sites BS1 and BS3 recruit CTCF in a convergent orientation. In parallel, DDX5/17 stabilize the cohesin subunits onto cccDNA. Convergence of CTCF allows cohesin ring to generate a chromatin loop between BS1 and BS3, according to the well-described loop extrusion model (Barrington et al., 2017). Interestingly, BS3 (2296-2315) is located around the major HBV donor sites of splicing (positions 2067 and 2087) and the acceptor sites located at positions 2337 and 2350. Chromatin loop between BS1 and BS3 trigger a certain processivity to RNA Pol II elongation. We called this elongation rate "X".

During transcription in this 3D-context, RNA Pol II elongating at a rate = X transcribes transcripts containing exon1, exon2 and exon3.

While DDX5 and DDX17 depletion does not impair CTCF recruitment to CTCF binding sites, it may re-localize cohesin ring to other regions on the chromatin (H. Yao et al., 2010). Resolution of the chromatin loop between BS1 and BS3 in a context of DDX5/17 knockdown changes chromatin conformation around splicing donor and acceptor sites. We suggest in this context that RNA Pol II processivity increases to an elongation rate higher than "X". Increased elongation rate therefore does not allow RNA Pol II to transcribe exon 2 and neosynthesized transcripts are constituted of exon 1 and exon 3.

Why do viral particles accumulate in the cytoplasm of DDX5/17 depleted cells?

As shortening of viral RNAs upon DDX5/17 depletion is due to the major use of HBV PAS and the shortening of 3' UTR, and knowing that shorter 3' UTR is associated to increased RNA stability and protein translation, we hypothesized that HBV RNAs should be more rapidly processed in silenced condition. To assess the effect of DDX5 and DDX17 knockdown in the viral replication cycle, we isolated cytoplasmic particles. We observed a global increase in the quantity of these particles, together with an increase of encapsidated viral RNA and DNA, when the cells were suppressed for DDX5/17 expression. The increase of encapsidated DNA concomitantly with the increase of encapsidated HBV RNA witnesses a correct retrotranscription of pgRNA in both of control and silenced conditions. We biochemically investigated the nucleic acids contained in accumulated viral particles to investigate a potential impact of DDX5/17 depletion in pgRNA retro-transcription. We observed an increase in HBV total RNA and DNA in HBc-containing particles within the cytoplasm of DDX5/17 depleted cells. To fully complete the study of HBV replication upon DDX5/17 depletion, we characterized encapsidated HBV DNA in cytoplasmic and secreted capsid-containing particles by Nanopore sequencing. We performed Nanopore sequencing after complete genome reverse PCR amplification that allows the amplification of fully circularized DNA. Such reverse PCR was already performed to amplify complete HBV genome in several studies [START_REF] Günther | A novel method for efficient amplification of whole hepatitis B virus genomes permits rapid functional analysis and reveals deletion mutants in immunosuppressed patients[END_REF][START_REF] Sauvage | Early MinION TM nanopore single-molecule sequencing technology enables the characterization of hepatitis B virus genetic complexity in clinical samples[END_REF], using primers located the nucleotide upstream of precore ATG (position 1813). However, we decided to design primers located upstream of the alreadydescribed primers, diverging at the position 1628, approximately 200 bp upstream of the commonly used primers. We designed this new primer couple in a position that does not prevent amplification of potential HBV DNA deriving from truncated or differentially ended transcripts. In cytoplasmic capsid-containing particles, we observed a similar coverage in siDDX5/17 with respect to siCTL condition, meaning that DDX5/17 silencing does not affect encapsidated HBV DNA. We confirmed these results in secreted particles as no changes was observed in viral DNA in both control and depleted conditions.

Morphological characterization of cells in siCTL and siDDX5/17 conditions was assessed by TEM. Ultrastructure imaging confirmed the increase in cytoplasmic particles, as we were able to distinctly observe more cytoplasmic vacuoles with a greater cytoplasmic surface occupation upon DDX5/17 repression. Noteworthy, TEM technique is not suitable for precise quantification. Accurate quantification of vacuoles should be done with electron tomograph.

Several publications used TEM to investigate cellular morphology upon HBV infection.

Some studies showed cytoplasmic vesicles and assumed viral particles to be contained in such vesicles. However, in some studies, the spherical structures present in cytoplasmic vacuoles had indeed a diameter larger than expected for HBV structures: described to be 42-nm diameter for Dane particles, 27-nm diameter for naked core particles and 22-nm diameter for spheres and filaments [START_REF] Gerber | Electron Microscopy and Immunoelectronmicroscopy of Cytoplasmic Hepatitis B Antigen in Hepatocytes[END_REF][START_REF] Hu | Complete and Incomplete Hepatitis B Virus Particles: Formation, Function, and Application[END_REF][START_REF] Huang | Entry of Hepatitis B Virus into Immortalized Human Primary Hepatocytes by Clathrin-Dependent Endocytosis[END_REF][START_REF] Meuleman | Immune Suppression Uncovers Endogenous Cytopathic Effects of the Hepatitis B Virus[END_REF]. Contrariwise, TEM data from different publications show similar features and suggest that such vesicles are indeed induced by HBV infection [START_REF] Jiang | Subviral Hepatitis B Virus Filaments, like Infectious Viral Particles, Are Released via Multivesicular Bodies[END_REF][START_REF] Roingeard | Immunocytochemical and electron microscopic study of hepatitis B virus antigen and complete particle production in hepatitis B virus DNA transfected HepG2 cells[END_REF][START_REF] Xu | Formation of intracellular particles by hepatitis B virus large surface protein[END_REF]. Validation of the presence of viral proteins in so-far described vesicles has been achieved by immunogold staining that consists in immunostaining with anti-HBs antibodies and hybridization with a secondary antibody coupled to nanogold beads, which are dense to electrons and appear clearly in TEM. Using this technique, different studies confirmed the presence of viral particles in such cytoplasmic compartments, as nanogold beads coupled to secondary antibodies against anti-HBc or anti-HBs proteins were visible in vesicles structures only in stained conditions [START_REF] Patient | Hepatitis B Virus Subviral Envelope Particle Morphogenesis and Intracellular Trafficking[END_REF]Rat et al., 2019). Moreover, such viral particle-containing vesicles were also found in duck primary hepatocytes upon DHBV infection [START_REF] Mhamdi | Assembly and budding of a hepatitis B virus is mediated by a novel type of intracellular vesicles[END_REF].

However, most studies conducted about the morphology of cytoplasmic vesicles and contained viral particles were performed upon plasmid transfection, encoding either surface proteins or complete HBV genome or in cell lines not known to be host for HBV, such as BHK [START_REF] Patient | Hepatitis B Virus Subviral Envelope Particle Morphogenesis and Intracellular Trafficking[END_REF]. To date, no study uncovered the morphology associated to HBV infection, and the presence of HBc-and HBs-containing viral particles in described cytoplasmic compartments. For the first time, we provided evidences that HBV infection in a relevant cell line as HepG2 NTCP, induces the presence of large membranesurrounded vacuoles that contain HBc and HBs viral proteins as it was previously reported in HBV DNA transfection experiments. Our data suggests that DDX5/17 depletion leads to accumulation of viral and subviral particles within such vacuoles, and these vacuoles have an increased size compared to non-depleted controls. More biochemical studies would be necessary to determine the nature and properties of such compartments. Previous studies suggested that HBV particles would be contained in membrane-surrounded vesicles consistent with multivesicular bodies and autophagosomes [START_REF] Inoue | HBV secretion is regulated through the activation of endocytic and autophagic compartments mediated by Rab7 stimulation[END_REF].

Further studies using immunogold multi-staining to investigate the nature of the vesicles we observed would be very informational. Moreover, silencing structural proteins of these compartments would provide more information about precise pathway of HBV particle secretion.

We also observed that accumulated viral particle-containing vesicles within the cytoplasm of infected cells upon DDX5/17 depletion seem not to be efficiently secreted. Rab7 was demonstrated to be involved in the negative regulation of HBV particle secretion [START_REF] Inoue | HBV secretion is regulated through the activation of endocytic and autophagic compartments mediated by Rab7 stimulation[END_REF]. Thus, we could hypothesize that DDX5/17 silencing could upregulate Rab7

expression. To answer this question, we looked for RNA-seq data and observed no modulation of Rab7 expression upon DDX5/17 depletion. However, depletion of DDX5/17 triggers a more than 6-fold upregulation of Rab27b, a protein demonstrated to limit HBV capsid secretion as its knockdown by siRNA leads to an increase of secreted HBV particles [START_REF] Döring | Rab33B and its autophagic Atg5/12/16L1 effector assist in hepatitis B virus naked capsid formation and release: HBV capsid biogenesis depends on Rab33B and Atg5/12/16L1[END_REF]. HBV egress is also dependent on the human endosomal sorting complex required for transport (ESCRT)-III complex and notably to its subunits γ2-adaptin and Nedd4 [START_REF] Lambert | Hepatitis B Virus Maturation Is Sensitive to Functional Inhibition of ESCRT-III, Vps4, and 2-Adaptin[END_REF], which are not affected by DDX5/17 silencing.

Nevertheless, DDX5 and DDX17 knockdown modulate the expression of other ESCRT -III components, such as CHMP4A (2,5-fold upregulated). The ESCRT-I subunits VSP28 and VSP37D are 60% and 80% downregulated, respectively, upon DDX5/17 depletion.

Strikingly both of these factors are required for HIV-1 budding [START_REF] Stuchell | The Human Endosomal Sorting Complex Required for Transport (ESCRT-I) and Its Role in HIV-1 Budding[END_REF][START_REF] Weiss | The Role of Cellular Factors in Promoting HIV Budding[END_REF], and we could therefore suggest that they share this role with HBV budding. Further investigating the functions of these factors would probably help explaining such retention of non-secreted HBV particles. Besides, functional analysis of these putative candidates could highlight HBV secretory pathways poorly understood so far.

Strikingly, our RNAseq data also revealed a 4-fold upregulation of HSP90, demonstrated to participate to the viral polymerase switch to its active confirmation, required for pgRNA retro-transcription initiation, by supplying the viral enzyme with ATP (Hu et al., 2004b). This observation is in line with the increase in HBV RNA and DNA within capsid shells upon DDX5/17 depleted conditions.

Finally, we can interrogate about the lack of increased secretion of viral particles that would be expected after particle accumulation in the cytoplasm of depleted cells. It is important to note that silencing experiments cannot be conducted for more than four days after the beginning of siRNA treatments, due to a rebound of DDX5 and DDX17 expression afterwards. Besides potential impairment of secretory pathways upon DDX5/17 silencing, we could imagine that the accumulation could be ascribed to a delay in secretion kinetic that would be different after longer silencing. Moreover, one could also imagine that a lack of increase in factors involved in secretory pathway would not allow to properly secrete accumulated cytoplasmic particles due to a saturated system.

Pursuing investigations on accumulated particles would be permitted by longer DDX5 and Christa & Gloria, mes amies depuis l'enfance, avec qui on est toujours aux trois opposés de la planète mais avec qui on sera toujours proches par le coeur. Human hepatitis B virus (HBV) genome persists in the nucleus of infected hepatocytes as a small episome, called covalently-closed-circular (ccc)DNA, and relies on both viral and host cellular machinery for its replication 1 . Since HBV genome arrives in the hepatocytes nucleus as a partially double stranded DNA (the so-called relaxed circular DNA, rcDNA), the host factors are required to repair and convert rcDNA into cccDNA, and to deposit histones and non-histone proteins to build a viral chromatin structure that serves as the unique template for viral RNAs synthesis. HBV genome replication involves the transcription of a longer-thangenome RNA (pre-genomic RNA, pgRNA) which is subsequently retrotranscribed into rcDNA, which is released from infected cells as progeny virions. Current available therapies target the HBV polymerase enzymatic activity, thus preventing pgRNA retrotranscription in the cytoplasm, but leave the nuclear cccDNA pool largely unaffected 2,3 . cccDNA persistence in the infected hepatocytes accounts for the chronicity of HBV infection and viral rebound after therapy withdrawal 4 . The chromatinized nuclear cccDNA consists, most likely, of the dynamic equilibrium of molecules with different levels of nucleosomes association, as demonstrated in the duck HBV model 5 , translating into different levels of chromatin accessibility and biological activity 6,7 . The HBV core (HBc) protein is a structural component that associates to cccDNA, resulting in a rearrangement of the nucleosomal spacing of the HBV nucleoprotein complexes 7,8 and in alteration of cccDNA methylation profile 9 . Experiments using an adapted Chromatin Immunoprecipitation (ChIP) assay 10-14 and ChIP-Sequencing 15,16 approach demonstrated the recruitment to the HBV minichromosome of H3 and H4 histones, as well as several cellular and viral transcription factors and histone-modifying enzymes, which have been associated with modulation of cccDNA transcription 17 .

Therefore, identifying the landscape of host proteins and complexes associated with the viral genome in the context of infected hepatocytes is crucial for the understanding of how HBV twists the host cellular machinery during the course of infection.

The application of proteomic approaches to virology studies has been increasing in the last decade, particularly focusing on the interactions between viral and host proteins or how viral infections affects host cell proteome 18 . The investigation of proteins associated with a viral minichromosome was performed to profile the histone post-translational modifications (PTMs) associated to the polyomavirus BK genome in virions 19 . In addition to localizing histone PTMs across the genome, pioneering studies coupling chromatin immunoprecipitation (ChIP) and mass-spectrometry analysis (ChIP-MS) have been conducted in yeast and Drosophila to elucidate the binding of transcription factors, coregulatory proteins and other chromatin components characterizing distinct chromatin regions without a priori assumptions 20 .

Here, we developed a cccDNA-chromatin proteomics approach (cccDNA-ChroP) to detect host protein complexes specifically associated with the chromatinized HBV episome in the nucleus of infected transformed liver cells (HepG2-NTCP) and primary human hepatocytes.

We identified a panel of 363 proteins associated with the viral minichromosome in HBVinfected cells. Gene Set Enrichment Analysis highlighted major differences in cccDNAinteractome composition between transformed and primary hepatocytes, but also revealed a common core network centered around the fused in sarcoma (FUS) protein. Suppression of FUS protein expression severely affects HBV RNA production and modifies cccDNAassociated RNA Polymerase II processivity and recruitment of proteins belonging to the RNA transcription/export complex (TREX), thus providing evidence on how HBV hijacks the host machinery to couple viral transcriptional regulation and RNA processing/export.

Experimental procedures

Production of HBV viral inoculum

HBV inoculum was prepared from filtered HepAD38 cells 21 supernatants by polyethyleneglycol-MW-8000 (PEG8000, SIGMA) precipitation (8% final) as previously described 22 . Viral stock with a titer reaching at least 1x10 10 vge/mL was tested endotoxin free and used for infection.

Cell culture, HBV infection and siRNA transfection

HepG2-NTCP cells were seeded at 10 

Analysis of viral parameters during replication

Total DNA was purified from infected cells using MasterPure™ Complete DNA Purification Kit (Epicentre). Total HBV DNA was quantified using TaqMan® Gene Expression assay ID: Pa03453406_s1. To increase the specificity of HBV cccDNA detection, qPCR was preceded by a nuclease digestion using 10U of T5 exonuclease (Epicentre) for 500 ng of total DNA. Selective cccDNA qPCR was performed using primers and probes spanning the "gap region" in the HBV rcDNA (Table 2) 23,24 . Serial dilutions of an HBV monomer plasmid (pHBV-EcoRI) were used as standard for quantification. For normalization, the number of human hepatocytes was estimated by measuring human β-globin (TaqMan® assay ID Hs00758889_s1) while human genomic DNA (Roche Applied Science, Mannheim, Germany) was used as a standard curve for quantification. Total RNA was extracted from infected cells using NucleoSpin® RNA kit (Macherey-Nagel) and retro-transcribed using SuperScript III reverse transcriptase according to manufacturer's instructions (Invitrogen, Carlsbad, USA). 3.5 Kb viral RNA (comprising pgRNA and pre-core RNA) was amplified using previously described primers and probes (Table 2) 23,24 . Total HBV RNA was amplified using TaqMan® Gene Expression assay ID: Pa03453406_s1. The expression of the human housekeeping gene GUSB (TaqMan® assay ID Hs00939627_m1) was used for normalization. Real-time PCRs were performed using an Applied QuantStudio 7 machine and TaqMan Advanced Fast Master Mix or SYBR Green Master Mix (ThermoFischer). cccDNA-chromatin proteomics (ChroP) procedure 250x10 6 HepG2-NTCP cells or 50x10 6 PHHs at day 9 post HBV infection were used for each experiment. Cells were washed in phosphate buffered saline (PBS), and incubated for 15 minutes with 1% formaldehyde at 37°C and quenched with 0.125 M Glycine. For nuclear extracts preparation, cells were lysed 10 minutes on ice in lysis buffer (PIPES 5mM, KCl 85mM, NP-40 0,5%, PMSF 1mM, Protease inhibitor cocktail (PIC) 1X). After douncing (10 times) and centrifugation, nuclei were resuspended in Tris-EDTA buffer (10mM Tris-HCl pH 8, 1mM EDTA). 1/10 and 1/100 of nuclei resuspension was saved for Western Blotting and qPCR analysis, respectively. NaCl to a final concentration of 0.2M was added and incubated at room temperature for 15 minutes. After centrifugation at 2500 rpm for 10 minutes at room temperature, Hirt supernatant was collected and diluted ten times in ChIP RIPA buffer (10mM Tris-HCl pH 7,5, 140mM NaCl, 1mM EDTA, 0.5 mM EGTA, 1% Triton X100, 0.1% SDS, 0.1% Na-Deoxycholate) to be subjected to antibody immunoprecipitation overnight at 4°C using 100 μg of anti H3 antibody (Table 3). Immune complexes were, then, incubated for 2h with protein G agarose beads at 4 °C, washed, and eluted in 10mM DTT. The eluate was then diluted 10 times in ChIP RIPA buffer and used for immunoprecipitation overnight at 4°C with 100 μg of anti-HBc antibody (Table 3). Immune complexes were, then, incubated for 2h with protein G agarose beads at 4 °C, washed, and eluted in 50mM NaHCO3, 1% SDS to proceed to LC-MS analysis. 1/20 of the eluted immune complexes, together with saved aliquots from nuclei resuspension and Hirt supernatant were reversed crosslinked and, then, subjected either to proteinase K digestion and phenol/chloroform DNA extraction or to Western Blotting.

