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Human Adenovirus are non-enveloped viruses which replicate inside the host cell nucleus. Upon infection and after receptor-mediated entry, they are transported towards the nucleus to initiate the viral gene expression. Viral capsids deliver from the endosome into the cytoplasm by partial disassembly and release inside the endosome mediated by viral lytic factor protein VI (pVI). pVI is targeted to the membrane via an amphipathic helix structure in the N-terminus of the viral protein. After membrane rupture and capsid release, pVI is transported to sub-nuclear structures, so-called PML nuclear bodies (PML-NBs), together with the cytoplasmic ubiquitin ligase Nedd4.2. PML-NBs represent multiprotein aggregates in the host-cell nucleus with an antiviral capacity, as to several PML-associated repressive transcription factors, such as the anti-apoptotic Daxx protein and the tumor suppressor p53 were reported to localize at these foci. In addition, pVI-mediated displacement of Daxx from PML-NBs was shown to occur in dependency of Nedd4.2 to support efficient viral gene expression. Therefore, we postulate that besides Daxx functional inhibition, pVI might also be involved in p53 restriction.

Here, we show that p53 posttranslational modification (PTM) is increased when pVI protein is present in the host-cell. Moreover, we obtained data that pVI expression severely impacts p53 induced transactivation of cellular transcription. Biochemical approaches indicate that pVI binding of the ubiquitin ligase Nedd4.2 is no prerequisite for the capacity to inhibit p53 functions. In a next step to elucidate the role of pVI on cell cycle regulation, we generated a human cell line stably expressing the viral pVI protein. Our characterization analyses show significantly that these cells benefit from the presence of pVI as we proved increased cell proliferation rates. We also observed an intense loss of PML-NBs and reduced protein concentrations of cycle key regulators p53 and pRb. Using microinjection and the inhibitor MG132 we were able to show that both cellular restriction factors were sequestered into the proteasomal degradation pathway of the cell. Evaluation of pVI functions tempted us to speculate, whether pVI might execute oncogenic potential upon overexpression, due to deregulation of host-cell homeostasis and inhibition of tumor suppressive determinants.

Zusammenfassung

Résumé

Les Adénovirus humains sont des virus non enveloppés se répliquant dans le noyau des cellules hôtes.

Durant l'infection et après leur entrée par endocytose, les Adénovirus sont transportés au noyau pour initier l'expression du génome viral. Dans l'endosome, les capsides virales subissent un désassemblage partiel et libèrent le facteur viral lytique, la protéine VI (pVI). Au niveau de la membrane de l'endosome, cette protéine va alors induire sa rupture permettant ainsi le relargage des virions au sein du cytoplasme grâce à son hélice amphipatique N-terminale. Par la suite, pVI est transportée vers des structures nucléaires appelées PML nuclear bodies (PML-NB), associée une ubiquitine ligase cytoplasmique, la Nedd4.2. Les PML-NB sont des complexes nucléaires multi-protéiques qui ont des propriétés antivirales. Celles-ci impliquent le recrutement de facteurs de transcription répressifs comme par exemple la protéine anti apoptotique Daxx ou encore le suppresseur de tumeur p53, impliqué dans la régulation du cycle cellulaire. Il a été montré que la protéine pVI en complexe avec Nedd4.2 induit la relocalisation de Daxx des PML-NB dans le cytoplasme, ce qui permet une expression efficace du génome viral. Ainsi, l'inhibition fonctionnelle de Daxx par pVI suggère que cette protéine virale puisse aussi être impliquée dans la restriction de p53.

Dans cette étude, nous avons montré que le nombre des modifications post-traductionnelles (PTM) de p53 augmentent en présence de pVI dans la cellule. De plus, les données obtenues montrent que l'expression de pVI affecte la transcription dépendante de p53 et que l'interaction avec Nedd4.2 n'est pas nécessaire pour inhiber les fonctions de p53. Pour étudier l'implication de pVI dans la modulation du cycle cellulaire, nous avons créé une lignée cellulaire humaine exprimant cette protéine virale de façon stable. La caractérisation de cette lignée a permis de mettre en évidence une prolifération cellulaire accrue. Nos observations ont aussi montré une perte importante des PML-NB et une réduction des protéines clés du cycle cellulaire p53 et pRb, un autre suppresseur de tumeur. Par des techniques de micro-injection et l'utilisation de l'inhibiteur MG132, nous avons observé que ces deux facteurs cellulaires sont ciblés vers le protéasome et dégradés lors de la surexpression de pVI. L'étude des fonctions de cette protéine virale laisse penser que la protéine pVI présente un potentiel oncogénique car en effet, sa surexpression induit la dérégulation de l'homéostasie cellulaire et l'inhibition de suppresseurs de tumeur, comme p53 et pRb.
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. History and Classification

In 1953, Rowe and colleagues isolated an agent that provoked a cytopathogenic effect from human patient adenoids 1 . Firstly called "A.D. agent" for adenoid degeneration agent, the causative agent was then called Adenovirus (AdV) in 1956 2,3 . With years, AdV were found responsible for different pathologies in the population mainly linked to the respiratory tract like Acute Respiratory Disease (ARD) 4 and Acute Pharyngitis and Conjunctivitis (APC) 5,6 .

With growing implication of AdV in different diseases the development of novel therapy strategies became important. Thus, the US army had a prominent role in vaccine creation to prevent these respiratory illnesses 7,8,9,10 .

Extended use of AdV in worldwide laboratories permitted to understand their genome organization, their viral cycle and also the viral cell biology. Indeed, Richard J. Roberts and Phillip A. Sharp worked separately on AdV, when they discovered the RNA splicing mechanism published in 1977 11,12 . The authors of this major finding were awarded by the Nobel Prize in 1993. In the 80s most studies performed on AdV type C (HAdV-1, -2, -5 and -6) permitted to understand, genetically modify and produce AdV at high titers 13,14,15 . Since that time, AdV became a highly effective gene expression vector model. In the 90's manipulating AdV allowed to establish novel vaccination approaches and gene therapy research 16,17,18 .

The AdV gene therapy research was suddenly stopped in 1999 with a patient death during gene vector application. It was reported that an 18 years old boy, Jesse Gelsinger, received an AdV vector injection at high dose, which provoked a systemic inflammation and the patient's death. Then, NIH published a report about the assessment of AdV safety and toxicity 19 and started studies on immune reaction due to AdV vectors administration to understand their toxicity and prevent it. Finally, because of the Gelsinger case, AdV vectors are today cautiously used in gene therapy assays mainly for cancer treatment and some vaccination approach 20,21 .

Taxonomy and Pathogenesis

Adenoviruses belong to the Adenoviridae family, group I type viruses with a double stranded DNA. This family is subdivided into five genera: Atadenovirus, Aviadenovirus, Ichtadenovirus, Siadenovirus and Mastadenovirus. Human Adenoviruses (HAdV) belong to the Mastadenovirus genera, infecting most of the vertebrates. They are divided into 7 groups (HAdV-A to -G) based on several, in part historical, criteria such as molecular phylogenetic analyses of the genome sequences, hemagglutination and oncogenic potential in rodents (Figure 1) 22 . The group B is subdivided into B1 and B2 on phylogenetic criteria. Inside the groups, AdV are classified by their type and associated to a number like HAdV-5 for human Adenovirus type 5, one of the most studied HAdV. So far 67 types of HAdV are recognized by the International Committee on Taxonomy of Viruses (ICTV). Kojaoghlanian et al, 2003 23 .

Figure 1. Adenoviruses classification table modified from

The bold numbers are the types described as recombinant adenoviruses.

HAdV types have different tissue tropism and can infect different organs. First, HAdV was found in the respiratory tract, but later also in the eye and the gastrointestinal tract. Indeed A, F and G HAdV types are linked to gastrointestinal tract infections, where they can provoke gastroenteritis. While B, C and E HAdV types infect mainly the respiratory tract and can lead to pneumonia and pharyngititis 23 . HAdV types D can also be found in the respiratory tract, where they are mainly asymptomatic. Concerning B2 viruses, they are also linked to severe urinary infections in immunodepressed population 23 . Some HAdV are linked to the eye and provoke adenoviral keratoconjunctivitis (AKC) which is the most frequent hospital ophthalmological disease 24 . AKC can be differentiated in two main diseases: epidemic keratoconjunctivitis (EKC), due to HAdV-8, -19 and -37, and the pharyngoconjunctival fever (PCF) mostly due to HAdV-3, -7 and -11 25 . For immunocompetent individuals, HAdV infections are mainly asymptomatic, and symptomatic ones are often mild and resolve themselves. However, in certain populations like immune naïve young children, military population, AIDS patients and transplanted patients, adenoviruses can cause acute and severe diseases like pneumonia, encephalitis, hepatitis, myocarditis, hemorrhagic cystitis and sometimes can be lethal 23,26,27,28 . In 2007, a US study on a cohort of 2237 specimens published that HAdV from C group (HAdV-1, -2, -3 and -5) are found together with around 80% prevalence among civilians and HAdV-4 at 92.8 % prevalence in military trainees 29 .