LC-MS procedure

Protein eluates from H3/HBc sequential ChIP were precipitated in 80% cold acetone for 90 min at -20°C. After centrifugation at 21'000xg for 10 min, protein pellets were re-suspended in 30 μL of SDS-PAGE sample buffer and heated at 90°C for 10 min. Samples were loaded on a Criterion 4-20% TGX gel (Bio-Rad) and allowed to migrate approximately 1 cm into the gel. Gels were stained with Colloidal Blue stain (Invitrogen) and each gel lane was cut into 4 equal slices then transferred to a 96-well MultiScreen-HTS filter plate (Millipore) for further processing. Gel slices were reduced with 50 mM DTT for 1 hour at room temperature and alkylated with 55 mM iodoacetamide for 30 min at room temperature in the dark. Gel slices were washed with 50 mM ammonium bicarbonate followed by overnight in-gel digestion with trypsin at room temperature. Peptides were extracted from the gel at high and low pH, then dried using a Speed-Vac. Samples were finally re-constituted in 5% formic acid/2% acetonitrile and analyzed by reverse-phase liquid chromatography-mass spectrometry (LC-MS) using an Easy-nLC 1000 with a 75 m id x 50 cm C18 column coupled to Thermo Orbitrap Fusion Tribrid mass spectrometer (Thermo Fisher Scientific) in the data-dependent acquisition and positive ion mode. Raw LC-MS files were processed using Thermo Proteome Discoverer (version 2.1) and peak lists were searched through the Mascot search engine against the human Swiss-Prot database. The list of identified proteins was filtered using a False Discovery Rate (FDR) set at 1% for both peptides and proteins.

Chromatin immunoprecipitation (ChIP)

ChIP experiments were carried out at the indicated time points post-infection as previously described 25 . Briefly, cells were washed in phosphate buffered saline (PBS), and incubated for 15 minutes with 1% formaldehyde at 37°C and quenched with 0.125 M Glycine. For nuclear extracts preparation, cells were lysed in lysis buffer (PIPES 5mM, KCl 85mM, NP-40 0,5%, PMSF 1mM, Protease inhibitor cocktail (PIC) 1X). After douncing (10 times) and centrifugation, nuclei were resuspended in sonication buffer (SDS 1%, EDTA 10mM, Tris-HCl pH8 50mM, PMSF 1mM, PIC 1X). After sonication, chromatin was cleaned in ChIP RIPA buffer with Protein A Sepharose, and then subjected to overnight immunoprecipitation at 4 °C using 2-5 μg of antibodies indicated in Table 3 or No Antibody. Immune complexes were, then, incubated for 2h with protein G agarose beads at 4 °C, washed, and eluted in Tris-HCl pH8 10mM, EDTA 5mM, NaCl 50mM, SDS 1%, Proteinase K 50μg, PIC 1X. Immunoprecipitated DNA was extracted and quantified by qPCR using cccDNA specific primers (see table 2). Samples were normalized to input DNA using the ΔCt method were ΔCt = Ct (input) -Ct (immunoprecipitation) and expressed as percentage of the input after normalization over No Antibody signal. 

Western Blotting

Cells were lysed in RIPA buffer supplemented with PIC 1X and PMSF 1X. Proteins were migrated in 4-20% mini-PROTEAN @ TGX stain-Free TM Precast Gel (Bio-Rab Laboratories)

and transferred onto a nitrocellulose membrane (Bio-Rab Laboratories). Blots were blocked 1 hour with 5% milk in TBS (1 x Tris Buffered Saline (Sigma)) and stained with primary antibody in blocking buffer overnight at 4 °C. After primary antibody incubation, blots were washed 3X

with TBST (1× TBS with 0.1% Tween 20), stained with HRP-conjugated secondary antibodies

for 1 hour at room temperature and washed again 3 times with TBST. Detection occurred using Biorad Clarity Western ECL and the ChemiDoc XRS system (Biorad). Antibodies are listed in Table 3.

Interaction graph

After removing keratin contaminants and converting to UniProt identifiers, the interaction network s was prepared using the Reactome functional interaction (FI) application ( 2016annotation update) implemented within Cytoscape 3.4. Reactome pathway and biological process annotations (www.reactome.org) were determined by over-representation and FDR correction. Proteins within the original list that did not have interactions defined within the Reactome database were not included in the analysis. 

Introduction

Hepatitis B remains a major public health problem worldwide despite the availability of prophylactic vaccination and antiviral treatments. 1 HBV persists as a covalently closed circular DNA (cccDNA) of approximately 3.2 kb that embeds into the chromatin of hepatocytes as an episomal entity. 2 The amount of cccDNA and its transcriptional activity vary along the natural course of infection and are a main determinant of viral persistence and reactivation. From 4 promoters, 6 major viral RNAs are expressed: preCore (preC) RNA, pregenomic (pg)RNA, large surface protein (preS1) RNA, middle surface protein (preS2) RNA, small surface protein (S) RNA, X protein RNA (HBx) (Fig. 1A). preC and pgRNA transcripts are characterized by a 100-base pair (bp) redundancy at their 3' ends and consequently contain 2 epsilon stem-loop structures at their 5' and 3' ends (Fig. 1A). Every viral RNA is translated into proteins that are essential for the viral life cycle. In this regard, the pgRNA is unique in the sense that apart from encoding the 2 viral proteins C (core) and P (polymerase), it serves as the template for the viral DNA synthesis. Genomic viral DNA synthesis is mediated by the reverse transcriptase activity of the viral P protein once pgRNA and the P protein are encapsidated into the nucleocapsids formed by the C protein. 3,4 preC RNA codes for the HBe protein that has a potential immunoregulatory function. 5 preS1/2 and S mRNAs encode the 3 viral surface proteins L, M and S, respectively, that build up the viral envelope. The shortest of the 6 transcripts is the HBx transcript that gives rise to a 154 amino-acid long cytoplasmic and nuclear X protein. 6-10 X directly interacts with a multitude of host proteins explaining its diverse transactivating effects in host cells. 11-14 The organization of the HBV genome is highly condensed and all transcripts are to various degrees subsets of each other (Fig. 1A). Indeed, all HBV transcripts share the same 3' end and, thus, the HBx sequence constitutes the 3' end of every viral transcript (Fig. 1A). Therefore, most HBV RNAs are indistinguishable by quantitative real-time PCR (qPCR). At present, only the larger viral RNAs can be differentiated by northern blotting during the course of infection. Most probably because of low expression levels, HBx transcripts are undetectable by northern blotting under infection conditions. Accordingly, not much is known about HBx transcription during viral infection. Moreover, Keywords: HBV transcripts; HBV viral particles; Serological HBV RNA; Hepatitis B; cccDNA. Received 31 July 2019; received in revised form 10 January 2020; accepted 15 January 2020; available online xxx there is a knowledge gap about the viral RNA species, per se, found in cell culture, but also in viral particles and in chronically HBV-infected patients.

To this end, we set up a strategy called HBV full-length 5'RACE (rapid amplification of cDNA ends) with which we characterized all major intra-and extracellular HBV RNAs during viral infection of cultured hepatocytes. With the HBV full-length 5' RACE approach, we followed the expression of the different viral RNAs over the course of infection and additionally studied how they are modulated by various drug treatments. Furthermore, we identified the viral RNAs that are associated with viral particles produced by HepAD38 cells. Finally, we analyzed the full spectrum of circulating HBV RNAs in patients with chronic HBV infection.

Materials and methods

Cell lines, viral inoculum and infection conditions

For infection purpose, HBV particles were concentrated from the supernatant of HepAD38 (HBV genotype D) cells by filtering and PEG precipitation as described previously. 15 The HepAD38 cell line was a kind gift of Dr C. Seeger (Fox Chase Cancer Center, Philadelphia, USA). 16 The HepG2-NTCP cell line was a kind gift of Dr S. Urban (Heidelberg University, Germany). 17 Primary human hepatocytes (PHHs) were isolated from surgically removed liver sections, cultured, and infected as described previously. 15 HepG2-NTCP cells and PHHs were infected at a multiplicity of infection of 100 vge/cell in culture media supplemented with 4% PEG (polyethylene glycol 8000). To the right, total number of sequenced clones per transcript category. HBx, X protein RNA; pg, pregenomic; PHHs, primary human hepatocytes; preC, preCore; preS1, large surface protein; preS2, middle surface protein; RACE, rapid amplification of cDNA ends; S, small surface protein.

Serum samples

Serum samples were collected in the Lyon Biobank after written informed consent from the patients and the protocol was approved by the Lyon institutional Ethic Committees (#DC-2008-235, CPP 11/040 20110530 A11-168, CNIL n 1789480v0).

RNA ligase-mediated 5'RACE RNAs were isolated using a guanidinium thiocyanate-phenolchloroform extraction protocol (TRI reagent Sigma 18 ). 5'RACE was essentially performed as described in the GeneRacer Kit manual (ThermoFisher Scientific) except Tobacco Acid Pyrophosphatase was substituted by RNA 5' Pyrophosphohydrolase (New England Biolabs) and SuperScript reverse transcriptase III by SuperScript reverse transcriptase IV (ThermoFisher Scientific). The reverse transcription reaction was performed using 3' HBV specific Gsp1 primer 5'-GGTGCGCAGACCAATTTATG-3'. For the 5'RACE PCR reaction Platinum TM SuperFi TM DNA Polymerase (ThermoFisher Scientific), GeneRacer 5' primer and HBV specific nested primer Gsp2 5'-GTGCACACGGTCCGGCAGATG-3' were used (Fig. 1B). Cloning of 5'RACE amplicons 5'RACE amplicons were A-tailed and cloned into the pGEM-T vector (Promega) using standard procedures. Clones were verified by digestion and sequenced by Sanger sequencing at Eurofins Genomics.

Drug treatments of culture hepatocytes

Interferon-b (PBL Assay Science) was used at 500 IU/ml, preS1-myr (Myrcludex-like) peptide (sequence: GTNLSVPNPLGFFPDHQLDPA-FRANSNNPDWDFNPN KDHWPEANKVG, synthesized by Gene-Script) was used at 500 nM, tenofovir (Sigma Aldrich) was used at 100 lM. Drug regimens are detailed in the corresponding figures.

ELISA for viral antigens

Supernatants were 10x diluted prior to ELISAs. ELISAs for HBeAg detection in cell supernatants were performed according to the manufacturer's protocol using the CLIA kit from Autobio Diagnostic.

Protein isolation and western blotting

Whole cell proteins were isolated by a first lysis with buffer A (20 mM Tris-HCL pH7.5; 0. 5mM EDTA; 0.1% TritonX100; 100 mM NaCl; 10% Glycerol; 2 mM MgCl2; 10 mM mercaptoethanol; 0. 5mM PMSF [phenylmethylsulfonyl fluoride]) for 30 min at 4 C. Subsequently, the lysate was centrifuged for 5 min at 4,000 rpm using a tabletop centrifuge. Supernatant was transferred to a fresh tube and the pellet was incubated with 5 volumes of buffer B (20 mM Tris-HCL pH7.5; 0. 5mM EDTA; 0.1% Tri-tonX100; 400 mM NaCl; 10% Glycerol; 2 mM MgCl2; 10 mM mercaptoethanol; 0. 5mM PMSF) for 30 min on 4 C and then centrifuged for 10 min at 13,000 rpm. Both supernatants were pooled. One optical density per condition determined by Bradford assay was diluted in Laemmli buffer and resolved on an SDS-PAGE gel.

For the detection of surface proteins in gradient fractions, 10 ll of fractions were directly diluted in Laemmli buffer and resolved on an SDS-PAGE gel. Proteins were electroblotted onto a nitrocellulose membrane using the Transblot system (Biorad). Surface proteins L/M/S were detected by the monoclonal antibody H166, 19 a kind gift of Abbott Laboratories.

Iodixanol gradient sedimentation analysis

To analyze viral particles, 200 ml of HepAD38 cell supernatant was centrifuged for 5 min at 500 g to sediment cell debris. This was followed by an additional centrifugation step for 45 min at 2,000 g. Supernatant was laid over a 20% sucrose cushion and centrifuged at 90,000 g for 2 h using a Beckmann 32Ti rotor to pellet viral particles. The pellet was resuspended in 1 ml PBS and material was loaded onto a 10 ml 10% to 50% Iodixanol gradient in PBS and centrifuged at 175,000 g for 14 h in a Beckmann SW41 rotor. 900 ll fractions were collected from the top of the gradient.

MNase digestion of HepAD38 supernatants

To isolate encapsidated viral RNAs we performed MNase (Micrococcal Nuclease) digestions of the HepAD38 supernatants.

MNase is a DNA and RNA endonuclease that degrades doubleand single-stranded DNA and RNA. 200 ml of HepAD38 supernatant was centrifuged for 5 min at 500 g to sediment cell debris. This was followed by an additional centrifugation step for 45 min at 2,000 g. The supernatant was laid over a sucrose cushion and centrifuged at 90,000 g for 2 h using a Beckmann 32Ti rotor to pellet viral particles. Viral particles were resuspended in MNase buffer, 2 lg of a non-relevant plasmid (pcDNA3 vector + insert) was added to monitor digestion (Fig. S5). MNase digestion was performed for 25 min at 37 C using 30 gel units (New England Biolabs) in a 150 ll reaction. Reactions were stopped by Trizol.

qPCRs RNA or DNA was extracted using the MasterPure complete kit (Epicentre) following manufacturer's instructions. qPCRs were performed essentially as described in Lebossé et al. 20 Three kilobase RNAs were detected by the primer pair ggagtgtggattcgcactcct (A) and agattgagatcttctgcgac (B) together with the Taqman hybridization probe ([6FAM]-AGGCAGGTCCCCTAGAA-GAAGAACTCC-[BHQ1]). 21 Total RNAs were measured using primers and Taqman probe Pa03453406_s1 (ThermoFisher Scientific). Signals were normalized by the housekeeping gene GUSB detected with primers and Taqman probe Hs999 99908_m1 (ThermoFisher Scientific). Total DNA was measured using primers and Taqman probe Pa03453406_s1 (Life Technologies). Serial dilutions of a plasmid that contains a HBV monomer (pHBVEcoR1) served as an external quantification standard. The amount of total DNA was normalized to the cell number using primers and Taqman probe Hs00758889_s1 (ThermoFisher Scientific) that are specific for the b-globin locus. PCRs were performed in duplicates. 

Results

Detection of all major viral RNAs by HBV full-length 5'RACE In the context of the HBV genome, transcription of 5' positioned genes obscures the measurement of transcripts starting further downstream because all transcripts share the same 3' ends (Fig. 1A). Currently, the measurement of viral RNAs relies on 3 techniques: Northern blotting, reverse transcription (RT)-qPCR and RNA-next generation sequencing (NGS). Northern blotting allows the resolution of viral RNAs according to their molecular weights on an agarose gel but misses the HBx transcript under infection conditions. 22 qRT-PCR cannot distinguish between the different viral transcripts and hence it is commonly used exclusively for measuring total RNAs vs. 3. 5kb RNAs. Similarly, standard short read RNA-NGS approaches cannot distinguish the different viral transcripts as soon as more than 1 viral transcript are present. To our knowledge, there is only 1 publication in which the authors tried to discriminate all the different viral transcripts expressed in cell culture and in patients by a strategy called cap analysis of gene expression (CAGE). 23 However, the major limitation of this study was that only the first 50 nucleotides of the viral transcripts were sequenced and thus no conclusions could be drawn about viral full-length transcripts and especially pgRNA splice variants. Thus, to specifically detect and characterize the different intraand extracellular HBV RNAs in full-length we set up the HBV fulllength 5'RACE strategy. The technique follows a standard RNA ligase-mediated 5'RACE protocol including initial dephosphorylation and de-capping steps to ensure the amplification of only fulllength transcripts with respect to 5' ends. Truncated, uncapped RNA species are eliminated from the subsequent 5'RACE amplification process because they miss the 5' phosphate group that is essential for anchor ligation (Fig. 1B). After performing the HBV full-length 5'RACE, the different HBV transcripts are resolved on an agarose gel according to their molecular weights.

The initial experiment was carried out in HepG2-NTCP cells that had been infected for 8 days. As shown in Fig. 1C, we found all major transcripts including HBx migrating at their expected sizes on the gel. Their relative sizes are reduced in length by approximately 338 bp with respect to template viral RNAs because of the use of gene specific 3' primer 2 (Gsp2) for PCR. PCR products are specific to viral RNAs as shown by performing the 5'RACE without the reverse transcription reaction (Fig. S1A) and by their absence in the non-infected condition (Fig. 1C). In addition, PCR products are specific to capped viral RNAs as demonstrated in Fig. S1C and further below. Of note, the proportional quantities of the different viral RNAs are not directly translated by the 5'RACE PCR reaction. This is because the viral transcripts exhibit an important heterogeneity in their respective lengths and, hence, are subject to different amplification efficiencies during the 5'RACE PCR reaction, i.e., gel band intensities of the 5'RACE PCR product do not provide absolute information on the original proportional quantities of the different viral RNA species.

We then investigated the expression kinetics of the different viral RNA species during the course of infection. In both HepG2-NTCP cells and PHHs we found HBx to be the first transcript detectable by full-length 5'RACE as early as 8 h post-infection (Fig. 1D). The remaining transcripts are detected later during infection, in HepG2-NTCP cells from 24 h onwards and in PHHs after a longer delay (not earlier than 48 h, see additional experiment Fig. S2). The variance in the kinetics of viral RNAs observed for the 2 experiments shown for PHHs (Fig. 1D and Fig. S2) probably resulted from the heterogeneity of cells retrieved from 2 different donors. However, these results are similar to the data published in Niu et al. where the authors followed viral RNAs in PHHs during the course of infection by an RNA-NGS approach. 22 Short versions of HBx transcripts are produced in HepG2-NTCP cells and PHHs To confirm their identity, the amplicons obtained were fully characterized by subcloning and Sanger sequencing (Fig. 1E andPRJEB36101). Sequencing of the 5'RACE amplicons revealed an important diversity in transcript start sites (TSSs) for the HBx transcripts expressed in HepG2-NTCP cells and PHHs (red bars in Fig. 1E). In contrast, all sequenced clones for the preS2 transcripts were identical and share the same 5' end in PHHs and HepG2-NTCP cells (TSS nucleotide [nt] 3,159 with respect to reference sequence GenBank U95551.1, blue bars in Fig. 1E). The same was true for pgRNA (TSS nt1,820) and preC (TSS nt1,791). Surprisingly, we were not able to detect spliced pgRNA variants, most likely because of their low proportional copy numbers with respect to the other viral RNA species in HepG2-NTCP cells and PHHs.

In HepG2-NTCP cells, HBx transcripts can be subdivided into 2 categories: i) "canonical" transcripts initiating closely upstream (TSSs nt1,243 to nt1,338) of the first ATG of HBx (light red) coding for the full-length X protein (154 amino acids) and ii) transcripts starting after the first ATG of HBx (dark red) presumably coding for a short version of X potentially using 2 ATGs further downstream as start codons (Met79/Met103). In PHHs, we additionally sequenced a third category of longer HBx transcripts (TSS nt1065 and nt1151, very light red Fig. 1E) that we did not detect in HepG2-NTCP cells. The longer transcripts include ATGs from the P protein open reading frame and could potentially code for its RNAseH subdomain. The number of sequenced clones positive for shorter and longer HBx transcripts was much smaller compared to clones harboring canonical HBx (see Fig. 1E), indicating that shorter and longer HBx transcripts are most likely less abundant in cells.

Tenofovir treatment primarily increases the pgRNA transcript in PHHs and HepG2-NTCP cells Subsequently, to further validate our approach, we investigated the effect of treatment interventions on viral transcripts in HBVinfected HepG2-NTCP cells and PHHs using the full-length 5'RACE assay. We first exposed the cells to a Myrcludex-like peptide (hereafter Myrcludex) and functionally wellcharacterized drugs interfering with the viral life cycle at different stages. Myrcludex is a viral entry inhibitor peptide binding to the HBV receptor sodium taurocholate cotransporting polypeptide (NTCP) which efficiently prevents viral infection. 17,24 Tenofovir, on the other hand, is a nucleotide analog that interferes with DNA chain elongation during the reverse transcription reaction and, accordingly, inhibits viral genome replication. 25 For HepG2-NTCP experiments, cytotoxicity of drug regimens was excluded by visual inspection. For experiments in PHHs, the effect of drug regimens on cell viability was measured by the CellTiter-Glo approach (Fig. S3). As shown in Fig. 2A, we measured viral RNAs by 5'RACE at 4, 8 and 15 days post infection. Myrcludex treatment was initiated 1 day before infection to saturate NTCP receptors, tenofovir treatment was started 3 days post infection (see timescale in Fig. 2A). After 8 days of infection, conventional qPCRs were performed to monitor their effect on 3 kb RNAs (pg and preC RNA), total RNAs and total DNA (Fig. 2B). In the Myrcludex condition, no viral RNAs and DNAs were detectable by qPCRs. Tenofovir treatment, on the other hand, led to a ~1.5-fold increase in 3 kb RNAs and total RNAs and to a strong decrease in viral DNAs.

Concordantly, full-length 5'RACEs showed no specific signal when Myrcludex blocks viral entry (Fig. 2A, upper gel). The bands visible in the Myrcludex lane 8 days post infection are non-specific, as verified by cloning and sequencing (data not shown). However, tenofovir treatment leads to an increase in 3 kb 5'RACE signals indicating more preC/pgRNA than in the nontreated control conditions (Fig. 2A, lower gel). Tenofovir administration had no effect on the S and HBx transcripts, especially from day 8 on. Since the experiment is exclusively controlled by using equal amounts of input RNA for the different conditions, we normalized the quantity of the 3 kb band (preC/ pgRNA) in each lane by its corresponding HBx band. This procedure produces the 3 kb ratio (intensity 3 kb band/intensity HBx band) and shows that, for each time-point, the 3 kb ratios are elevated, i.e. more preC/pgRNAs are found in tenofovir treated than untreated cells (Fig. 2C). Moreover, we observed an increase of the 3 kb ratio over time supporting the concept that viral full-length transcripts accumulate during tenofovir treatment in HepG2-NTCP cells.

Like the experiments in HepG2-NTCP cells, no 5'RACE signals are detected in PHHs treated with Myrcludex (Fig. 3A,B). In PHHs too, tenofovir treatment causes an exclusive increase in the 3 kb band compared to the other 5'RACE products (i.e. S transcripts and HBx transcripts) during infection (Fig. 3A-C). Next, in order to elucidate whether the increase in 3 kb transcripts reflects an augmentation of pgRNA, preC RNA or both, we designed primers that are specific for pg-or preC RNA using full-length 5'RACE cDNAs (for specificity and outline of strategy see Fig. S4). pg/preC RNA specific 5'RACE PCRs indicate that the effect of tenofovir is much more pronounced for pgRNA than for preC RNA on day 8 post infection, an observation that is consistent with the mode of action of tenofovir as a reverse transcription inhibitor (Fig. 3A, gels pg and preC). To support the results, we quantified HBeAg by ELISA as another read out for preC using the supernatants of treated and untreated cells. Consistently, we did not detect any effect of tenofovir on extracellular HBeAg by ELISA (Fig. 3D). Furthermore, we showed by western blotting that cellular S protein levels arenot affected by tenofovir administration (Fig. 3E). In summary, these results validated the HBV full-length 5'RACE technique and further confirmed that tenofovir treatment primarily increases pgRNA but has no effect on preC RNA, S transcripts and HBx RNA.

Interferon-b treatment reduces both pg and preC transcripts without affecting other viral transcripts in PHHs Patients with chronic Hepatitis B are treated with interferon-a and nucleos(t)ides analog leading to the suppression of viral replication. 25 In HepG2 or chicken hepatoma cell lines that express viral RNAs from transfected or integrated plasmids, interferon-a efficiently downregulates viral RNA transcription by reducing active chromatin markers like H3K9ac and H3K27ac from HBV and DHBV chromatin. 26,27 We wanted to take advantage of the full-length 5'RACE and investigate how interferon-b affects the different viral RNAs under infection conditions in PHHs. Interferon-b is a type I interferon which utilizes the same receptor as interferon-a, which has been shown to inhibit HBV genome replication in hepatocyte culture. 28,29 Interferon-b treatment was started on day 3 post infection, 5'RACEs (Fig. 4A) and control qPCRs (Fig. 4B) were carried out on day 8 post infection. Surprisingly, we found that interferon-b treatment predominantly reduces viral 3 kb transcripts i.e. preC-and pgRNA without significantly affecting the other viral transcripts. This prominent effect is observed by full-length 5'RACE and preC/pgRNA-specific 5'RACE PCRs (Fig. 4A).

To complement the 5'RACE analysis, we showed by western blotting that the S protein levels are only moderately affected in the interferon condition (Fig. 3E). In contrast, extracellular HBeAg was strongly reduced, as determined by ELISA (Fig. 3D). We omitted measuring secreted HBsAgs in supernatants by ELISA since it had been shown that Interferons inhibit HBV virion secretion by inducing tetherin expression. 30 Viral particles produced in HepAD38 cells contain different HBx transcripts, at least 1 spliced pgRNA variant and pgRNA Recently it was shown that viral particles produced in cell culture or circulating in the blood of chronically infected patients may harbor viral RNA species. 22,31,32 To gain more insight into the type of viral RNAs that may be contained in these particles, we performed 5'RACEs with material derived from supernatants of HepAD38 cells (see Fig. 5A for purification steps). We focused our work on viral particles produced by the HepAD38 cell line since HepG2-NTCP cells and PHHs in infection assays (Fig. 1-Fig. 4) were infected with viral inocula generated by the same cell line.

Prior to full-length 5'RACE analysis, the pelleted material was digested with MNase to detect exclusively protected RNAs (see Fig. S5 for digestion efficacies). As shown in Fig. 5B/C in the supernatant of HepAD38 cells, we found pgRNA, 1 pgRNA spliced variant (known as splice variant 6 (SP6), 33 splice donor site nt2,471/nt2,472; splice acceptor site nt488/nt499, Fig. 5C) and HBx transcripts with different lengths (long, canonical, and short) that are protected from MNase digestion. For their identification, we characterized all RNAs that were protected from MNase degradation (Fig. 5B) by cloning and Sanger sequencing (Fig. 5C andPRJEB36101). Neither S transcripts nor preC RNA were detected by sequencing. Furthermore, by pgRNA and preC RNA specific 5'RACE analysis, we confirmed that protected RNAs did not include preC RNA (Fig. 5B). Importantly, the 5'RACE products were specific to viral RNAs since there was no signal in the negative control reactions without RT.

To confirm that the MNase-protected RNAs are contained in viral particles, we performed Iodixanol gradient sediment analysis. Overall, 12 fractions were collected from the top, from which fractions 2 to 11 were characterized in detail with respect to viral DNA (Fig. 5D), S antigens (HBAgs, Fig. 5E) and viral 5'RACE RNA content (Fig. 5F). Viral DNA sedimented between fractions 4 and 8 with a sharp peak in fraction 7. All 3 HBsAgs cosedimented between fractions 5 and 9 with the strongest intensities found in fractions 6 and 7.

By full-length 5'RACE we could detect the different HBx transcripts similar to the MNase approach. The majority of HBx transcripts were detected in fractions 7 and 8, co-fractionating with viral DNA and HBAgs. Most probably because of RNA quantity issues, full-length 5'RACE neither detected pgRNA nor the pgRNA splice variant found by the MNase approach. However, by performing pgRNA-specific 5'RACE analysis using the pgRNA-specific primer, pgRNA was detected in gradient fractions 6 to 9 with the highest abundance in fraction 7 similar to viral DNA.

Taken together, we found pgRNA, 1 pgRNA-derived splice variant (SP6) and different HBx transcripts co-fractionating with HBAgs in gradient fractions where viral DNA is present (Fig. 5C). HBx transcripts are of different lengths: long (TSSs nt1,065 to nt1,198), canonical (TSSs nt1,243 to nt1,338bp) and short (TSSs nt1,418bp to nt1,533).

HBx RNAs in viral particles are both capped and uncapped Capped RNAs are protected against dephosphorylation, the first step of the full-length-5'RACE protocol that is necessary to exclude degraded or uncapped RNAs from the full-length 5'RACE (Fig. 1B). The interpretation of our data, i.e. that the different RNAs detected by the 5'RACE in viral particles are indeed capped, depends on the efficiency of this dephosphorylation step. An inefficient dephosphorylation step could leave uncapped RNAs phosphorylated and thus could produce false positive signals during the full-length 5'RACE. However, uncapped/degraded viral RNAs that are generated by the RNAse H activity of the P protein during cDNA synthesis must be present in viral particles, as discussed by Bai et al. 31 To clarify these issues, we carried out control 5'RACE experiments that specifically detect uncapped RNAs using again MNAse-digested material from HepAD38 cells derived supernatants. The uncapped RNA-specific 5'RACE protocol lacks the de-capping and dephosphorylation steps from the standard fulllength 5'RACE and thus capped RNAs are not ligated to the anchor sequence and consequently are not amplified by the final PCR reaction (Fig. 6A). To control dephosphorylation efficacy, we included or not a dephosphorylation step in the uncapped RNAspecific 5'RACE protocol (compare lane 4 with lane 5 in Fig. 6B). Simultaneously, we performed the standard full-length 5'RACE (capped RNA-specific) on the same material (Fig. 6B, lane 3) and on cellular RNAs derived from PHHs (Fig. 6B, lane 1).

Collectively, the data in Fig. 6B demonstrates the authenticity of the capped RNAs found in viral particles, since all uncapped RNAs contained in viral particles are dephosphorylated during the capped RNA-specific full-length 5'RACE approach (compare lane 4 with lane 5 in Fig. 6B). However, we also confirm that uncapped RNA species up to 800 bp exist in the MNAse-digested material (Fig. 6B, lane 5). Subcloning and sequencing identified the uncapped RNAs as long, canonical and short HBx transcripts (data not shown). We detected neither pgRNA nor the pgRNA splice variant as uncapped RNAs (Fig. 6B, lane 5).

Full-length 5'RACE identifies 3 major categories of circulating RNA species in patients with chronic HBV infection An accurate monitoring of intrahepatic cccDNA levels and activity during patient management is limited by the need for invasive liver biopsy procedures. So far, no single serum parameter has been shown to accurately reflect the transcriptional activity of the cccDNA pool in the liver. 34 Moreover, it is still an open question, which serological viral RNA species exist in the plasma/serum of patients. Indeed, pgRNA has been detected in sera of patients, spliced pgRNA variants and HBx transcripts as well, but there is not much information about whether and how these transcripts co-exist. 22,32,35-38 To gain deeper insight into these questions, we characterized the major circulating viral RNA species found in 3 highly viremic chronically infected patients (Fig. 7A) by full-length 5'RACE (Fig. 7B). All 3 patients were HBe-positive and patient #2 had elevated alanine aminotransferase (ALT) levels. Fig. 7B shows the different 5'RACE profiles for the 3 patients and visual inspection revealed a differential pattern between the patients. Importantly, for all patients 5'RACE signals were specific to RNAs (Fig. 7B).

To characterize the RNA species found in plasma, we subcloned and sequenced the 5'RACE products of patient 1 and 2 (Fig. 7C andPRJEB36101). We did not detect any S or preC transcripts in the plasma samples. For both patients 1 and 2, we found co-circulating pgRNA and pgRNA splice variants (known as SP1/2/3/5, 33 see Fig. 7C for splice donor/acceptor sites). We again identified an important heterogeneity for the HBx transcripts including long 197),canonical (TSSs nt1,350) and short (TSSs nt1397-nt1558) HBx transcripts similar to the HBx transcripts associated with in vitro produced viral particles. Interestingly, the pgRNA splice variants observed in patients #1 and #2 were different (see Fig. 7C for alignments of transcripts in individual patients). In summary, HBV RNAs found in plasma samples of patients belong to 1 of the 3 categories: i) pgRNA, ii) pgRNA splice variant, iii) HBx transcript (long, canonical and short HBx transcripts). Considering the sequencing data together with the patient specific 5'RACE profiles, the results presented here open the possibility that patients exhibit qualitative and/or quantitative differences in circulating HBV RNAs.

Discussion

We set up an HBV full-length 5'RACE approach to overcome the current limitations for the measurement and discrimination of the different HBV RNAs. The results show that our HBV fulllength 5'RACE detects all major viral RNAs including pgRNA splicing variants and most importantly, HBx. The full-length 5'RACE is a qualitative approach, though sensitive enough to demonstrate changes during the course of infection (Fig. 1) and in experimental conditions where cultured hepatocytes were treated with tenofovir (Fig. 2A and3A) or interferon-b (Fig. 4A).

Contrary to preC/pgRNA and the S transcripts, we found a variety of transcripts for HBx that are characterized by heterogeneous TSSs (Fig. 1D). Of special interest are the long and short HBx transcripts that were found in cells, viral particles produced by cultured hepatocytes and the plasma of patients, indicating their biological relevance. Some of the long and short HBx transcripts could potentially code for other proteins than fulllength canonical X. Shorter than canonical HBx transcripts and short X proteins have been discussed in the literature. 23,39,40 Short X starting from Met 103 of the canonical X would lack the DDB1-binding domain of the full-length protein 41 and thus would have lost its co-regulatory activity of the Cul4A E3 ubiquitin ligase complex. 12,41,42 In addition, the C-terminal domain of full-length X is required for p53 interaction 13 and consequently, short X could be a protein that predominantly interacts with p53.

On the other hand, long HBx transcripts have not yet been described. We could detect them in plasma, viral particles produced by the HepAD38 cell line and in cell extracts from PHHs, but surprisingly not in HepG2-NTCP cells. Long HBx transcripts could code for the RNAseH domain of the P protein since the transcripts include ATGs upstream of HBx. Whether the long transcripts code for RNAseH and what function the RNAseH domain has when separated from its reverse transcriptase domain requires further investigation. Interestingly, it has been shown that the HBV RNAseH domain is a stable protein without the reverse transcriptase domain, 43-46 a characteristic that is not true for all the RNAseH domains of other reverse transcriptases. 47,48 Besides coding for proteins, there is also the possibility that the short and long HBx RNAs function as regulatory non-coding RNAs (ncRNAs). Many DNA and RNA viruses express ncRNAs that target either host or viral factors. 49 Especially long non-coding RNAs (lncRNAs) are an interesting class of ncRNAs that regulate host or viral gene expression at the level of chromatin, transcription, post-transcription and translation. Interestingly, for the Kaposi's sarcoma-associated herpesvirus, Japanese encephalitis virus, dengue virus, and West Nile virus it has been shown that lncRNAs antagonize the antiviral interferon response. 50-55 The capacity of the full-length 5'RACE to discriminate all the major viral transcripts allowed us to show that viral RNAs can be differentially regulated. We demonstrated that interferon-b reduced preC RNA and pgRNA without affecting the other viral transcripts (Fig. 4A). In overexpression assays 26,27,56 and mouse model infection systems, 57 this differential phenotype could not be differentiated from a general downregulation of viral transcripts. Moreover, in combination with the qPCR assays (Fig. 4B), the full-length 5'RACE data also indicates that preC-and pgRNAs constitute the majority of viral transcripts in infected PHHs confirming CAGE-NGS results recently published by Altinel et al. 23 It will be important to elucidate how interferon-b induces the specific downregulation of preC/pgRNAs. One possible scenario could be that interferon-b treatment induces the specific degradation of the full-length viral transcripts in PHHs. Interestingly, interferon stimulated gene 20 (ISG20) degrades HBV viral RNAs by binding to the epsilon stem-loop structure. 58 If the targeting/degradation activity of ISG20 in PHHs would be specific for the epsilon structure at the 5' end of an RNA molecule, only full-length viral RNAs (preC/pgRNAs) would be degraded. However, Liu et al. demonstrated by over-expression assays that ISG20 degrades viral RNAs irrespective of whether the epsilon structure is at the 5' or 3' end of the transcripts. The authors additionally demonstrated that ISG20 does not act alone but requires co-factors for its target specificity. Thus, either another ISG displaying different targeting characteristics is induced upon interferon-b treatment or, the specificity of ISG20 is modulated by different co-factors in PHHs.