Interestingly, a French study performed by our laboratory showed also that C types are predominant in Bordeaux's hospital patients between 2008 and 2010 30 . In severe cases, when treatment is needed the only existing drug is the nucleotide analogue Cidofovir. Once administrated it blocks the DNA synthesis 8, 9, 10, 13, 15, 17, 19, 20, 22, 23, 24, 25, 26, 27, 28, 29, 30, 32, 33, 36, 37, 38, 39, 42, 43, 44, 45, 46, 47, 48, 49, 51, 53, 54, 56, 58, 59, 60, 62, 63, 64, 65, 67 D eye, respiratory tract lung, respiratory tract B of the virus but also of the patient cells, generating strong side effects and cell toxicity that explain why novel therapies are needed.

HAdV structure

Human Adenoviruses (HAdV) are non-enveloped viruses with an icosahedral capsid of around 150 nm diameter. They possess a linear double stranded DNA genome protected inside the capsid shell 31 . The HAdV capsid comprises 12 structural proteins. It can be divided in 2 structures the capsid shell and the genome core (Figure 2). The capsid shell of HAdV is based on 240 trimers of the major capsid protein hexon. Each face of the icosahedra is composed of 21 trimers of hexon. There is two class of hexon: the group of nine (GON) and the peripentonal hexons (Figure 3). GON hexons are in the central place of each capsid face and peripentonal hexons are at each vertice of the icosahedral shell.

Positioned at each of the 12 vertices, there is a structure called penton. A penton contains the fiber, a trimeric molecule, plus the penton base, a pentameric molecule. The fiber is not covalently attached to the penton base which is an important feature during entry 33,34 . To embed the capsid, there are four minor proteins (pVI, pIIIa, pIX and pVIII). To maintain the hexons together, cement protein pIIIa is positioned inside the capsid shell at the junction of two hexon. In the same way but outside of the capsid, the protein pIX sticks together hexons by infiltrating between their sides. pVIII proteins permit to bind and tight together the penton base present at each vertices and the five surrounding peripentonal hexons at the inner surface 35 . pVI protein is an internal capsid protein present in 360 copies per virion and localized at least in part in the central hexon cavity. Studies suggest a pVI assembly in trimers of dimers and show pVI interactions with hexon, pV and DNA 35,36 . Viral proteins associated with the genomic DNA are called the genome core. The protein V is present along the viral DNA and links the genome core to the capsid shell by several interactions with the penton base, pVIII and pVI. The 800 copies of pVII bind the viral DNA due to highly basic feature and create a nucleosome-like structure of the viral genome 38 . Concerning pX, also called Mu (µ), its 100 basic copies bind the viral DNA and help for the genome compaction. Low amount of pIVa also binds to the viral genome and participates to the DNA incorporation in the capsid shell. Finally, one copy of terminal protein is covalently bound at each 5' genome extremity and plays a role in replication 39 .

In addition inside the virus about 70 copies of the adenoviral protease (AVP) are present 40 . No EM and cryoEM data was found for this protein but an affinity for viral DNA suggests a random binding on viral genome 41 . It represents a cysteine protease that cleaves precursor forms to obtain TP, pIIIa, pVI, pVII, pVIII and pX. The protein is activated by processing the C-terminal part of pVI precursor after 239 amino acids (AA) 42 . Then, the protease can cleave the consensus sequence on the pVI N-terminal part after 34 AA and all the other viral precursors. Protein processing takes place in immature particles in the nucleus and maturates the newly formed virion. The immature form is hyper stable and its maturation permits to destabilize the interactions to facilitate further infection.

Genome organization

The HAdV genome is a linear double stranded DNA composed of approximately 36000 base pairs (36 kbp). At each extremity of the genome there are sequences of around 100 base pairs (bp) called inversed terminal repeat (ITR) which serve as replication origins (Figure 4). ITRs are non-coding regions and, as previously mentioned, each of their 5' end are covalently bound to terminal protein.

The viral genome codes for 39 genes classified in three categories: early, intermediate and late units.

The early units are expressed before the DNA replication takes place. They are composed of E1A, E1B, E2, E3 and E4 genes. All of them have at least one spliced variant. These genes encode proteins for viral gene activation and host shut off to establish efficient infection. The E2 transcription region encodes proteins implicated in viral DNA replication. After the onset of replication, the intermediate units are transcribed and expressed pIVa and pIX. Some E2 variants using another promoter are also intermediate units and therefore called E2 late genes. For the late units, one promoter called major late promoter 

The HAdV infectious cycle

Viruses are intracellular parasites that need to enter cells to multiply and produce new virions. For HAdV, the viral particle needs to reach the nucleus to replicate and assemble. The viral replication cycle starts with the entry by binding host-cell receptors that triggers viral particle uptake. Then after a cytoplasmic transport, the viral particle reaches the nucleus to release the viral genome. Thus, viral gene expression starts and viral proteins are synthesized. Finally, the infected cell releases newly formed HAdV particles after 24 and 72h post infection (Figure 5) 43 .