Another possibility could be that interferon-b specifically reduces the activity of the HBV core promoter regulating preC/ pgRNAs expression. It has been shown that the core HBV promoter is negatively regulated by the NF-jb factor p65, 59,60 another rapidly induced ISG, which could preferentially downregulate the HBV core promoter once activated by interferon-b. Alternatively, the ISG TRIM22 can suppress HBV core promoter activity in HepG2 cells. TRIM22 is a member of the tripartite motif (TRIM) superfamily whose members have been shown to be expressed in response to interferons to restrict viral activity, especially with respect to retroviruses. 61 We also characterized the full spectrum of viral RNAs associated with viral particles and gained a detailed overview of their composition (Figs. 5,6). Our results integrate earlier published results, but at the same time provide new insights into the diversity of particle-associated viral RNAs. For instance, in addition to pgRNA we also detect spliced pgRNA variants in viral particles. Spliced pgRNA variants were first described in cell lines and infected livers 62-65 and were later shown to be incorporated into the nucleocapsids and then reverse transcribed into HBV DNA to generate defective HBV particles. 33,66-69 Interestingly, it also has been shown that pgRNA splice variants can code for additional viral proteins. 70,71 Furthermore, our results substantiate the notion that viral particles contain HBx RNA that may have an important role for the establishment of infection as proposed by Niu et al. 22 In this regard, we found that different HBx RNAs exist as capped and uncapped molecules in viral particles, an observation that raises the question of whether one is the product of the other (Fig. 6B). As depicted in Fig. 1A, the 6 viral RNAs are transcribed from 4 different promoters. After productive initiation of polymerase II, nascent transcripts are cotranscriptionally capped in the nucleus by different capping enzymes. Capping of transcripts promotes translation and protects against RNA degradation by cellular exonucleases. The capped non-canonical HBx RNAs are puzzling with respect to their 5'ends since, to our knowledge, promoters that initiate transcription from these positions in the HBV genome have not yet been molecularly characterized. In addition, transcripts that lack the 5' epsilon stem-loop structure should be excluded from viral capsids. 72-75 Therefore, the question arises whether the capped HBx transcripts in viral particles could be produced postrather than co-transcriptionally. The hypothetical posttranscriptional generation of encapsidated HBx RNAs would require 2 major steps: i) an endolytic cut to generate the 5'end of the RNA molecule and ii) the addition of the cap structure. A scenario would be that the RNAse H domain of the P protein produces specific endolytic cuts in the pgRNA during reverse transcription in viral particles giving rise to the 5' ends of the different HBx RNAs. Interestingly, the RNAse H domain of the avian myeloblastosis virus reverse transcriptase e.g. initially cuts every 100-200 nucleotides during reverse transcription. Whereas for HIV-1 and Moloney murine leukemia virus, the cleavage frequency centers around 100-120 nucleotides. 48,76 Consequently, it will be important to determine the cutting frequency of the HBV RNAse H domain and whether it correlates with the molecular sizes of the different HBx transcripts (400-800 nts). Furthermore, the post-transcriptional generation of capped non-canonical HBx RNAs would also require that the capping of uncapped 5' ends takes place inside viral particles. Since HBV does not code for its own capping enzymes, viral particles would have to contain host-capping enzymes that fulfill this task. Notably, for RNA alphaviruses it has been shown that viral particles that contain non-capped viral RNAs induce innate immune responses in host cells and therefore are less infectious than viral particles carrying capped RNAs. 77 It is intriguing to speculate that HBV might have found a way to cap the different RNAs arising during the maturation of viral particles to hide them from the innate immune system of host cells. Importantly, it is very likely that other pgRNA-derived RNA species are generated during the reverse transcription process in addition to the different HBx RNAs characterized in this study. However, the HBV full-length 5'RACE method is specific to RNA molecules that are intact until nt1,810 (Gsp1 annealing point) of the HBV genome (reference sequence GenBank U95551.1). Our approach is blind to RNA species that do not include this distal 3' sequence, i.e. to all RNAs that have been released from the pgRNA by 2 cuts upstream of this reference point during reverse transcription. Whether these RNA species are also capped, similar to the HBx transcripts that were identified in this study, remains to be investigated.

In recent years, many studies evaluated circulating pgRNA as a biomarker for disease development and treatment efficacy. A good correlation between serological and intrahepatic pgRNA levels, as well as between circulating pgRNA and the ratio between intracellular pgRNA and cccDNA have been observed. Therefore, serological pgRNA could represent a non-invasive read out for monitoring intrahepatic cccDNA transcriptional activity, even during nucleos(t)ide analog treatment. 37,78 To get a deeper understanding of the complexity of the circulating viral RNAs, we characterized the majority of serological viral RNAs in 3 patients using the HBV full-length 5'RACE (Fig. 7). Similar to the RNA species associated with viral particles, circulating RNAs belong to 1 of the 3 categories: i) pgRNA, ii) pgRNA splice variant, iii) HBx transcripts (long, canonical and short). Likewise, we detected neither preC-nor S-transcripts in the plasma of patients. Considering the possibility that the different HBx RNAs are post-transcriptionally generated inside viral particles these results support the concept that viral RNAs found in the blood circulation are all derived from packaged pgRNAs and protected against degradation by nucleases in the blood of patients. Consequently, all viral RNAs that are not packaged into viral particles, i.e. preC and S transcripts, are not detected by the fulllength 5'RACE. At this point, it should be emphasized that the capped RNA-specific 5'RACE approach only detects RNAs that are non-degraded. It excludes all the partially digested viral RNAs that might be present in the blood of patients, especially of those with high ALT levels. However, with our limited subcloning and sequencing approach, we cannot categorically exclude the presence of S or preC RNAs in the plasma of patients. Yet, they might represent minor viral RNA species since we readily detected them by the same cloning and sequencing approach in infected cells.

At last, the 5'RACE profiles of the different patients exhibit differential patterns of PCR bands. The differential PCR patterns together with the identification of specific pgRNA splice variants in different patients demonstrate that the composition of the viral RNA species can vary among patients. Our observations create new avenues for research to determine the biological and clinical relevance of circulating viral RNAs, as novel biomarkers of treatment efficacy, and their potential to decrease the pool of intrahepatic cccDNA.

III. "Science en bulles"

The "Fête de la Science » is a French national event that promotes science dissemination to a large public with conferences, exhibitions, educational workshops, etc.

Since 2016, "Fête de la Science" has started a project joining PhD students and cartoonists to create a book reporting different thesis subjects about diverse scientific fields, from mathematics to social sciences. This project is co-founded by the Ministry of Culture and the Ministry of Higher Education, Research and Innovation. I participated to this public outreach project in 2019 for the publishing of the book entitled "Science en bulles" at 80 000 copies that were distributed to French schools, high-schools, and Universities, and also cultural partner shops.

Cartoons were realized by Peb&Fox, a duo of cartoonists involved in this project since its creation. We worked on representing HBV as a well-hidden virus that hijacks cellular functions for its replication. We conveyed the most important information about HBV infection and dangerousness of the related diseases. We also illustrated the working environment in biology laboratories, notably security rules.

  Rôle des hélicases DDX5 et DDX17 dans la régulation transcriptionnelle et la maturation des ARN du Virus de l'hépatite B. La chronicité du virus de l'hépatite B (VHB) repose sur la persistance de l'ADN circulaire et clos de manière covalente (ADNccc) dans le noyau des hépatocytes infectés. Le génome viral présente une structure chromatinisée sujette à des régulations épigénétiques impactant son activité biologique à différents niveaux. Une meilleure connaissance des facteurs cellulaires orchestrant la régulation transcriptionnelle et post-transcriptionnelle de l'ADNccc est fondamentale dans la compréhension des mécanismes à l'origine de la persistance du VHB. Afin d'identifier les acteurs cellulaires impliqués dans la biologie de l'ADNccc, un ambitieux projet de protéomique de l'ADNccc (ChROP) a été initié par le Dr. Barbara Testoni. Parmi les candidats identifiés, les hélicases à ARN DDX5 et DDX17 ont particulièrement attiré notre attention. DDX5 et DDX17 jouent un rôle crucial dans la régulation de la transcription et le métabolisme des ARN. Nous avons donc évalué leur rôle dans la régulation transcriptionnelle de l'ADNccc et le métabolisme des ARN viraux. Afin d'étudier de manière précise les différents transcrits du VHB, une technique de 5' RACE a été mise au point au laboratoire par le Dr. Bernd Stadelmayer, et a fait l'objet d'une publication. Cette technique a permis l'étude des ARN du VHB dans un contexte de déplétion des hélicases DDX5 et DDX17. Par ailleurs, DDX5/17 appartiennent au complexe insulateur de CCCTC-binding protein (CTCF). Nous avons donc en parallèle étudié le rôle de CTCF dans la biologie de l'ADNccc et le métabolisme des ARN viraux. Dans des cellules HepG2-NTCP et des hépatocytes primaires humains infectés par le VHB, la répression de DDX5/17 entraine un raccourcissement de tous les ARN viraux. Des séquençages de dernière et troisième génération ont permis l'identification de variants d'épissage alternatif ainsi qu'une utilisation différentielle du site de polyadénylation lors de la transcription des transcrits viraux. Des expériences d'immunoprécipitation de l'ARN ont montré que DDX5 et DDX17 s'associent directement aux ARN viraux et recrutent CPSF6 et NUDT21, deux facteurs impliqués dans le choix du site de polyadénylation. Par ailleurs, nous avons identifié des sites de liaison de CTCF sur le génome du VHB et par mutagénèse dirigé, Introduction Le Virus de l'Hépatite B (VHB) infecte chroniquement plus de 250 millions d'individus dans le monde. Les porteurs chroniques du VHB ont un risque accru de développer de sévères pathologies hépatiques, notamment une cirrhose voire un carcinome hépatocellulaire, qui est le deuxième cancer le plus meurtrier dans le monde. Malgré l'existence d'un vaccin

  HepG2-NTCP, exprimant stablement le récepteur NTCP du VHB, et des Hépatocytes Primaires Humains (PHH) provenant de résection de patients, ont été infectés par le VHB à une multiplicité d'infection de 250 équivalents génomes par cellule. Après quatre jours d'infection, lorsque celle-ci est considérée établie, les cellules ont été transfectées avec des petits ARN interférents ciblant de manière concomitante DDX5 et DDX17 afin de prévenir d'une potentielle redondance fonctionnelle. Après validation de l'efficacité de la déplétion de DDX5 et DDX17 au niveau ARNm par RT-qPCR et protéique par Western-blot, les paramètres viraux ont été évalués. L'ARN total et les ARN 3.5 kb, ainsi que l'ADN total et l'ADNccc ont été quantifiés par (RT)-qPCR. Afin de discriminer les différents ARN viraux, ceux-ci ont été soumis à des Northern-blot. Par ailleurs, l'activité transcriptionnelle de l'ADNccc a été évaluée par capture des ARN naissants et RT-qPCR spécifique des ARN viraux. Afin de caractériser précisément les ARN viraux, un séquençage d'ARN a été fait. L'étude qualitative précise des ARN viraux a été complétée par des expériences de 5' RACE et 3' RACE, deux techniques permettant d'amplifier spécifiquement les ARN depuis leur extrémités 5' et 3'. Les produits de 3'RACE ont par la suite été séquencés par la technologie Oxford Nanopore. Finalement, la morphologie des cellules infectées et déplétées ou non pour DDX5 et DDX17 a été comparée par microscopie électronique à transmission (MET). Un immunomarquage aux billes d'or des protéines virales HBc et HBs, ainsi qu'un double marquage a été réalisé dans le but de valider la présence de particules virales cytoplasmiques en MET. Ces particules ont ensuite été caractérisées biochimiquement par isolation des capsides cytoplasmiques suivie d'une migration en gel d'agarose en condition native ou par extraction d'ADN et ARN encapsidés suivies de (RT)-qPCR spécifiques ou de séquençage Nanopore. Enfin, la présence de DDX5 et DDX17 sur l'ADNccc et les ARN viraux a été étudiée par Immunoprécipitation de la chromatine et par immunoprécipitation des ARN viraux après fixation aux UV. Par ailleurs, une mutagénèse dirigée spécifiquement sur les sites de liaison à CTCF préalablement identifiés grâce à un outils de prédiction in sillico, a permis de générer des molécules d'ADNccc-like par la technique Minicircle. L'étude de l'association de CTCF à l'ADNccc-like sauvage ou mutant a été réalisée par ChIP. Les paramètres viraux ont été étudiés de la même manière qu'explicité précédemment. Résultats Après une déplétion efficace de DDX5 et DDX17, nous avons observé en MET une accumulation de vésicules cytoplasmiques contenant des particules virales. Nous avons confirmé biochimiquement cette augmentation et évalué que deux fois plus de particules contenant HBc et HBs étaient présentes dans le cytoplasme des cellules déplétées pour DDX5 et DDX17. Deux fois plus d'ARN et ADN encapsidés ont été quantifiés dans ces particules cytoplasmiques, et sont qualitativement identiques (caractérisation par séquençage Nanopore). Par ailleurs, l'inhibition de l'expression de DDX5 et DDX17 entraine une augmentation globale des niveaux d'ARN viraux, et de leur transcription, sans modification du nombre de copies d'ADNccc par cellule. Qualitativement, nous avons observé que les ARN du VHB étaient plus courts en condition siDDX5/17. Un séquençage des ARN totaux par la technique Illumina nous a permis d'identifier cinq exons plus fréquemment exclus lorsque les hélicases sont absentes. Cependant, les transcrits épissés ne représentant qu'une faible proportion des transcrits viraux, l'exclusion plus fréquente observée n'explique que partiellement la diminution de taille des ARN du VHB en condition siDDX5/17. De manière intéressante, l'ensemble des données obtenues par séquençage des ARN ainsi qu'une étude des variants d'épissages décrits dans la littérature a permis la génération du premier fichier d'annotation du génome complet du VHB. Nous avons par la suite caractérisé plus précisément les ARN viraux en condition siDDX5/17.

L

  'ensemble des résultats de cette étude suggère que DDX5 et DDX17 sont nécessaires au métabolisme des ARN viraux. De plus, les données générées suggèrent que CTCF constitue un point d'ancrage pour DDX5 et DDX17 sur l'ADNccc et que le complexe CTCF/DDX5/DDX17 semble nécessaire à la correcte maturation des ARN viraux. Cependant, le rôle direct de CTCF et de DDX5/17 reste à déterminer. Un recrutement de ces protéines sur des régions spécifiques de l'ADNccc par la technologie CRISPR/dCas9 permettrait de mettre en évidence l'effet direct de ces protéines dans la biologie des ARN viraux. Nous avons démontré également que DDX5 et DDX17 régulent l'épissage alternatif des ARN viraux en favorisant l'inclusion de cinq exons. Par ailleurs, DDX5 et DDX17 sont impliqués dans la terminaison de la transcription virale, notamment en recrutant CPSF6 et NUDT21, deux facteurs nécessaires à la reconnaissance de sites de polyadénylation alternatifs. Bien qu'une démonstration directe reste à établir, le raccourcissement des ARN viraux semble être corrélé à une augmentation des particules virales cytoplasmiques contenant de l'ARN et de l'ADN viraux. Le raccourcissement des ARN viraux en condition siDDX5/17 entraine un raccourcissement du 3'UTR, région essentielle au devenir et à la régulation du transcrit.
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 56 cccDNA and ORFs HBV covalently closed circular DNA (cccDNA) is the transcriptionally active DNA intermediate of HBV life cycle, responsible for HBV persistence. It contains 4 overlapping reading frames (ORF), namely preCore/Core ORF, for the synthesis of HBeAg and HBc; S ORF, for L-, M-, and S-HBsAg; Pol ORF, for the viral polymerase/retro-transcriptase, and X ORF, for HBx. cccDNA Into the nucleus of infected hepatocytes, rcDNA is converted into a covalently closed circular DNA, also called cccDNA. This cccDNA is the persistent episomal form of HBV genome, and is the unique template for all the viral RNAs, including the pregenomic RNA, or pgRNA, which is the RNA intermediate of the viral replication. The viral transcription is regulated by 4 promoters, 2 enhancers, and a common polyadenylation signal. cccDNA contains four overlapping open reading frames (ORFs) with every base coding for at least one ORF (Nassal, 2015a) (Erreur ! Source du renvoi introuvable.). The viral ORF are oriented in the same direction and are the following: Viral transcripts and regulatory elements

  TSS are positioned according to Altinel et al, 2016 & Stadelmayer et al, 2020. pgRNA-deriving spliced variants are named from SP1 to SP17. To date, only three of these spliced variants are known to encode viral proteins. SP1 encodes the 12kDa Hepatitis B Spliced Protein (HBSP), consisting of the fusion of Pol ORF at N-ter and of a new ORF at C-ter. SP7 encodes the 15 kDa Hepatits B Doubly Spliced Protein (HBDSP), which ORF is not clearly defined but is assumed to be the fusion of different subunits of Pol and potentially S ORFs. SP14 encodes the 43 kDa Pol-S Fusion Protein (P-S FP), corresponding to the fusion of the extreme Nter of Pol ORF and the PreS1 ORF at its C-ter.

  Acetyl Transferase (p300, CBP CREB, PCAF..) HMT : Histone Methyl Transferase (Suv39, MeCP2, HP1..) DNMT : DNA Methyl Transferase Nucleosome positive liver samples. Enrichment for positive histone PTMs downstream of the Enhancer I
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 12 HBx promotes cccDNA active transcriptional state HBx acts by different but converging mechanisms to establish a global permissive epigenetic status to cccDNA crucial for viral transcriptional activity. HBx favors the recruitment onto cccDNA of transcriptional activators, such as Histone Acetyltransferases (PhosphoCREB, p300..), positive epigenetic marks (H3Ac and H4Ac), and promotes the degradation of the restiction factor SMC5/6 through interaction with DDB1 and intermediate of the E3-Ubiquitine ligase Cul4. HBx also prevents the recruitment onto cccDNA of transcriptional repressors such as Histone Deacetylases (HDAC1, Sirtuin1,…), negative histone marks such as H3K9me3, deposited by the Histone Metyltransferase SETDB1, and further recruitment of Heterochromatin Protein (HP) 1.
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 15 Characteristics of in vivo systems used for HBV and HBV-related viruses
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 16 Central dogrma of molecular biology
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 17 Figure 17 : Features of core promoter The core promoter harbors different sequence motifs. First, the Inr motif contains the TSS, considered at the +1 position of the mRNA. It is preceded by a TATA-box 30/31 bp upstream, itself surrounded by the upstream (u)BRE and the downstream (d)BRE. MTE and DPE are located downstream the Inr +28 to +33 bp. DCE and XCPE1 can be present in core promoters. TATA, Inr, MTE and DPE are sufficient to initiate transcription.
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 19 Preinitiation complex assembly PIC assembles to the promoter to initiate the transcription. TFIID and TFFIA first associate to the TATAbox and recruit TFIIB. TFIIB is the intermediate of recruitment for RNA pol II and TFIIF that further recruit TFIIE and TFIIH. "TFIIX" factors are the seven so-called General Transcription Factors (GTF). TFIID assembly to the promoter drives a DNA bending of around 90° that will further wrap around the RNA pol II. Once PIC is fully associated to the promoter, promoter sequence is unwound and the transcription bubble is formed, allowing RNA pol II to start transcribing.

  drive DNA wrapping around the further recruited RNA Pol II. Noteworthy, as only 10-20% of the promoters harbor the TATA-box motif, TFIID recognizes promoters principally through sequence architecture similarity to the consensual TATA-box sequence. TFIID further serves as a hub for the recruitment of TFIIA and TFIIB. These two factors are necessary for TFIID stabilization and TSS recognition. Moreover, they recruit RNA Pol II, together with TFIIF that also participate at TSS recognition. Next, TFIIE recruitment forms a bridge between RNA Pol II and the further associated TFIIH promoting DNA opening through TFIIH core subunit. TFIIH also contains a DNA-dependent ATPase activity critical for transcription initiation. Indeed, TFIIH triggers the phosphorylation of RNA Pol II-CTD Ser5 and the following phosphoSer5mediated Pol II escape from the core promoter

F Figure 20 :

 20 Transcription elongationRNA pol II is associated with NELF and DSIF that drive its pausing to a promoter-proximal region, leading to a 5'checkpoint for proper capping of the nascent RNA chain. P-TEFb is next recruited, and phosphorylates both NELF/DSIF to remove them from RNA pol II, and pol II-CTC-Serine 2. These phosphorylations trigger RNA pol II escape from the pausing site and the beginning of the productive elongation that can have different rates according to the transcribed gene. PhosphoSer2 serves as a hub for elongation and termination factors, and for machineries involved in RNA processing, travelling along the gene with the RNA pol II.

  Elongin and TFIIS); iii) histone chaperones and nucleosome remodelers; iv) DNA sequence influencing DNA topology (G-rich sequences are more difficult to transcribe because more stable); v) gene feature, such as exons that have a strong negative effect on elongation rate F Figure 21 : Transcription termination At the PAS, transcription ends. Transcription termination is proposed to occur according to two models.A. The allosteric model assumes that pol II recognizes the PAS with the already CTD-recruited Cleavage and PolyAdenylation factor (CPA). Pausing at this site leads to active site conformational changes and RNA pol II release.

  Transcription termination occurs according to a mechanism dependent on the presence of a polyadenylation sequence (PAS) that leads to the reuse of the RNA Pol II for another round of transcription. During transcription termination, Pol II slows down nearby the PAS. Pol II pausing is induced by different factors. When it crosses the PAS, Cleavage and PolyAdenylation factors (CPA), notably CPSF and CstF, are recruited to Pol II-CTD consequently triggering RNA 3'-end processing and transcriptional termination. Moreover, chromatin structure itself is able to influence Pol II slowdown, especially the presence of core nucleosomes. Finally, one major mechanism implicated in Pol II deceleration is the hybridization between the nascent RNA and

  downstream of the PAS by the Pol II, after cleavage of the upstream RNA chain in the PAS. Next, the 5'-3' exonuclease Xrn2 progressively digests the downstream RNA chain in processivity competition with the still elongating Pol II. When Xrn2 reaches Pol II, it creates a molecular trigger for Pol II release. Evidence for this model is that R-loopmediated Pol II pausing enhances Xrn2-dependent termination[START_REF] Proudfoot | Transcriptional termination in mammals: Stopping the RNA polymerase II juggernaut[END_REF] 
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 22 domains have been identified, being polycomb-associated euchromatin, heterochromatin and chromatin with no strong enrichment for positive factors. Repressed regions, enriched for the repressive mark H3K27me3, are localized in the nuclear periphery. Contrarily, gene-rich and transcriptionally active regions, enriched for the H3K4me3 active histone mark, are more internal in the nucleus. Although precise subclasses are hard to define, four major groups of open chromatin are characterized: enhancers, promoters, transcribed regions and insulatorprotein-associated regions. Interestingly, in chromatin domains, not all genes are in the same transcriptional state. Indeed, various levels of activity are supported in a gene-dependent manner, conserving however a more or less favorable environment for gene expression depending on the chromatin compartment[START_REF] Cavalli | Functional implications of genome topology[END_REF].During gene expression regulation, and notably during transcription, intra-chromosomal interactions play a critical role through DNA-looping. Four different loops with specific functional consequences have been described (Figure22. A-D). 5' end and termination site of a transcribed gene can drive DNA looping to efficiently recycle RNA Pol II and promote transcription directionality. Moreover, distal enhancer can contact gene promoter by longrange DNA looping. These interactions are subjected to regulatory changes that modulate Genome organization and DNA looping involved in transcription regulation Active and inactive DNA regions organize in higher-order structures called chromatin domains that can further arrange in super domains. The last level of spatial organization is called chromosome territories, in which chromosomes preferentially organize. In this last level of organization, certain regions are more prompt for active transcription processes and are called transcription factories.In chromatin domains, transcription can be regulated by DNA looping. A. 5'-3'end DNA looping favors RNA pol II recycling by connecting both extremities of the coding sequence. B. Enhancer can be enclosed to the promoter by DNA looping to approach specific transcription factors (TF) to the promoter and initiate transcription. C. Polycomb-repressed DNA looping negatively controls transcription by polycomb complex deposition on DNA regulatory elements. D. Insulator-mediated DNA looping allows a differential regulation of neighboring genes.
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 23 Features of HBV regulatory elements HBV genome encodes six mRNAs that are transcriptionally regulated by four promoters and two enhancers. Sequence features and associated cellular factors are represented for Enhancer I (EnhI), Core promoter (CP) and overlapping Enhancer II (EnhII), and the for the surface antigen promoters, S1 (pPS) and S2 (pS).
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 25 pre-mRNA splicing A. The neosynthesized pre-mRNA is composed of intronic and exonic sequences. Splicing signals are represented as yellow boxes in the intron. The cis-regulatory splicing elements, namely ISE/ISS and ESE/ESS, recruit specific activators or inhibitors that modulate the splicing process.

  splicing enhancers or silencers(ESE and ESS), or intron splicing enhancers or silencers(ISE and ISS), by recruiting specific splicing co-factors. Moreover, pre-mRNA sequences can harbor secondary RNA structures modulating the accessibility of splicing factors. For example, RNA-RNA pairing competes with splicing factor binding onto cis-regulatory sequences. RNA secondary structures can also overlap with 5' or 3' splice sites and prevent their recognition by the splicing machinery[START_REF] Ramanouskaya | The determinants of alternative RNA splicing in human cells[END_REF]. Frequently, cis-acting sequences act with trans-acting factors by specific recruitment. Trans-acting factors are serine/arginine (SR)-rich proteins that contain one or two RNA recognition motif(s), and heterogeneous nuclear ribonucleoproteins (hnRNP) that form complexes with Pol II-transcribed genes.

  subunits and recognizes the 5'-AAUAAA-3' motif and bears the endonuclease activity. The cleavage stimulatory factor (CstF) is recruited concomitantly on the G/U-rich sequence. CstF contains three subunits and is essential for the cleavage step, yet it does not contain the endonucleolytic activity. The cleavage factors (CF) I and II are also part of the core polyA machinery. CFI is composed of four polypeptides among which CFIm68 (CPSF6) and CFIm25

m 6 A

 6 has specific readers that drive specific functions. Most of the readers belong to the YTH protein family: YTHD1, YTHD2 and YTHD3. Besides, the translation initiation complex eIF3 also interacts with 5'-UTR m 6 A. Readers can either directly recognize the methyl modification or detect the m 6 A-mediated conformation change in RNA structure. Indeed, methylated RNA are less folded than their unmethylated counterparts are. This folding modification due to m 6 A is called "m 6 A switch" and alters the association with RNA binding proteins, notably by modulating the accessibility of adjacent binding sites[START_REF] Covelo-Molares | RNA methylation in nuclear pre-mRNA processing[END_REF].Interestingly, deposition and removal of the methyl group principally occurs on the chromatinassociated pre-mRNA through co-transcriptional processes and further regulates several nuclear mechanisms. Firstly, m6 A is involved in pre-mRNA splicing by controlling the binding of specific splicing factors. For example, through conformation changes in the pre-mRNA structure, m6 A facilitates hnRNP accessibility. That is the case for hnRNPA2B1 that favors m 6 A-METTL3-dependent alternative splicing by unknown mechanisms. In contrast, m 6 A also acts indirectly via its writers and readers. Besides methylating N6-adenosine, METTL16 also adds a methyl group on the adenosine at position 43 on U6 snRNA that might be important for base pairing within the U4/U5/U6 tri-snRNP and subsequent spliceosome integrity. Moreover, the m 6 A reader YTHDC1 recruitment on an m 6 A mark in vicinity with a splice site can recruit SRSF3 and prevent SRSF10 association thereby enhancing alternative splicing[START_REF] Covelo-Molares | RNA methylation in nuclear pre-mRNA processing[END_REF].

  the 3'end machinery, via its subunit Yra1 able to interact with a subunit of the CFI complex, associated to the RNA Pol II. Moreover, THO also interacts with polyA binding proteins[START_REF] Xie | Mechanisms of nuclear mRNA export: A structural perspective[END_REF].
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 29 Processing of HBV RNAsHBV RNAs are capped in 5' and polyadenylated in 3'. Moreover, the two epsilon loops of the pgRNA can be methylated (m6A). Spliced variants deriving from the pgRNA have been identified. However, the mechanisms regulating 5' capping, splicing and polyadenylation of the viral transcripts are poorly understood and under-investigated.

  its close sequence similarity with TATA-box promoter. HBV PAS was reported to bind general TFs such as TBP, TFIIA and TFIIB and to support transcription initiation in HBVtransfected cells. Mutation in TATAAA sequence to create the eukaryotic consensual AATAAA polyadenylation signal induces a loss of HBV DNA intermediates, thus suggesting an essential role of HBV PAS in the viral replication

  ε-loop and 3' ε-loop methylation displays different functions in HBV life cycle, the first one being involved in pgRNA retro-transcription while the second mostly interferes with translation. Noteworthy, the methylation writers (METTL3/14) and readers (YTHDF proteins) belonging to the cellular m 6 A machinery are the ones regulating HBV RNA ε-loop methylation[START_REF] Imam | N6 -methyladenosine modification of hepatitis B virus RNA differentially regulates the viral life cycle[END_REF].Despite the fact that HBV genome is well characterized to contain all the critical Pol II-related cis-elements to allow correct viral transcript maturation, little is known about how the different RNA processing mechanisms occur and are regulated. Indeed, alternative processing, such as the presence of various spliced isoforms and choice in PAS, are conserved among HBV genotypes and seem to display essential functions in HBV life cycle. Recent studies aiming at elucidating such mechanisms do not rely on infectious models and artificial HBV gene expression can only partially explain how HBV RNA fully matures and the subsequent implications for viral replication.

  -like domains connected by a flexible linker domain, allowing an open or a closed conformation depending on the ATP binding status. ATP binding/hydrolysis and RNA annealing/unwinding activities rely on nine conserved motifs of the core domain, namely Q, I, Ia, Ib, II, III, IV, V and VI. Via their ATPase activity, DDX5 and DDX17 modulate local RNA secondary structures and RNA-protein association important for cellular processes, such as transcription, RNA maturation, export, degradation and translation. The amino and carboxyl ends of DDX5 and DDX17 share 60% and 30% homology, respectively (Fuller-Pace and Moore, 2011). Moreover, DDX17 possesses 2 alternative
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 30 Structure of the DEAD-box RNA helicases DDX5 and DDX17

  PERIODcomplex was identified to also contain DDX5 and RNA Pol II large subunit together with Pre and Cry pre-mRNA and Senataxin[START_REF] Padmanabhan | Feedback Regulation of Transcriptional Termination by the Mammalian Circadian Clock PERIOD Complex[END_REF]. As described in Termination Part, Senataxin in involved in transcription termination by resolving RNA:DNA duplexes thereby allowing Xrn2 digestion of the downstream RNA and subsequent Pol II release. During negative feedback, Pol II was demonstrated to accumulate near 3' end of Pre and Cry genes specifically. The PERIOD complex was found to associate with the elongating RNA Pol II complex and to inhibit Senataxin activity. By impairing Senataxin-mediated termination, the PERIOD complex impedes the RNA Pol II release and thus the recycling of the Pol II in a novel transcription cycle

First,

  DDX5 and DDX17 are implicated in transcriptional regulation of different RNA and DNA viruses (Wenyu Cheng et al., 2018). The (+)-RNA genome containing Several Acute Respiratory Syndrome Coronavirus (SARS-CoV) encodes a viral helicase called nsp13 that unwinds RNA and DNA duplexes. Nsp13 interacts with DDX5, which is assumed to act as a co-regulator of SARS-CoV transcription (Wenyu Cheng et al., 2018). Moreover, the Porcine Reproductive and Respiratory Syndrome Virus (PRRSV), another (+)-RNA genome-containing virus responsible of global swine diseases, encodes an RNA polymerase called nsp9 that interacts with DDX5 to promote viral replication (Wenyu Cheng et al., 2018). Moreover, the trimeric viral polymerase of Influenza virus interacts with both DDX5 and DDX17. The viral titer decreases upon DDX5/17 depletion, unravelling a pro-viral role of these two helicases in Influenza replication (Wenyu Cheng et al., 2018). However, the precise role of DDX5 and DDX17 in Influenza viral cycle remains elusive.
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 32 DDX5/17 and viral replication DDX5 and DDX17 are involved in viral replication of both RNA and DNA viruses at several steps, notably in viral transcription, RNA splicing/export and protein translation regulation. DDX5 and DDX17 can act as pro-viral factors (green arrows), or as anti-viral factors (purple lines).

ABSTRACT

  Background and aims. Hepatitis B virus (HBV) minichromosome, the covalently-closedcircular (ccc)DNA, is responsible for HBV chronicity and reactivation. Current antiviral treatments inhibit viral replication, but do not significantly affect cccDNA reservoir in the hepatocyte nuclei. cccDNA is a stable episome with a chromatin structure regulated by epigenetic mechanisms and the unique template for all viral transcripts. Overlapping open reading frames and regulatory elements on HBV genome have to be precisely and timely controlled to ensure correct cccDNA transcription, termination and viral mRNA processing. To better understand the mechanisms orchestrating cccDNA transcriptional regulation, we investigated the role of DDX5 and its highly related paralog DDX17, two DEAD-box helicases known to play a driving role in connecting cellular chromatin topology to correct transcriptional initiation and termination. Methods. Chromatin Immunoprecipitation (ChIP), RNA-IP, 5' and 3' RACE, Next and Third generation sequencing and knock-down (KD) by RNAi were performed in HepG2-NTCP cells and Primary Human Hepatocytes one week after HBV infection, when cccDNA pool is stable. Results. DDX5/17 knockdown by small interfering RNA (siRNA) only slightly affected global HBV RNA levels, while severely impacting the length of viral transcripts, which migrated faster in Northern Blot analysis. RNA-Seq under control and DDX5/17 KD conditions revealed alternative splicing of pgRNA sliced variants if DDX5/17 were depleted. Moreover, 3'RACE coupled to MinIONTM Nanopore single molecule sequencing identified a differential use of polyadenylation signal in the absence of DDX5/17. RNA-IP showed the binding of DDX5/17 to viral RNAs, and to preC/pgRNA in particular, and a role for DDX5/17 in mediating the recruitment of CPFS6 and NUDT21, two factors involved in transcriptional termination, to viral transcripts.

  . A major limitation of most of studies investigating the role of DDX5 and DDX17 in viral replication consists in analyzing them individually, without taking into consideration their redundant and reciprocal regulation role. In this study, we aimed at investigating the role of both DDX5 and DDX17 in cccDNA transcription and RNA processing. The downregulation of both DDX5 and DDX17 protein expression in primary human hepatocytes (PHH) and in HBV-infected HepG2-NTCP cells indicated that DDX5 and DDX17 are mainly involved in viral RNA processing. Using classic molecular virology techniques, an adapted pipeline for HBV splicing detection by Next generation RNA sequencing (RNA-Seq) and Single molecule sequencing (Nanopore), we demonstrated that depletion of both DDX5 and DDX17 impairs exon inclusion of specific splicing junctions on HBV pre-mRNA together with favoring the choice of proximal polyadenylation site (PAS). For the first time, we precisely mapped the termination site of viral transcripts and uncovered a new co-transcriptional role of DDX5 and DDX17 in proximal PAS choice.RESULTSDDX5 and DDX17 are involved in correct HBV RNA processing in Primary HumanHepatocytesTo investigate the role of the DEAD-box RNA helicases DDX5 and DDX17, HBV-infected Primary Human Hepatocytes (PHH) and HepG2-NTCP cell line were transfected with siRNA concomitantly targeting DDX5 and DDX17 to avoid functional redundancy between these two proteins at 4 days post-infection, when cccDNA pool is formed and transcriptionally active (Figure1, 2). Silencing efficiency in PHH and HepG2-NTCP was confirmed at both mRNA and protein levels (Fig1A and 2A) without any significant cell toxicity (data not shown). The levels of HBV replication markers were analyzed 2 days post-2 nd transfection (i.e. 8 days postinfection) by ELISA and specific (RT)-qPCR. HBV antigen secretion was slightly reduced upon DDX5 and DDX17 silencing, with a higher decrease for HBe than for HBs antigen secretion, which was not affected in HepG2-NTCP cells (Fig1B and 2B). No changes in total HBV DNA and cccDNA levels were detected (Fig1C and 2C), while HBV total RNAs and 3.5 kb RNAs showed a non-significant increase trend upon DDX5 and DDX17 downregulation in both cell models (Fig1D and 2D). To determine whether this slight increase in HBV RNA levels was the consequence of an increased cccDNA transcriptional activity, we performed Run-on experiments and assessed the levels of nascent transcripts in absence of DDX5 and DDX17 in HepG2-NTCP infected cells (FigS1). Consistently with previous reported results(Zhang et al., 2016), we observed a slight increase in total HBV nascent RNA suggesting a modest increase in cccDNA transcriptional rate (FigS1). Since total HBV RNA specific primers do not allow discrimination between the different viral transcripts, Northern blot experiments using DIGlabelled HBV-specific probes were performed in PHH and HepG2-NTCP cells to characterize each viral RNA. Interestingly, all HBV transcripts migrated faster in siDDX5/DDX17 condition suggesting a shortening of the viral transcripts (Fig1E and 2E). DDX5 and DDX17 are necessary for correct HBV RNA splicing DDX5 and DDX17 are important regulators of co-transcriptional pre-mRNA splicing (Dardenne

  development of an original tool allowing to detect and quantify de novo splicing junctions, combined with our novel annotation file, allowed us to investigate the influence of DDX5 and DDX17 depletion on HBV transcripts. A precise identification of 5' and 3' splice sites on HBV genome (Fig3C) uncovered the presence of differentially spliced products in siDDX5/17 condition. The splicing junctions corresponding to five distinct exonic fragments were confidently identified at a reduced frequency upon DDX5/17 depletion, with a reduced usage of their donor and acceptor sites (Fig3A). As a consequence, exon 2350-2447 from SP2, exon 2237-2447 from SP12 and exon 2350-2471 from SP16 were significantly skipped upon DDX5/17 depletion, leading to an increased switch in favor of the spliced variant SP3 (donor site: 2067; acceptor site: 489). Moreover, exon 2350-2447 from SP10 and exon 2237-2447 from SP15 were significantly spliced when DDX5 and DDX17 were silenced, inducing a switch to the SP17 isoform.Thus, the RNA-seq data highlighted an important role of DDX5 and DDX17 in HBV RNA alternative splicing.DDX5 and DDX17 are required for HBV RNA 3'end maintenance RNA sequencing allowed the identification of differentially spliced isoforms in HBV transcripts, not entirely justifying the shortening of all the viral transcripts in absence of DDX5 and DDX17.The shortening of all the viral RNAs could be explained by three non-mutually exclusive phenomena: i) a delayed transcriptional initiation leading to a truncated 5' end; ii) a 3' end shortening due to the use of an alternative polyadenylation signal (PAS); iii) or a shorter polyA tail. To tackle these hypotheses, we accurately characterized the viral transcript, by performing specific HBV 5' RACE and 3' RACE, thus allowing to cover viral transcript total lengths (Fig4A). As previously described by Stadelmayer and colleagues(Stadelmayer et al., 2020a), full length 5' RACE technique allows the discrimination of each viral transcript, including the 0.7 kb RNA, not detectable in Northern-blot. 5' RACE allows the identification and the characterization of each viral transcript from its 5' initiation to a common position shared by all the transcripts and defined by a gene specific primer, positioned at nt 1584.Migration of 5' RACE products showed a similar profile in siDDX5/17 and control conditions, suggesting that the absence of DDX5/17 did not affect the 5'end of the viral transcripts (Fig4B).