Virus attachment and endocytosis

The first step of the infection is the recognition of the target host-cell by the virus (see 1 in Figure 5). This is mediated by specific binding of the fiber protein to the cellular primary receptors. According to the type, HAdV use different primary receptors. The first one identified was the Coxsackie-adenovirus receptor (CAR) which is used by the majority of HAdV (types A, C, D, E and F) 44 . However, for B types and some D types, a binding with other receptors like CD80/81, CD46, sialic acids or proteoglycan heparan sulfats were reported 23 . It was shown that fiber binding to the primary receptor induces a viral conformational change to expose an RGD amino acid motif at penton base surface. This motif can then bind to a secondary effector receptor, alpha V cellular integrins 45 . For the most studied type C, it is shown that fiber is released from the particle close or at the membrane surface and this is required for viral internalization. Then, interaction between penton base and integrins trigger a cellular signaling and a clathrin-mediated endocytosis of the virus into the cell 43 .

Endosomal rupture

Once in the endosome, most HAdV escapes from this compartment before fusion with lysosomes occurs and they are degraded (see 2 in Figure 5). Besides, it is reported that B and D types escape from late endosomes suggesting that they are transported via endosome trafficking before the rupture. Inside the endosome, viral particles undergo a second disassembly step, which slightly opens the capsid and permits to release pVI, peripentonal penton base, pV and the viral protease. Based on in vitro studies, Wiethoff and associates published that endosomal acidification induces disassembly by capsid destabilization 46 . While Burckhardt and colleagues reported a mechanistic tension due to integrin and CAR relocalization after endocytosis that breaks and opens the capsid 47 . Moreover, alpha V integrin overexpression supports virus binding and penetration into cells 48 . Partial disassembly permits the exposure of the viral lytic factor pVI into the endosomal lumen. Due to its N-terminal amphipathic helix, pVI is targeted to the endosomal membrane 49,46 . Then, pVI induces a positive curvature and the breakdown of the membrane to allow partial disassembled viral particles to reach the cytosol 50 . The ts1 mutant, which is a hyperstable mutant that is not partially disassembled, does not induce endosomal rupture. Studies with this mutant permit to prove that strong innate immune response activation coincides with the endosomal rupture 51 . Indeed it is reported that cathepsin-B release into the cytosol leads to NLRP3 inflammasome activation and mitochondrial stress that triggers reactive oxygen species (ROS) release into the cytoplasm 51,52 .

Endosomal escape

It is not clear how virions escape from the ruptured endosomes (see 3 in Figure 5) but it seems to require components of the ESCRT (endosomal sorting complex required for transport) machinery system such as the ubiquitin ligase Nedd4.2 53 . The pVI virus mutant M1 in which the PPxY motif of pVI is mutated to PGAA lost binding to Nedd4 (see Figure 10). Consequently, M1 is able to induce endosomal rupture but not to efficiently escape from broken endosomes 54 .

Cytoplasmic transport

Once the virus is in the cytosol it needs to reach the nuclear periphery to deliver its genome into the nucleus (see 4 in Figure 5). It was shown that the virus interacts with cytosolic motors like dynein to be transported via microtubules network 55,56,57 . Several studies show that interaction with dynein is mediated by hexon proteins 58,57,59 . Recently, dynein's light chain intermediate 1 (LCI1) was found to be specifically phosphorylated via virus-induced activation of protein kinase A (PKA) 59 . Interestingly, the M1 virus was reported to present an accumulation default at the MTOC. This suggested that pVI interaction with Nedd4 is also implicated in nuclear transport 54 and supports accumulation at the microtubule organization center (MTOC) before nuclear translocation.

MTOC-nucleus transport and viral DNA release

The shuttle system used by HAdV to translocate from MTOC to the nuclear pore complex (NPC) and the mechanism of DNA release are not understood in detail (see 5 in Figure 5). Bailey and colleagues used enucleated cells and infected them to show that viral particles stayed associated with the MTOC for a long period, suggesting that HAdV require any nuclear factor to leave the MTOC and enter the nucleus 60 . The chromosome region maintenance 1 (CRM1) protein, which is a nuclear export factor was shown to be involved in HAdV targeting to the nuclear pore complex (NPC) but the mechanism is still not clear 61 . This admitted model affirmed that HAdV bind CAN/Nup214 at NPC 62,63 . For HAdV-2,

Trotman showed that at the NPC, virus hexons are also attached with human histone 1 (H1) 62 . Recently, Strunze and associates suggest that kinesin 1 binds hexons and, due to its retrograde motor activity, the capsid which is docked at the NPC opens via mechanistical tensions 63 . Then, nuclear localization signals (NLS) of pVII protein, which cover the viral DNA, bind different nuclear import factors such as importins α or β and allow the viral genome to internalize 64,65 . Finally, the viral genome can be transcribed and viral replication can take place. However several of these steps require further validation.

Viral gene expression

Unlike other viruses, HAdV does not need any specific cell phase to deliver the viral genome to the nucleus. Conclusively, cells in G0 phase could be infected and their cell cycle can be re-activated in order to establish virus replication. Moreover, virus entry in cells trigger several cellular defense response like apoptosis, DNA damage response, immune response and repression of non-self DNA. To ensure HAdV replication onset, the viral genome expresses proteins that will overcome such mechanisms.

The viral genome arrives in the nucleus inactive and condensed by the pVII protein, which covered the viral DNA. Komatsu and colleagues showed that the histone variant H3.3 deposition along the viral genome and remodeling factor TAF1 allows viral chromatin decompaction 38,66 . However, viral genome is targeted to the PML nuclear bodies (PML-NBs), where the cellular defense system avoids viral DNA expression via the death-domain-associated protein (Daxx) repressor complex activity. Recently published work enlightens that pVI-Nedd4.2 complex reaches the PML compartment and permits the PML-NB component Daxx to be displaced from viral genome to allow first viral gene expression (see 6 in Figure 5) 67 .

The first viral protein E1A binds the pRb protein counteracting Rb-mediated E2F inhibition to allow E2F derepression 68,69 . Thus, E2F stimulates proliferation via S phase genes that provide an optimal environment for viral replication. Released E2F serves also as transcription factor for the early genes E1B, E2A early, E2B, E3 and E4 (see 7 in Figure 5). E1A also induces apoptosis by binding and activating tumor suppressor p53 70 . The E1B and E4 units are mainly involved in host cell shut off by hijacking cellular defense mechanisms (described in section 1.6.).

Viral genome replication is driven by E2 gene products (see 8 in Figure 5) 71 . They are activated by E2F factors, which are derepressed due to E1A's action on pRb. It is also reported that an E4 protein, E4orf6/7, enhances E2 genes expression by binding and dimerizing E2F 72,73,74 . Three E2 proteins are produced: the precursor of terminal protein (pTP), the adenoviral polymerase (AdVPol) and the DNA binding protein (DBP). Due to E2 proteins accumulation and cellular transcription factors Oct1 and NF1, the viral DNA replication can initiate in the nucleus 5 to 8 h after infection 75,[START_REF] Van Leeuwen | The Oct-1 POU homeodomain stabilizes the adenovirus preinitiation complex via a direct interaction with the priming protein and is displaced when the replication fork passes[END_REF][START_REF] Mul | Nuclear factor I enhances adenovirus DNA replication by increasing the stability of a preinitiation complex[END_REF] .

Replication initiation starts by AdVPol-mediated covalent attachment of a cytosine to a serine residue from pTP 75,[START_REF] Giberson | Chromatin structure of adenovirus DNA throughout infection[END_REF] . Then, AdVPol uses pTP-cytosine as a template for elongation with the help of cellular topoisomerase 1 [START_REF] Nagata | Adenovirus DNA replication in vitro: synthesis of full-length DNA with purified proteins[END_REF] . DBP intervenes in elongation to protect the newly synthetized DNA strand due to its single stranded DNA binding property 75 . Once synthesized the first strand circularizes because of ITR complementary sequences. Then, the second strand synthesis takes place with another pTP. Finally, new genomes are associated with cellular histones 66 .

E3 genes are mainly involved in immune system evasion. Indeed, the E3-10.4K/14.5K complex inhibits Fas ligand exposure at the cell surface and therefore avoid cytotoxic T cell mediated apoptosis via Fas stimulation [START_REF] Shisler | The adenovirus E3-10.4K/14.5K complex mediates loss of cell surface Fas (CD95) and resistance to Fas-induced apoptosis[END_REF] . Moreover, HAdV have two mechanisms to avoid major complex histocompatibility (MHC) class 1 exposure at the infected cell surface. First, E3-19K protein retains MHC class 1 into the endoplasmic reticulum (ER) [START_REF] Cox | Retention of adenovirus E19 glycoprotein in the endoplasmic reticulum is essential to its ability to block antigen presentation[END_REF] . Inside the ER, it binds to tapasin (TAP) avoiding TAP/MHC association and subsequently MHC epitope peptide loading [START_REF] Bennett | Cutting edge: adenovirus E19 has two mechanisms for affecting class I MHC expression[END_REF] .

Virus assembly and release

The early genes hijack the cell by countering the host defense system and overriding the cellular gene expression. This shift in control allows production and assembly of capsid components to build new virions. The onset of viral DNA replication triggers intermediate and late genes expression (see 9 in Figure 5). It was reported that IVa2 binds and activates MLP, but replication also facilitates transcription factor binding to MLP [START_REF] Pardo-Mateos | Adenovirus IVa2 protein plays an important role in transcription from the major late promoter in vivo[END_REF][START_REF] Toth | Adenovirus DNA replication facilitates binding of the MLTF/USF transcription factor to the viral major late promoter within infected cells[END_REF] . An alternative splicing leads to the expression of the structural viral proteins to create the immature capsids. It is commonly believed that the viral genome is inserted inside pre-mature capsids, explaining why capsids without DNA are found during AdV purification.