  DDX5 and DDX17 are decisive for the choice of the polyadenylation siteTo further characterize HBV RNA 3' end in absence of DDX5 and DDX17, 3' RACE products were sequenced by 3rd generation sequencing, using MinION TM Nanopore technology. For each condition, more than 150 000 reads were obtained among which approximately 90 000 aligned to the reference HBV genome. As expected, when combining all the results, in control conditions, most of the transcripts stop at the canonical PAS, namely 5'-TATAAA-3' (position 1916 to 1921). For the first time, we demonstrated that the exact position of transcription end is located 13 +/-1nucleotides downstream of the PAS. However, the coverage revealed that approximately half of the transcripts do not end at the canonical PAS, but present an extensive 3' readthrough, running along approximately 560 nucleotides (Fig4D and FigS3A). Strikingly, the 3' readthrough almost completely disappeared upon DDX5 and DDX17 depletion (Fig4D), where almost 100% of the transcripts end at canonical PAS. It is important to note that 3' RACE product sequencing does not allow the discrimination of the different HBV transcripts.

  genotypes using HBVdb database (FigS3B) and then carried out in sillico analysis with PAS prediction tool (PolyApred, http://crdd.osdd.net/raghava/polyapred/). No putative PAS among the most represented ones in human genome was identified in HBV RNA 3' readthrough sequence (FigS3C). However, we identified two 5'-UGUA-3' motifs downstream of the canonical PAS. These motifs are auxiliary sequence elements recognized by members of the Cleavage Factor I (CFI) complex, a key regulator of polyadenylation site choice during APA. Notably, CFI subunits Cleavage and polyadenylation specificity factor subunit 6 (CPSF6) and nudix hydrolase 21 (NUDT21) bind the 5'-UGUA-3' motif localized in the 3' UTR of most of the pre-mRNA. CPSF6 and NUDT21 enhance the 3' processing at distal PAS(Hardy and Norbury, 2016). These observations led us to hypothesize that CPSF6 and NUDT21 could be responsible for the 3' readthrough observed in control conditions. Both DDX5 and DDX17 have been demonstrated to directly associate with cellular RNA (Fuller-Pace, 2006, p.). DDX5 and DDX17 implication in HBV RNA processing drove the hypothesis of an association to HBV transcripts. We therefore investigated the recruitment of these two factors on HBV RNA in HepG2-NTCP cells infected with HBV at a MOI of 250 during 7 days. By UV cross-linking immunoprecipitation (CLIP) we assessed the recruitment of DDX5 and DDX17 directly on viral RNAs. CLIP-RT-qPCR experiments revealed that DDX5 and DDX17 bind HBV RNAs when using primers recognizing all HBV transcripts (total HBV RNA) and when using primers specific for 3.5 kb RNA (Fig6A). Interestingly, DDX5 and DDX17 also associate to cccDNA both in HBV-infected HepG2-NTCP cells and in PHH and suggest that DDX5 and DDX17 are located at the transcriptional interface between cccDNA template and HBV transcripts (FigS4). Then, we investigated the direct binding of CPF6 and NUDT21 on HBV RNA in siCTL-or siDDX5/17-transfected HBV-infected HepG2-NTCP cells. CLIP-RT-qPCR experiments revealed a strong decrease in CPSF6 and NUDT21 recruitment onto HBV 3.5 kb and total RNA upon DDX5 and DDX17 silencing (Fig6C). This decrease is not accompanied by any differences in total CPF6 and NUDT21 mRNA levels upon DDX5/17 silencing, as shown by our RNA-Seq data (data not shown). Altogether, these data strongly suggested a direct role of DDX5 and DDX17 in HBV transcription termination regulation by recruiting CPSF6 and NUDT21 directly on the viral transcripts.DISCUSSIONHBV cccDNA is a stable episome with a chromatin structure regulated by epigenetic mechanisms and the unique template for full viral lifecycle. Current antiviral treatments inhibit viral replication, but do not significantly affect cccDNA reservoir in the hepatocyte nuclei. As a consequence, cccDNA is responsible for HBV persistence in chronic infections, which can develop in sever liver diseases and still represent a major worldwide health burden.

  alternative polyadenylation (APA) mechanisms. Despite the 3' readthrough sequence did not contain any additional PAS, it contained 2 UGUA motifs, which are auxiliary sequences recognized by cleavage factors involved in transcription termination, namely CPSF6 and NUDT21. By CLIP, we demonstrated a direct recruitment of CPSF6 and NUDT21 to HBV transcripts, which is abolished when DDX5/17 are downregulated, suggesting a role for the helicases in promoting the recruitment of factors involved in PAS choice, notably by favoring the use of distal PAS (Hardy and Norbury, 2016). However, the precise binding site of these factors on HBV transcripts remains to be elucidated to confirm their role in HBV RNA 3' end processing. Depletion of CPSF6 and NUDT21 and investigation of consequent viral parameters, in particular HBV RNA transcription termination, would bring to light a potential direct role of such factors in viral co-transcriptional processes.The biological significance of HBV RNA 3' readthrough remains to be elucidated. The 3ʹ UTR significantly determines the stability, localization, translation and degradation of mRNA. Approximately half of mammalian genes use alternative cleavage and polyadenylation to generate multiple mRNA isoforms differing in their 3ʹUTRs. Mirroring mammalian genome transcription, we could speculate that longer HBV transcripts may contain target sequences for microRNAs, thus adding a layer of complexity to the post-transcriptional regulation of HBV RNAs. Notably, by bioinformatics prediction tools,
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 1 Figure 1: DDX5 and DDX17 are involved in correct HBV RNA processing in Primary Human Hepatocytes
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 2 Figure 2: DDX5 and DDX17 are involved in correct HBV RNA processing in HepG2-NTCP
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 4 Figure 4: DDX5 and DDX17 are required for HBV RNA 3'end maintenance and are decisive for the choice of the polyadenylation site
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 5 Figure 5: DDX5 and DDX17 recruit CPSF6 and NUDT21 on HBV RNAs
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  PAS. The depletion of DDX5 and DDX17 led to a strong decrease in CPSF6 and NUTD21 recruitment on viral transcripts, concomitantly with a preferential use of canonical PAS and, thus, to a shortening of HBV RNA 3'-UTR. Our results uncovered for the first time the presence of massive 3' read-through during HBV transcription in the context of HBV infection in HepG2-NTCP cells. So far, the biological significance of this read-through remains to be investigated, but we began to analyze the effect of DDX5/17 downregulation and, thus, the disappearance of the 3'UTR on HBV lifecycle.DDX5 and DDX17 silencing amplifies HBV particles productionTo test whether DDX5/17 silencing affects the subsequent HBV life cycle, we investigated what was happening at the cytoplasmic level of siCTL-and siDDX5/17-transfected cells. We quantified viral particles isolated from the cytoplasm of siCTL-and siDDX5/17-transfected HBV-infected HepG2-NTCP cells. Native agarose gel electrophoresis revealed a significant increase in HBc-and HBs-containing particles in the cytoplasm of HepG2-NTCP cells depleted for DDX5 and DDX17 (Supp Fig1A). By transmission electron microscopy, we were able to observe an increase volume and quantity of cytoplasmic vesicle induced by HBV infection upon DDX5/17 depletion (Supp Fig1B). However, HBsAg secretion decreases when DDX5 and DDX17 are repressed (Fig2A). This observation suggests a cytoplasmic accumulation of the viral particles in the cytoplasm of DDX5/17 depleted cells.

Figure S1 :

 S1 Figure S1: DDX5 and DDX17 silencing amplifies HBV particles production HepG2-NTCP were infected with HBV at MOI 250 and transfected with siRNA targeting both DDX5 and DDX17 (siDDX5/17) or with non-targeting siRNA as negative control (siCTL) 4dpi. 4 days post-transfection (i.e. 8 days post-infection), cells were harvested and the supernatant was collected
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 S2S3 Figure S2: DDX5 and DDX17 silencing does not affect pgRNA retro-transcription Capsids were isolated from the cytoplasm of HBV-infected cells, transfected with siCTL or siDDX5/17.

ABSTRACT

  Despite the existence of efficient treatments, which maintain the infection under control, HBV is not completely eradicated due to the persistence of the viral covalently closed circular DNA (cccDNA) molecule in the infected hepatocytes. cccDNA is a chromatinized DNA structure and is the template for the transcription of the 6 HBV mRNAs that encode 7 HBV proteins necessary for HBV replication. The transcriptional activity of cccDNA is directly regulated by host factors, among which we previously identified the DEAD-box helicases DDX5 and DDX17, whose depletion triggers post-transcriptional defects of HBV RNAs (Chapus et al., in preparation). CTCF is a transcription factor involved in the tri-dimensional conformation of the cellular genome and in RNA splicing and a protein partner of both DDX5 and DDX17. We engineered synthetic cccDNA molecules harbouring mutations for the different CTCF binding sites using the minicircle strategy (mcHBV). After transfection of hepatoma cells with the mutated mcHBV, we assessed viral replicative parameters by Southern and INTRODUCTION Hepatitis B virus (HBV) belongs to the Hepadnaviridae family and its genome is a 3.2 kb partially double stranded relaxed circular DNA (rcDNA). HBV chronically infects more than 250 million people worldwide and is the leading cause of hepatocellular carcinoma. Despite the existence of treatments that efficiently maintain the infection under control, HBV cannot be fully eliminated because of the persistence of its replicative intermediate, the so-called covalently closed circular DNA (cccDNA) in the infected liver. New efforts are currently done to develop new therapeutic strategies directly targeting cccDNA by either degrading it or by
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  carried out 7 days post-infection. Cells were washed in 1X PBS and UV cross-linked at 200 mJ/cm 2 .
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 2 Figure 2: CTCF recruitment to EnhI region is involved in the metabolism of HBV mRNAs
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 3 Figure 3: CTCF recruitment to CTCF BS3 and BS5 is involved in the metabolism of HBV mRNA
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 4 Figure 4: CTCF recruits the RNA helicases DDX5 and DDX17 to cccDNA

  Figure 2

  immunoprecipitated cccDNA molecule. The bars represent a unique experiment. The error bars represent the standard error mean. B. HepG2-NTCP and C. PHH cells were infected ith HBV at a MOI of 250 during 7 days. ChIP experiments were performed using anti-SMC3 (dark blue bars) and anti-RAD21 (ligh blue bars) antibodies. No-antibody condition was used as negative control (black bars). The bars represent the average of 3 independent experiments in HepG2-NTCP and 2 independent experiments in PHH. The error bars represent the standard error mean. D. HepG2-NTCP cells were infected with HBV at a MOI of 250. 7 days post-infection, sequential ChIP experiments were performed using the anti-CTCF antibody followed by a second immunoprecipitation with an anti-SMC3 antibody (dark blue bar), an anti-RAD21 antibody (light blue bar) or without antibody (right black bar) that serves as a first negative control. A no-antibody immunoprecipitation followed by a second no-antibody immunoprecipitation is a second negative control (left black bar). qPCR amplification was used to quantify immunoprecipitated cccDNA molecule. The bars represent a unique experiment. The error bars represent the standard error mean.

  factors involved in HBV pre-mRNA splicing events and the role of HBV spliced variants in HBV biology -a putative role of cccDNA tri-dimensional organization in transcriptional regulation and HBV RNA co-transcriptional processing One of the main interests of the laboratory is to investigate the host factors regulating cccDNA activity and persistence in vivo. A project coupling cccDNA-chromatin immunoprecipitation and Mass-Spectrometry analysis identified a number of host factors associated to transcriptionally active cccDNA in infected primary human hepatocytes (Testoni et al. See below Appendice 1).

  abovementioned, 3' RACE PCR product sequencing by MinION TM Nanopore Technology surprisingly revealed an extensive 3' readthrough in HBV transcripts which is lost upon DDX5/17 depletion. The 3' readthrough observed in HBV transcripts is thus not exclusive to HBV, but rather frequently exists in cellular transcripts, and can be of benefit in other viral infections. Moreover, the loss of 3' readthrough observed upon DDX5 and DDX17 depletion could be connected to the slight increase in viral transcripts levels and to the accumulation of viral particles in the cytoplasm of depleted cells. Indeed, presence of longer 3'UTR increases the probability of miRNA target sequences presence to further fate regulation of the transcript. Moreover, miRNA association to 3' UTR of mRNA induces translation downregulation, either by blocking this process, of by mediating transcript degradation. We thus investigated potential miRNA target sequences in the longer part of HBV RNA 3'UTR, absent from HBV transcripts upon DDX5/17 depletion.
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 3333 In wild-type condition,RNA Pol II stops at HBV PAS (position 1916-1921) approximately half of the time. RNA Pol II pausing at PAS leads to transcription termination and polyadenylation of neosynthesized HBV RNA. However, RNA Pol II pausing at PAS is not systematic and transcription continues in around 50% of time until encountering two TGTA motifs present in HBV DNA template. Recruitment of DDX5/17 near these motifs favors the recruitment of Working model of DDX5/17-mediated mechanism involved in HBV RNA 3' end processing Wild-type: RNA Pol II can pause at the PAS in 50% of cases. This mechanism seems to require a yet-tobe described role of DDX5/17. Pol II pausing at the PAS leads to canonical 3' end processing (represented by the scissor) and generation of polyadenylated viral RNA with a short 3' UTR. However, in 50% of cases, RNA Pol II does not stop at the PAS and continue until TGTA motifs. DDX5 and DDX17 are associated to cccDNA and/or HBV RNA near these motifs and recruit CPSF6 and NUDT21 to their binding motifs UGUA onto viral RNA. CPSF6 and NUDT21 trigger 3' end processing at this location, yet, the absence of PAS in this region triggers a non-canonical 3' end processing with folding in secondary RNA structure. Longer HBV RNA transcripts harbor longer 3' UTR and additional target sequence to miRNA (target sequences indicated with dark blue squares and miRNA annotated in orange). A subsequent balance between translation and degradation induces a certain number of novel viral particles. When DDX5/17 are depleted, only the canonical 3' end processing occurs and leads to increased proportion of short polyadenylated viral transcripts, and subsequent enhanced translation. In this context, more viral particles are produced.

3 '

 3 termination characterization and accurately located the termination site of most of the viral transcripts 13 +/-1 nt downstream of the PAS. Strikingly we also uncovered an extensive 3' readthrough in viral transcripts. Importantly, to sufficiently enrich for viral transcripts, we performed PCR amplification of 3' RACE products. PCR amplification may induce bias during elongation step. Indeed, to date, getting rid of PCR amplification, and subsequent technical bias, remains a challenging issue in HBV RNA sequencing. Specific enrichment for the viral transcripts and direct single-RNA molecule sequencing would finally permit a complete characterization of HBV RNAs. Capture of viral transcripts, with HBV-specific biotinylated probe precipitation, would contribute achieving such characterization. Enrichment of viral transcripts would also allow deeper sequencing by RNA-seq and better description of splicing events and following statistical analysis.