Ostapchuk and colleagues suggest that the IVa2 protein allows the genome incorporation with L4-22K protein assistance by binding to specific sequence of the viral genome [START_REF] Ostapchuk | Characterization of Empty adenovirus particles assembled in the absence of a functional adenovirus IVa2 protein[END_REF][START_REF] Tyler | Formation of a multiple protein complex on the adenovirus packaging sequence by the IVa2 protein[END_REF] . Finally, newly formed particles mature (see 10 in Figure 5). This is achieved inside the capsid by activation of the viral protease, which processes precursor of the structural proteins [START_REF] Anderson | Processing of adenovirus 2-induced proteins[END_REF][START_REF] Bhatti | Protease of adenovirus type 2. In vitro processing of core protein[END_REF] .Virion release is then mediated by the expression of the adenovirus death protein (ADP) (see 11 in Figure 5), being transcribed from the E3 unit and synthetized in small amounts early during infection [START_REF] Tollefson | The 11,600-MW protein encoded by region E3 of adenovirus is expressed early but is greatly amplified at late stages of infection[END_REF] . However, during late phase, ADP is expressed in high amounts and localizes at the nuclear membrane, endoplasmic reticulum and Golgi to induce cell lysis [START_REF] Tollefson | The E3-11.6-kDa adenovirus death protein (ADP) is required for efficient cell death: characterization of cells infected with adp mutants[END_REF] .

Figure 5. Adenovirus replication cycle.

(1) Adenovirus adsorption by binding to primary and secondary receptor to trigger clathrin-dependent endocytosis. ( 2) Adenovirus partial disassembly and endosomal membrane rupture by lytic factor pVI that binds to and is ubiquitinylated by ubiqutine ligase Nedd4.2. ( 3) Viral release into cytoplasm by unknown system via ubiquitinylated pVI and retargetting of Nedd4.2-pVI complex to nucleus. ( 4) Cytoplasmic transport via microtubule and dynein association to MTOC. ( 5) NPC import of viral capsid and viral DNA release in nucleus. ( 6) Viral genome transcription initiation by Nedd4.2-pVI complex. (7) Viral early gene expression and cellular turnover. ( 8) Viral DNA replication. ( 9) Viral intermediate and late gene expression. (10) Viral assembly, genome encapsidation and viral maturation. (11) Progeny virion release.

Virus-mediated transformation

Research of Trentin, Yabe and Taylor showed that specific HAdV types induce tumors in rodents and in primary rodent cell culture [START_REF] Yabe | Cancer induction in hamsters by human type 12 adenovirus. Effect of age and of virus dose[END_REF][START_REF] Trentin | The quest for human cancer viruses[END_REF][START_REF] Mcbride | KIDNEY CELLS BY HUMAN ADENOVIRUS TYPE 12[END_REF] . E1A and E1B non-structural proteins were found to be at the origin of this oncogenic behavior by modulating cell cycle regulators and transcription factors [START_REF] Van Den Elsen | The relationship between region E1a and E1b of human adenoviruses in cell transformation[END_REF] . However, no evidence was found to confirm that HAdV can trigger oncogenicity in humans. Nevertheless, some cells of human origin were transformed in vitro by HAdV E1 genes [START_REF] Graham | Characteristics of a human cell line transformed by DNA from human adenovirus type 5[END_REF] . Thus, Adenoviruses became a model to study viral transformation and oncogenicity in rodent cells. It is reported that E1A alone can immortalize primary rodent cells and in combination with E1B proteins full transformation is archieved [START_REF] Ruley | Adenovirus early region 1A enables viral and cellular transforming genes to transform primary cells in culture[END_REF][START_REF] Stillman | Functions of the adenovirus E1B tumour antigens[END_REF] . The E1 region is necessary and sufficient to induce transformation except for HAdV-9 [START_REF] Van Den Elsen | The relationship between region E1a and E1b of human adenoviruses in cell transformation[END_REF] .

However, the E1 region needs E4 gene expression to fully exert a complete transformed phenotype in rodent cells and grow in soft agar. Interestingly, D type HAdV-9 provokes estrogen-dependent mammary tumors in rodents whereby expression of the E1 region is dispensable for transformation, instead E4 genes being responsible for transformation specific to primary cells [START_REF] Javier | Requirement for the adenovirus type 9 E4 region in production of mammary tumors[END_REF]100 .