3 '

 3 motifs identified in 3' readthrough and may allow to detect a potential preference of binding to one or another motif along the 3' readthrough thereby explaining the choice in HBV RNA termination site. Photoactivatable ribonucleoside-enhanced crosslinking and immunoprecipitation (PAR-CLIP) is a method that relies on photoactivable nucleoside incorporation in nascent RNA. Upon UV cross-linking, photoactivable nucleosides located in RBP binding sites undergo characteristic mutations and allow identification of RBP binding sites with a single-nucleotide resolution. This method enables transcriptome-scale investigation when combined to NGS[START_REF] Danan | PAR-CLIP: A Method for Transcriptome-Wide Identification of RNA Binding Protein Interaction Sites[END_REF]. Implementing such experiments for HBV RNA would contribute to the generation of a precise mapping of RBP on viral transcripts. Furthermore, we observed that RNA Pol II is similarly associated to HBV cccDNA in control and DDX5/17 knockdown conditions (data not shown), yet the specific phosphorylation of Pol II CTD has not been investigated, neither the precise localization of RNA Pol II. Knowing that the phosphorylation status of RNA Pol II-CTD is a key regulator in co-transcriptional processes and modulates specific factor recruitment, investigating whether some changes occur upon DDX5/17 depletion would bring further information in HBV RNA processing and potential recruited factors.
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 34 Working model of DDX5/17-mediated mechanism in HBV RNA splicing Wild-type: CTCF recruitment to BS1 and BS3 (blue convergent arrows) , together with cohesin loading via DDX5/17 induces a certain rate (=X) of elongating RNA Pol II. Subsequently, the splicing donor site (5'SS in red square) and acceptor site (3'SS in green square) are not used as splicing sites and neosynthesized HBV RNA contain exon1, exon2 and exon3. In DDX5/17 silenced condition, cohesin ring is re-located elsewhere along cccDNA molecule, leading to the resolution of the chromatin loop and subsequent increased elongation rate (>X) of RNA Pol II.Enhancement of elongation rate leads to the skipping of exon2. In this condition, neosynthesized transcripts contain exon1 and exon3. whether DDX5 and DDX17 are part of CTCF complex on HBV cccDNA or whether they act independently, and whether CTCF and DDX5/17 display insulator functions on HBV genome. Achieving efficient cccDNA digestion would answer whether CTCF/DDX5/DDX17 exist as a complex on cccDNA. Moreover, specifically recruiting CTCF or DDX5/DDX17 by rescue experiments using CRISPR based technology will help in determining whether forcing the recruitment of DDX5 or DDX7 to the mutated CTCF BS can compensate for the lost binding of CTCF. Finally, adapting C-technologies, such as 3C or 4C technics, to small episomes would bring the last layer of information required to answer HBV genome conformational questions.
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 1 Figure 1. Chromatin proteomics represents an unbiased approach to identify HBV
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 4 Figure 4. FUS knockdown severely impairs cccDNA transcriptional activity. Expression
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 1 Fig.1. Set up of the HBV full-length 5'RACE. (A) Illustration of the HBV genome with its 4 promoters (arrows) and 6 viral transcripts: preC RNA, pgRNA, preS1/2 and S RNA, HBx and cccDNA. (B) Overview of the capped RNA-specific HBV full-length 5'RACE protocol. In a first step, RNAs are dephosphorylated to assure that degraded and truncated RNAs are excluded from the 5'RACE assay. 5' capped full-length RNAs are protected from the dephosphorylation reaction. Subsequently, the 5' cap structure ( m7 Gppp) is removed from the full-length RNAs by a de-capping reaction resulting in a free phosphate group (p) at their 5' ends to which an RNA anchor (green box) can be ligated in the following step. Then, the viral RNAs are reverse transcribed using the gene specific primer Gsp1 (black arrow) integrating the anchor sequence into the cDNA. Finally, the different viral cDNAs are amplified by PCR using the second gene specific primer Gsp2 (black arrow) and an anchor specific primer (green arrow) in the same tube. (C) Transcript-specific 5'RACE amplicons using HepG2-NTCP cells 8 days post infection (p.i.) as compared to non-infected (n.i.) cells. Arrow indicates HBx. Individual amplicons are reduced in length by approximately 337 bp with respect to template viral RNAs because of the usage of gene specific primers. All amplicons were sequenced by subcloning and Sanger sequencing (TableS1and Fig.1Efor overview). (D) HBx is the first viral transcript detected after infection in HepG2-NTCP cells and PHHs. (E) Alignment of sequenced amplicons with respect to HBV genome genotype D (reference sequence GenBank U95551.1). pgRNA and preC RNA in orange. preS1 in dark blue, preS2 in blue and S in light blue. Long HBx transcripts in very light red, canonical HBx transcripts in light red and short HBx transcripts in red. To the right, total number of sequenced clones per transcript category. HBx, X protein RNA; pg, pregenomic; PHHs, primary human hepatocytes; preC, preCore; preS1, large surface protein; preS2, middle surface protein; RACE, rapid amplification of cDNA ends; S, small surface protein.

Fig. 2 .

 2 Fig. 2. Tenofovir treatment increases full-length transcripts in HepG2-NTCP cells. (A) Full-length 5'RACE amplicons using HepG2-NTCP cells after 4, 8 and 15 days of infection. Myrcludex drug regime was initiated 1 day before infection. Tenofovir treatment was started 3 days p.i. No specific signals are detected by 5'RACE in the Myrcludex condition as verified by sequencing (asterisks: non-specific signals). Tenofovir leads to an increase in full-length transcripts as compared to non-treated cells. (B) Quantitative PCRs measuring 3 kb RNAs (preC and pgRNA), total RNAs and total DNA in treated vs. control cells. (C) 3 kb ratio (intensity 3 kb band/intensity HBx band/lane) is increased and further increases over time in the tenofovir condition as compared to untreated cells. One representative experiment is shown. Experiments were performed in triplicates. Student's t test p values with respect to no treatment: ***<0.001, ****<0.0001. HBx, X protein RNA; pg, pregenomic; preC, preCore; RACE, rapid amplification of cDNA ends.

Fig. 3 .

 3 Fig. 3. Tenofovir treatment primarily augments the pgRNA transcript without affecting the other viral transcripts in PHHs. (A) Full-length 5'RACE and preC/pg RNA-specific 5'RACE amplicons using PHHs after 4 and 8 days of infection. Myrcludex drug regime was initiated 1 day before infection. Tenofovir treatment was started 3 days p.i. No specific signals are detected by both the 5'RACEs in the Myrcludex condition. Tenofovir primarily increases the pgRNA transcript (see preC/pg RNA-specific 5'RACEs) without affecting the other viral transcripts (see full-length 5'RACEs). (B) Quantitative PCRs measuring 3 kb RNAs (preC and pgRNA), total RNAs and total DNA in treated vs. control cells. (C) 3 kb ratio (intensity 3 kb band/intensity HBx band/lane) is increased and further increases over time in the tenofovir condition as compared to untreated cells. One representative experiment is shown. (D) ELISAs against HBeAg with supernatants of PHHs treated with tenofovir and interferon-b as compared to n.i. and untreated PHHs. Tenofovir treatment does not change HBeAg levels whereas interferon-b strongly reduces HBeAg. (E) Western blot against surface proteins (HBsAgs) using antibody H166 (Abbott) recognizing a conserved epitope in the antigenic loop after 8 days of Myrcludex, tenofovir or interferon-b treatment. Tenofovir treatment does not affect surface protein levels. Interferon-b treatment moderately affects surface protein levels. Experiments were performed in triplicates. Student's t test p values with respect to no treatment: ***<0.001, ****<0.0001. HBx, X protein RNA; pg, pregenomic; PHHs, primary human hepatocytes; preC, preCore; RACE, rapid amplification of cDNA ends.

Fig. 4 .

 4 Fig. 4. Interferon-b treatment reduces both pg and preC transcripts without affecting the other viral transcripts in PHHs. (A) Full-length 5'RACE and preC/pg RNA-specific 5'RACE amplicons using PHHs after 8 days of infection. Interferon-b treatment was initiated 3 days p.i. Interferon-b treatment decreases both pg-and preC-transcripts (see preC/pg RNA-specific 5'RACEs) without affecting the other viral transcripts, like HBx (see fulllength 5'RACE). (B) Quantitative PCRs measuring 3 kb RNAs (preC and pgRNA), total RNAs and total DNA in treated vs. control cells. Experiments were performed in triplicates. Student's t test p values with respect to no treatment: **<0.01, ****<0.0001. HBx, X protein RNA; pg, pregenomic; PHHs, primary human hepatocytes; preC, preCore; RACE, rapid amplification of cDNA ends.

Fig. 5 .

 5 Fig. 5. Viral particles produced in HepAD38 cells contain different HBx transcripts, at least one spliced pgRNA variant and pgRNA. (A) Schematic diagram of procedures used to obtain viral particles. (B) Full-length 5'RACE and preC/pg RNA-specific 5'RACE amplicons using HepAD38 supernatant precipitated through sucrose cushion, with/without MNase digestion, with/without RT (reverse transcriptase) domain. All amplicons were sequenced by subcloning and Sanger sequencing (TableS2). Different HBx RNAs (long, normal and short), pgRNA and one pgRNA splice variant were identified. Neither preC RNA nor S transcripts were detected. (C) Alignment of sequenced amplicons with respect to HBV genome genotype D (reference sequence GenBank U95551.1). To the right, total number of sequenced clones per transcript

Fig. 6 .

 6 Fig. 6. HBx RNAs in viral particles are both capped and uncapped. (A) Overview of the uncapped RNA-specific HBV full-length 5'RACE protocol. The uncapped RNA-specific 5'RACE protocol lacks the de-capping and dephosphorylation steps from the standard HBV full-length 5'RACE. In a first step, isolated RNAs are digested by DNAse to remove residual DNA molecules. In a next step, the RNA anchor (green box) is ligated to the free phosphate group of uncapped RNAs. Then, the viral RNAs are reverse transcribed using the gene specific primer Gsp1 (black arrow) integrating the anchor sequence into the cDNA. Finally, the different viral cDNAs are amplified by PCR using the second gene specific primer Gsp2 (black arrow) and an anchor specific primer (green arrow) in the same tube. (B) Capped RNA-specific 5'RACE using total RNAs of PHHs (lane 1). Capped and uncapped RNA-specific 5'RACEs using MNAsedigested supernatant of HepAD38 cells (lane 3-5). Presence of different uncapped HBx RNA (amplicons sequenced by subcloning and Sanger sequencing, data not shown) in viral particles (lane 5). The dephosphorylation step of the 5'RACE protocol is very effective (compare lane 4 with lane 5) demonstrating the authenticity of the capped RNA species identified by the HBV full-length 5'RACE in viral particles and in cells (lanes 1 and 3). L (1 kb ladder (NEB)). MNase, micrococcal nuclease; PHHs, primary human hepatocytes; RACE, rapid amplification of cDNA ends.

Fig. 7 .

 7 Fig.7. Full-length 5'RACE identifies 4 major categories of circulating RNA species in plasma and sera of patients. (A) Clinical characteristics associated with the blood samples of patients with chronic hepatitis B used in this study. (B) Full-length 5'RACE amplicons using patient plasmas (patient #1 and #2) and serum (patient #3) plus minus the RT (reverse transcriptase) domain. All amplicons for patients 1 and 2 were sequenced by subcloning and Sanger sequencing (TableS3A,B). Sequences of serological RNAs belong to 1 of the 3 categories: i) pgRNA, ii) pgRNA splice variant, iii) HBx transcript (long, normal and short HBx transcripts). (C) Alignment of sequenced amplicons in patient #1 and #2 with respect to HBV genome genotype D. To the right, total number of sequenced clones per transcript category. HBx, X protein RNA; pg, pregenomic; preC, preCore; RACE, rapid amplification of cDNA ends.

  

  

  

  

  

  

  

  

  

  

  

  Pol II elongation rate thus leading to weak exon inclusion. Like nucleosomes, histone marks are enriched at exonic sequences respect to introns and can contribute to the recruitment of splicing factors. H3K4me3 can recruit U2 snRNP, H3K36me3 induces exon skipping by recruiting SRSF1. Moreover, histone acetylation can recruit HDAC that in turn impact splicing by modulating RNA Pol II elongation rate[START_REF] Dvinge | Regulation of alternative mRNA splicing: old players and new perspectives[END_REF].

	Furthermore, DNA methylation also influences transcription and thus splicing. Indeed, DNA
	methylation modulates nucleosome positioning and can affect histone post-translational
	modifications. Remarkably, splice sites harbor higher levels of DNA methylation, and 22% of
	alternative exons are regulated by DNA methylation (Lev Maor et al., 2015). The insulator
	protein CTCF recruitment to its binding site depends on DNA methylation. Indeed, a

methylated site does not allow CTCF recruitment. On CD45 mRNA, when CTCF binding site in unmethylated, CTCF associates to the chromatin and leads to Pol II pausing and subsequent exon 5 inclusion

[START_REF] Shukla | CTCF-promoted RNA polymerase II pausing links DNA methylation to splicing[END_REF]

. In this study, a genome-wide analysis revealed that CTCF binding regulates the upstream exon inclusion through Pol II pausing. Moreover, intragenic loops were demonstrated to form between exon and cognate promoter to promote alternative splicing (Tim R

[START_REF] Mercer | a. DNase I-hypersensitive exons colocalize with promoters and distal regulatory elements[END_REF]

. More recently, CTCF has been identified to mediate intragenic loops between promoter and gene body. Notably, exons with upstream regions predicted to be CTCF binding sites were enriched for differential splicing

(Ruiz-Velasco et al., 2017, p.) 

However, besides correlating CTCF binding sites to alternative splicingsupporting regions, the direct correlation between CTCF and alternative splicing regulation has not been demonstrated in this study. CTCF is not the only protein able to mediate DNA methylation state to alternative splicing regulation. Other proteins have been identified to intermediate such mechanisms, and are well-summarized by Naftelberg and colleagues
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Table 1 :

 1 Primers and probes

	cccDNA	CCGTGTGCACTTCGCTTCA	GCACAGCTTGGAGGCTTGA
	3.5 Kb RNA	GGAGTGTGGATTCGCACTCCT	AGATTGAGATCTTCTGCGAC
	total HBV DNA/RNA GCTGACGCAACCCCCACT	AGGAGTTCCGCAGTATGG
	DDX5	AGAGAGGCGATGGGCCTATTT	CTTCAAGCGACATGCTCTACAA
	DDX17	GATGTTTGTCCTAAACCCGTGT	CCAACGGAAATCCCTGGCA
	GUS	CGTGGTTGGAGAGCTCATTTGGAA	TTCCCCAGCACTCTCGTCGGT
	GC PCR	CCACCGAATGTTGCCCAAGG	GCGTTCACGGTGGTCTCCAT
	3' DNA-Adaptor	[5rApp]CACTGTCATGCCGTTACGTAGCGTATCGTTGACAGC[3ddC]
	3'RACE RT	GCTGTCAACGATACGCTACGTAACG	
	3'RACE PCR	CATCTGCCGGACCGTGTGCAC	CGATACGCTACGTAACGGCATGAC
		Taqman Probes
	cccDNA	[6FAM]CATGGAGACCACCGTGAACGCCC[BBQ]
	3.5 Kb RNA	[6FAM]AGGCAGGTCCCCTAGAAGAAGAACTCC[BBQ]
		DIG-Labeled Probes
		Forward (5'-3')	Reverse (5'-3')

Table 2 :

 2 AntibodiesPadmanabhan, K., Robles, M.S., Westerling, T., Weitz, C.J., 2012. Feedback Regulation of Transcriptional Termination by the Mammalian Circadian Clock PERIOD Complex. Science 337, 599-602. https://doi.org/10.1126/science.1221592Patient, R., Hourioux, C., Sizaret, P.-Y., Trassard, S., Sureau, C., Roingeard, P., 2007. Hepatitis B Virus Subviral Envelope Particle Morphogenesis and Intracellular Trafficking. 
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	Secreted encapsidated HBV DNA III. Role of CTCF in cccDNA C.
	biology	siCTL
	1. Article in preparation
	1 CTCF regulates HBV mRNA metabolism 119 237 355 473 591 709 827 945 1063 1181 1299 1417 1535 1653 1771 1889 2007 2125 2243 2361 2479 2597 2715 2833 2951 3069
			siCTL siDDX5/17
	1	1 119	124 237 355 247 473 370 591 493 709 616 827 739 945 862 1063 985 1181 1108 1299 1231 1417 1354 1535 1477 1653 1600 1771 1723 1889 1846 2007 1969 2125 2092 2243 2215 2361 2338 2479 2461 2597 2584 2715 2707 2833 2830 2951 2953 3069 3076
				siDDX5/17
	1 Supplementary Results : Figure S3. (2/2) 129 257 385 513 641 769 897 1025 1153 1281 1409 1537 1665 1793 1921 2049 2177 2305 2433 2561 2689 2817 2945 3073

Cytoplasmic encapsidated HBV DNA A. Supplementary Results : Figure S3. (1/2) B.
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Table 1 : Sequence of the primers used to mutate CTCF BS in cccDNA Culture and transfection of HepG2-NTCP cells

 1 HepG2-NTCP cells were cultured in DMEM supplemented with 5 % FCS, 1 mM Sodium Pyruvate, 1 mM L-Glutamax, 100 U/mL Penicillin and 100 μg/mL Streptomycin at 37 ˚C in 5 % CO2.
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Table 1 :

 1 siRNA list

	5 cells/cm2 in DMEM medium supplemented with

Table 2 :

 2 Primers and probes sequences used for Taqman qPCR.

	Target	Name	Sequence
	cccDNA	cccDNA Forward	CCGTGTGCACTTCGCTTCA
	cccDNA	cccDNA Reverse	GCACAGCTTGGAGGCTTGA
	cccDNA	cccDNA Taqman Probe [6FAM]CATGGAGACCACCGTGAACGCCC[BBQ]
	pgRNA	pgRNA Forward	GGAGTGTGGATTCGCACTCCT
	pgRNA	pgRNA Reverse	AGATTGAGATCTTCTGCGAC
	pgRNA	pgRNA Taqman Probe [6FAM]AGGCAGGTCCCCTAGAAGAAGAACTCC[BBQ]

Table 3 :

 3 Antibodies used in the study.

Table 2 .

 2 Remaining proteins with no interactions defined in the Reactome database are not shown. Small modules (fewer than 4 proteins) were not annotated.Nodes in the network represent individual proteins; edges are presented as undirected connections between nodes, but are based upon the Reactome functional interactions. The source of the identified proteins is indicated by the node border color: white, HepG2; grey, PHH; bright green, nodes found in both cell types or by majority voting. Only nodes defined as common or frequently identified by majority voting (Top 28 cccDNA-associated partners)

	are annotated with the official gene symbol. A summary annotation is provided for each
	hypernode. ER, endoplasmic reticulum; ERAD, Endoplasmic-reticulum-associated protein
	degradation.