E1A region

The E1A transcription unit expresses 12S and 13S transcripts according to the mRNA sedimentation coefficient 101 . The E1A-12S and E1A-13S both transform rodent cells in combination with E1B 102 . E1A gene products bind over 40 different cellular proteins involved in the transcriptional machinery and directly linked to cell cycle regulation 103 . The major role of E1A-12S and E1A-13S is cell growth deregulation by binding to pRb, p107 and p130 104 . Four conserved regions (CR) are found to mediate E1A properties as interaction sites for cellular proteins. E1A-12S and E1A-13S share CR1, CR2 and CR4 but CR3 is only found on E1A-13S. pRb interaction is mediated by CR2 via the conserved motif LxCxE 105 . CR1, CR2 and CR4 are required for complete immortalization and complete transformation in association with E1B. E1A binding to pRb related proteins allows their dissociation from E2F and permits activation of E2F dependent genes leading to cell cycle progression 106 . Recent papers report that relocalization of pocket proteins to antiviral promoters allow their repression 107 . In addition, the E1A Nterminus and the CR1 region are involved in transcriptional repression by binding chromatin remodeling factors like the histone-directed acetyl transferase (HAT) p300/CBP. Several studies also enlighten that E1A triggers cell cycle arrest and apoptosis due to p53 stabilization after E1A-mediated binding to pRb and p300/CBP. E1A is also reported to inhibit proteasome-dependent p53 degradation by interacting with proteasome subunit 19S 70 .

E1B region

E1B-19K and E1B-55K were shown to individually support transformation in combination with E1A by inhibiting p53-mediated cell cycle arrest and apoptosis. E1B-19K mimics the cellular Bcl2 activity to prevent induced apoptosis by different stimuli like p53, TNF-α and Fas. It binds to BAX and BAD proteins to avoid their oligomerization, which would trigger apoptosis via mitochondria cytochrome C release. In a different way, E1B-55K acts directly as a transcriptional repressor of p53-mediated stress response by binding the p53 N-terminus at p53-dependent promoters, recruiting histone-directed deacetylase 1 (HDAC1) 108,109 . In addition, E1B proteins from HAdV-2 and HAdV-5 types are also reported to relocalize p53 to the cytoplasm, thus inhibiting p53 functions in the host cell 110 . E1B-55K was reported to mediate protein degradation of cellular substrates, such as p53, in complex with the HAdV E4orf6 protein, it was shown to induce sequestration of the chromatin repressor Daxx into the proteasomal pathway 111 .

E4 region

To hijack cell defense mechanisms, interfere with virus replication, type A and C HAdV form a cullinbased E3 ubiquitin ligase complex. E1B-55K and E4orf6 act in concert with cul5/2, elongins B/C and Rbx1 to target a wide range of substrates, such as p53, Mre11, DNA ligase IV, integrin α3, BLM, SPOC1, ATRX and Tip60 112,113,114,115 . However, HAdV-12 E4orf6 alone complexes with cul2/Rbx1/elongin C is able to induce proteasomal degradation of the cellular DNA response protein topoisomerase-II β-binding protein 1 (TOPBP1) involved in ATM/Rad3-related (ATR) signaling pathways 116 .

E4orf3 creates a nuclear polymer that disrupts the PML-NBs into track-like structures and simultaneously inactivates p53, PML, TRIM24, and Mre11/RAD50/NBS1 (MRN) a complex involved in double strand break repair (DSBR) major system of DNA damage response (DDR) 117,118,119,120,121 . E4orf6/7 has been less studied but it is reported to bind E2F1 and enhance E2F1-dependent genes leading to cell transformation 73,122 .

"Hit and run" theory

The postulate that viral transformation is based on constant expression of oncoproteins has been challenged in the early 80's. A new theory called "hit and run" rose maintaining that viral oncoproteins can trigger the initial hit step for cell transformation and therefore viral protein expression is not needed anymore for maintenance of the oncogenic state 123 . Interestingly, several groups showed that viruses like HSV, HCMV and HAdV provoke chromosomal instability 124,125,126,127,128 . Furthermore, viral DNA could not be detect in virus-transformed cell with HSV or HAdV 123,129 . In sum, transient expression of viral oncoproteins can create an initial ("hit") to induce oncogenic mutation despite it leads to transformation in rare case. After rearrangements in the cellular genome, the transformation maintenance is compatible with viral DNA disappearance ("run"). The proper mechanism for a mutagenic hit is not clear. For viruses fitting to the theory, the target is the genetic stability that is hacked through destabilization of the DSBR system, the PML-NB integrity and the p53 functions 127,128 .

HAdV-mediated regulation of the host cell cycle

Cell cycle

All organisms consist of cells that multiply to replace old or altered ones. Cells ("mother") need to copy genetic information and divide to give two identic cells ("daughter"). During their life, cells go through four major phases called gap 1 (G1), synthesis (S), gap 2 (G2) and mitosis (M). Post mitotic cells can exit the cell cycle and remain in a non-proliferative state called gap 0 (G0) phase 130 . However, this quiescent state is a reversible process and cell cycle can restart by the G1 phase (Figure 6).