  Covalently closed circular DNA (cccDNA) is the episomal form of the HBV genome that stably resides in the nucleus of infected hepatocytes. cccDNA is the template for the transcription of 6 major viral RNAs, i.e. preC, pg, preS1/2, S and HBx RNA. All viral transcripts share the same 3' end and are all to various degrees subsets of each other. Especially under infection conditions, it has been difficult to study in depth the transcription of the different viral transcripts. We thus wanted to develop a method with which we could easily detect the full spectrum of viral RNAs in any lab. Methods: We set up an HBV full-length 5'RACE (rapid amplification of cDNA ends) method with which we measured and characterized the full spectrum of viral RNAs in cell culture and in chronically infected patients. Especially under infection conditions, it has been difficult to study the different hepatitis B virus transcripts in depth. This study introduces a new method that can be used in any standard lab to discriminate all hepatitis B viral transcripts in cell culture and in the serum of patients.
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Lay summary

Especially under infection conditions, it has been difficult to study the different hepatitis B virus transcripts in depth. This study introduces a new method that can be used in any standard lab to discriminate all hepatitis B viral transcripts in cell culture and in the serum of patients.
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  Accession code for sequencing data All Sanger sequencing data is available at the European Nucleotide Archive at http://www.ebi.ac.uk/ena/data/view/PRJEB36101 (accession code PRJEB36101).
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3' end processing and polyAdenylationIn order to be properly exported to the cytoplasm, the neosynthesized mRNA has to detach from the DNA template and the associated RNA Pol II complex. This disassembly occurs in two different steps: the cleavage of the transcript and the addition of a polyadenylated tail. Correct polyadenylation is crucial for protecting the transcript from degradation. Indeed, hypo-or hyper-adenylated RNA molecules are retained in the nucleus and subsequently degraded. The polyadenylation tail is also important in the cytoplasm, as it controls RNA fate, such as stability, availability for translation and subcellular localization(Neve et al., 2017).On the nascent transcript, cis-acting motifs constitute the core polyA signal. 21 nt upstream the cleavage site, an A-rich hexameric motif harbors the conserved sequence A-A/U-U-A-A-A.Interestingly, non-canonical A-rich sequence variants exist in 10-20% of all the hexameric sequences. 10 to 30 nt downstream of the cleavage site, a G/U-rich region is present.Contrarily to the hexameric conserved sequence, the G/U-rich region does not possess any consensus but mutations in this sequence strongly impairs cleavage efficiency. PolyA regions can also contain auxiliary elements that vary in location and nucleotide composition, and act as polyA enhancers. These are mostly G-rich and U-rich sequences. Among the U-rich elements located upstream of the hexameric sequence, the conserved UGUA motif is

Supplementary Results : FigureS2.
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If the essential role of the HBV X protein for full viral transcription is well characterized (L. [START_REF] Belloni | Nuclear HBx binds the HBV minichromosome and modifies the epigenetic regulation of cccDNA function[END_REF]Lucifora et al., 2011), the host factors involved are still poorly identified.

Therefore, investigating the implication of host proteins in the regulation of cccDNA transcription and RNA processing would help paving the way for the development of new therapeutic strategies toward a definitive cure of HBV. The viral inoculum can be composed of Dane particles, the infectious form of HBV, up to 10 9 particles/mL in patient serum. Sub-viral particles are secreted in a higher extent, and found 10 4 to 10 5 -fold more frequently than Dane particles in patient serum.

Viral Inoculum

Legend: the seven proteins encoded by HBV full-length mRNA, notice that HBsAg represents S-, M-and L-HBs proteins. The sixth protein is HBV spliced protein HBSP encoded by the major pgRNA-deriving spliced variant SP1.
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Supplementary figure 1: DDX5/17 depletion slightly increases cccDNA transcriptional activity

HepG2-NTCP were infected with HBV at MOI 250 and transfected with siRNA targeting both DDX5 and DDX17 (siDDX5/17) or with non-targeting siRNA as negative control (siCTL) 4dpi. 4 *Correspondence: barbara.testoni@inserm.fr; fabien.zoulim@inserm.fr
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Summary

Covalently-closed-circular (ccc)DNA accounts for the persistence of hepatitis B virus (HBV) infection. cccDNA stably resides in the nucleus of infected cells, unaffected by current antiviral therapies. Histones, HBV core protein and cccDNA are thought to be closely linked together to build a chromatin structure which serves as unique template for viral transcription.

We characterized the cccDNA-associated interactome combining cccDNA-specific Chromatin Immunoprecipitation to high-throughput Mass Spectrometry analysis in infected human hepatocytes. We identified a number of host complexes involved in nuclear matrix localization, transcriptional regulation and RNA processing/export hijacked by HBV for its replication, including the fused in sarcoma (FUS) protein, which was shown to be a master regulator of HBV lifecycle, by coupling viral transcription to RNA processing and export.

Our results provide a novel picture of host proteins specifically associated with the HBV genome and contribute an understanding of how the host machinery is manipulated to allow viral persistence and replication.

Keywords: HBV, cccDNA, HBc, chromatin, proteomics, transcription, RNA processing

Results

ChroP analysis reveals different landscapes of cccDNA-associated factors in transformed vs primary infected hepatocytes

To generate a comprehensive atlas of host proteins specifically associated with HBV cccDNA, we developed a technology coupling ChIP to MS profiling (called chromatin proteomics, cccDNA-ChroP) in infected hepatocytes. To specifically enrich for episomal chromatinized HBV DNA, we performed nuclei isolation followed by a modified Hirt extraction 26 (Figure 1A and Supplementary Figure 1). Sequential ChIP, first with an anti-histone H3 and then with an anti-HBc protein, allowed enrichment of the HBV genome organized around nucleosomes with respect to other viral DNA replicative intermediates or nuclear viral RNA (Figure 1A and Supplementary Figure 1). HBc is the structural component of the viral nucleocapsid that delivers the viral genome to the nucleoplasm during the early steps of infection and we found it associated to cccDNA as soon as the viral minichromosome is technically detectable in the nucleus of infected cells (Supplementary Figure 2). Moreover, anti-HBc ChIP was able to immunoprecipitate more than 70% of Hirt-extracted nuclear viral DNA across different time points in infected PHHs. This was confirmed in samples derived from liver resection of a chronically infected patient (Supplementary Figure 2B-C). After the sequential ChIP, eluates containing cccDNA-associated proteins were subjected to preparation for MS analysis, as detailed in Experimental Procedures section. ChroP analysis was performed 4 times in HBVinfected vs mock-infected HepG2-NTCP cells and on 5 different batches of HBV-infected vs mock-infected primary human hepatocytes (PHHs).

Analysis of HBc peptide coverage showed between 70% and 83% of HBc protein sequence coverage across ChroP experiments, confirming the efficiency of the methodology.

Raw LC-MS files were processed using Thermo Proteome Discoverer (version 2.1,vendor) and peak lists were searched through the Mascot search engine against the human Swiss-Prot database. The list of proteins identified by at least two different peptides was filtered using a False Discovery Rate (FDR) set at 1% for both peptides and proteins. Only proteins identified in HBV-infected and not in mock-infected samples were considered for further analysis. After removing keratin contaminants and converting to UniProt identifiers, a total of 1588 proteins were detected in HBV-infected vs mock-infected samples (Supplementary Table 1 -under embargo for pending patent). 810 were found only in HepG2-NTCP cells, 511 only in PHHs, while 267 were detected in both cell types, corresponding to 17% of overall MS hits (Figure 1B).

By cross-referencing published interactions between single or small groups of proteins with cccDNA, we could identify among our cccDNA interactome RNA Polymerase II, transcription factors such as STATs 27 , NF-kB 28 and transcription co-factors such as PRMT5 13 , SIRT3 14 , DDB1 29 and TARDBP 30 , as already shown by others using different methods, even if they did not score in the top enriched cccDNA-associated factors identified by our approach. We also confirmed protein-cccDNA associations that were only investigated in non-infectious models, like HNRNPC/K 31,32 , PARP1 33 and PUF60 34 . Independent cccDNA-ChIP experiments were performed to substantiate the recruitment of selected ChroP-identified proteins to cccDNA in both infected HepG2-NTCP cells and PHHs and further validated our approach (Figure 1C-D).

363 proteins detected in at least 2 ChroP experiments for each cell type (Supplementary Table 2 -under embargo for pending patent) were submitted to Gene Set Enrichment analysis (GSEA). Scatterplot visualization of GSEA results showed that the majority of the significantly enriched pathways were shared between HepG2-NTCP cells and PHH (Figure 2A) and comprised the GOslim categories RNA splicing, DNA damage, Ubiquitin, Nucleotide-binding process and transcription (Figure 2B). However, a consistent number of pathways were differentially enriched between the two cell models. In particular, in transformed hepatocytes, proteins belonging to GOslim categories angiogenesis, inflammation and TGFb and MAPK signaling were among the most enriched, while PHHs showed cccDNA-associated proteins mostly belonging to GOslim categories mRNA and histone dynamics, autophagy, kinase activity and glucose homeostasis (Figure 2B).

Connectivity map of cccDNA-associated factors based on protein-protein functional interactions

We next plotted the 363 cccDNA-associated proteins identified by ChroP analysis in a network representation where nodes identify individual proteins (Figure 2C). The interaction network was prepared using the Reactome functional interaction application implemented within Cytoscape 3.4 (see Experimental procedures for details). Using the Reactome database, interactions were found for 182 proteins that were derived either from HepG2-NTCP cells (nodes with white border), PHHs (nodes with grey border) or both (nodes with green border).

The network was clustered using a network clustering algorithm and each cluster, or module, was defined by hypernodes. Extended description of associated pathway and biological process annotations (FDR <0.05) are presented in Supplementary Table 3. Consistently with results showed in Figure 2B, most of the proteins identified in both cell types belonged to modules 1 to 3 (RNA processing, ubiquitin and transcription). Highlighted protein names correspond to cccDNA-associated partners that belong to a core network of the Top 28 proteins identified by applying majority voting system, i.e. selecting proteins that were repeatedly detected across ChroP experiments (see Supplementary Table 2 for the complete list).

A FUS-centered network of proteins is associated to cccDNA in vivo

The 28 cccDNA-associated proteins identified by applying majority-voting system were further analyzed to select hits to be investigated in functional tests. The interaction with cccDNA of nine of them was confirmed by independent ChIP experiments in infected cell lines (Figure 1C-D). Repeatedly identified proteins (5 experiments out of 5 in PHH and 3 out of 4 in HepG2-NTCP cells) included BPI fold-containing family B, member 2 (BPIFB2) and galectin-3-binding protein (LGALS3BP) (Supplementary Table 2 -under embargo for pending patent). Both proteins have been described for their role in innate immune response against bacteria or viruses, but have never been investigated in HBV infections 35,36 . Interestingly, a cluster of proteins belonging to the protein ubiquitination pathway were also over-represented, including proteasome components PSMC6, PSMD12 and PSMD13 and the deubiquitinase OTUB1.

However, the majority of proteins (13 out of 28) displayed nucleic acid-binding activity; a subnetwork centered around the fused in sarcoma (FUS) protein was specifically highlighted by using the STRING software (Figure 3A). FUS has been shown to physically contact RNAP II and the basal transcription machinery to regulate RNAP II processivity, transcription-coupled RNA splicing and telescripting 37,38 . In addition, FUS has been shown to interact with DDX39, the central component of the TRanscription-EXport (TREX) complex, which also contains ALYREF, Tex1 and the THO complex 39,40 . The TREX complex is specifically recruited to activated genes during transcription and travels the entire length of the gene with RNAP II and exerts a conserved role in coupling transcription to RNA export 41 . Binding of FUS and interacting proteins to cccDNA was confirmed by independent ChIP experiments in vivo, in human liver resections derived from HBV chronically infected patients (Figure 3B).

Several additional proteins involved in splicing and RNA processing known to associate to FUS in HeLa cells 42 were enriched amongst the cccDNA-interactome dataset, namely DBIRD complex component ZNF326, ensuring integration between RNAP II elongation and splicing 43 ;

splicing factors SF3A1, SF3B1, EFTUD2, DHX15, SAFB, SAFB2, TRA2B, PRPF19 and PUF60; DEAD box helicases DDX5 and DDX17, coupling transcription to splicing 44 ; ATPdependent RNA helicase up-frameshift 1(UPF1/RENT1), a key player in nonsense-mediated mRNA decay (NMD) ensuring co-transcriptional RNA surveillance 45 (Supplementary Table 1 -under embargo for pending patent).

Intriguingly, three members of the tRNA splicing-ligase complex, FAM98A, DDX1 and RTCB, which were shown to interact with FUS in HEK293 cells 46 , were also identified amongst cccDNA-associated proteins (Supplementary Table 1 -under embargo for pending patent).

FUS knockdown severely impairs cccDNA transcriptional activity in infected hepatocytes

RNAi experiments were performed in infected PHHs in order to investigate the functional impact on HBV replication of knockdown of selected proteins belonging to the 28 cccDNAassociated proteins identified by applying majority-voting system (Figure 4). Knockdown efficacy was controlled by mRNA expression of each target by qPCR (Figure 4A). cccDNA, 3.5Kb RNA and HBV replicative intermediates (totHBV DNA) were assessed by qPCR as described previously 24 and detailed in Experimental procedures. While cccDNA pool levels were not affected (Figure 4B), FUS knockdown significantly reduced both HBV 3.5Kb RNA and total HBV DNA levels (Figure 4C-D). Knockdown of the other proteins only reduced total HBV DNA levels, suggesting a post-transcriptional regulation mechanism.

cccDNA-ChIP analysis after FUS knockdown showed a reduction in ALYREF and DDX39 recruitment to cccDNA, together with a decrease in histone H3 lysine 36 trimethylation. Global RNAP II enrichment seemed not to be affected by TLS/FUS downregulation, as well as the levels of RNAP II CTD-phosphorylated Serine 5, while RNAP II CTD-phosphorylation of Serine 2 was significantly less detected after FUS downregulation. This suggests an alteration in RNAP II processivity and in RNA splicing/export factors recruitment on cccDNA in the absence of FUS.

Discussion

HBV is classified as a para-retrovirus, since it replicates its genomic DNA via the synthesis of an RNA intermediate 47 . The unique template for viral RNA transcription, cccDNA, is formed in the nucleus of infected hepatocytes by completion of the rcDNA genome contained in the virion 48 . It is generally accepted that cccDNA activity heavily resides on host factors and cofactors regulating its transcription and chromatin accessibility 17 . Chromosome conformation capture experiments (Hi-C) indicated that cccDNA contacts host cell chromatin preferentially in regions corresponding to CpG islands, suggesting that HBV might take advantage of open host chromatin regions to hijack the host transcriptional machinery and efficiently replicate itself 49 .

Chromatin is a large subcellular structure dynamically and differentially ordered to allow physiological levels of gene expression 50 . By coupling Chromatin Immunoprecipitation and Mass spectrometry analysis, we described a new approach to investigate the interactome of a chromatinized episome without a priori assumptions. In particular, we were able to draw the landscape of HBV cccDNA-interacting proteins in the context of natural infection, a condition where, after viral inoculation, cccDNA intrinsically settles into the nucleus of infected cells and transcribes the viral RNAs.

We found that different categories of proteins were associated to cccDNA in infected hepatoma cells vs primary hepatocytes. In HepG2-NTCP infected cells, cccDNA-interacting proteins belonged to pathways associated to epithelial-mesenchimal transition, Notch signaling and inflammation, while in PHH, mostly to metabolic pathways. Published RNA-Seq profiling of HepG2 cells vs liver tissue revealed that the differentially regulated pathways were largely associated to cancer aggressiveness and immune system processes (blood plasma and immune system components protein production) in HepG2 and to metabolism and response to stimulus in liver tissue 51 . Therefore, assuming that RNA expression mirrors, at least to some extents, chromatin accessibility, our data support the notion that cccDNA contacts open chromatin regions enriched for different transcription factors and cofactors which are specific to the different transcriptional programs of distinct cell models, pointing out the importance of performing such studies in relevant biological systems.

Interestingly enough, cccDNA-associated proteins involved in nucleotide binding processes (transcription, DNA damage), RNA processing and protein catabolism were shared between hepatoma and primary hepatocytes models. These data strongly suggest that HBV minichromosome, similarly to human genome, also adopts a protein-DNA-RNA structure to ensure its proper and efficient activity. In particular, we identified different cccDNA-associated complexes coupling basal transcription machinery to RNA processing and export, all of them containing the DNA/RNA binding protein FUS.

FUS belongs to the FET family of structurally related proteins 52 , together with TAF15 and EWSR1, this latter also found in our cccDNA-interactome dataset. FUS is an essential component of paraspeckles, protein-rich nuclear membraneless organelles built around the long non-coding (lnc)RNA nuclear paraspeckle assembly transcript 1 (NEAT1) 53 . Beyond FUS, most of the proteins essential for paraspeckles formation were found in the cccDNA interactome, namely HNRNPK, NONO, SFPQ and RBM14 53 (Figure 1 and Supplementary Table 1 -under embargo for pending patent). Paraspeckels are dynamic structures modulated by changes in cellular metabolic activity and dependent on active transcription 54 . Their precise function is still not fully understood, but probably resides on the capacity of being a platform for retaining and putting in contact proteins involved in RNA processing and export, while active RNAP II and nascent RNAs are found at the edges of paraspekles 55 . NEAT1 levels are increased following infection with several RNA viruses 56,57 and NEAT1 and other paraspeckles components associate with HSV-1 genomic DNA increasing viral gene expression and viral replication 58 . According to our data, we cannot exclude that cccDNA associates with paraspeckles in vivo, since the results strongly suggest that macromolecular complexes are gathered together in proximity of the HBV genome to couple viral transcription to RNA processing and export. Indeed, a number of U1 snRNP components and hnRNPs proteins were found in our dataset. Most of these factors were identified as FUS-interacting partners by MS analysis in HEK293 or HeLa cells 42,46 and only one of them, PUF60, was already shown to be involved in HBV RNA processing 34 .

Similarly, the TREX component ALYREF, coupling transcription, splicing and mRNA export interacts with FUS via DDX39 39 . ALYREF has been also shown to interact with HBc and to be involved in pgRNA nuclear export via NFX1-p15 pathway 59 . Albeit TREX complex has been shown to be recruited to a plasmid containing the HBV PRE sequence by the zinc-finger ZC3H18 in HeLa cells 40 , in our model ZC3H18 could not be identified among the cccDNAassociated proteins and downregulation of FUS expression significantly affected TREX components association with cccDNA. Phosphorylation on Serine 2 of cccDNA-associated RNAP II CTD was also decreased following FUS knockdown, together with the global levels of H3K36me3, suggesting that the processivity of the enzyme would be affected, resulting in a decrease of the viral RNA levels.

Ultimately, we developed a technique that could potentially allow to identifying proteins coopted by other pathogens, thus favoring the characterization of better therapeutic targets for future studies. Further work will be required to determine whether and how the remaining host factors identified by our approach can impinge on HBV function. 
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