Decades of research permit to understand the molecular mechanisms that allow phase switching. Leland H. Hartwell, R. Timothy Hunt and Paul M. Nurse were the first to describe that the cell cycle is regulated by proteins called cyclin-dependent kinase (Cdk) and their partner cyclin proteins 131 . In 2001, they were awarded the medicine Nobel Prize for their discoveries 132,133,134 . Cdk is the catalytic subunits that orchestrates with specific cyclin partners phosphorylation of specific substrates. These complexes act like information processors that integrate intracellular and extracellular signals to coordinate cell cycle events 135 . Among known Cdks, only few of them are involved in cell cycle regulation like Cdk 1, 2, 4 and 6. According to the cell phase, the complexes activate effectors that allow expression of specific genes permitting cell phase switching. Cells in G1 phase have no condensed genomes, possess a normal metabolism and prepare DNA replication. To switch into S phase, E2F dependent gene expression is required but is inhibited by the retinoblastoma protein (pRb). pRb inhibits E2F-controlled genes by direct binding of the large pocket domain with the transcription factor E2F 137 (see A Figure 7). In G0 and early G1 phase, pRB binds to E2Fs to form a repressor complex. However pRb can be phosphorylated at many sites to directly regulate distinct conformation and functions (see B Figure 7) 138 . Thus, during early G1, expression of the Cdk 4, Cdk 6 and their partner cyclin D allow the formation of the cyclin D-Cdk 4/6 complex. In the nucleus this complex is able to phosphorylate pRB at specific residues S807 and S811 inducing a specific conformation and still binding to E2F 139 . However, this pRb conformation allows slight transcription of certain E2F dependent genes like cyclin E 140,141 . Accumulation of cyclin E induces association with Cdk 2 to subsequently bind and phosphorylate pRb 139,142 . Centrosome duplication during mitosis is also mediated by cyclin E/Cdk 2 complexes 143 . Hyperphosphorylated pRb cannot bind E2F anymore and therefore fully activate E2Fdependent genes increasing cyclin A concentration and switching the cell to S phase 144 . In S phase, a highly active metabolism provides proteins necessary for cellular DNA decompaction and replication. During early S phase, cyclin E is degraded and simultaneously cyclin A accumulates (see Figure 8). Thus, Cdk 2 associates with cyclin A to phosphorylate and activate DNA replication regulators like CDC6 145,146 . Then, during late S phase, cyclin A-Cdk 2 phosphorylates Cdk 1 to activate it and cyclin A associates with Cdk 1 147 . After genome replication, G2 phase starts and the genome undergoes a proof reading mechanism 136 . To switch from G2 to M phase, cyclin B/Cdk 1 complex formation is needed. Cyclin B expression starts in S phase and associates with Cdk1 but is inactive until late S phase 148 . Accumulation and phosphorylation of cyclin B permits cyclin B-Cdk 1 binding, nuclear translocation and full activation in order to induce the M phase 149,150 .

Mitosis is subdivided in four successive phases called prophase, metaphase, anaphase and telophase.

During prophase, genome copies are compacted and attached by centromeres, nuclear envelope breaks and microtubule-based mitotic spindles appear from centrosomes, which move to opposite sites in the cell (see Figure 8) 130 . During metaphase, kinetochore microtubule link the two centromeres to centrosome of two chromatids sisters, copies from a same chromosome. Due to cellular motors, each chromatid lines up along the equatorial plate. During Mitosis, cyclin/Cdk complexes have to be degraded to further restart the cell cycle. Therefore, APC/C (anaphase-promoting complex or cyclosome) is activated by Cdc20 to mainly degrade the Securin proteins, inducing sister chromatin separation, and Sand M-cyclins, leading to Cdk inactivation 151 . In anaphase, each chromatid of sister chromosomes is pulled to opposite side by cellular motors. Then, the cell moves to telophase and a new nucleus with a nuclear envelope is formed around each set of chromatids. Cdh1 associates with APC/C to maintain APC/C active through G1 (see Figure 8) 152 .

At the end of the mitosis, the cytokinesis separates the cytoplasm to produce two daughter cells 153 .

During cell cycle phase switching can be stopped at specific cell cycle checkpoints in case of genetic damage or stress stimuli to preserve cell integrity (see Figure 8) 154 . In case of DNA damage in G1 or G2, transcription factor p53 is activated and stimulates p21 expression. p21 is a cyclin kinase inhibitor (CKI) that binds and inhibits cyclin-Cdk complexes triggering cell cycle arrest. In case of DNA damage, activated p53 stimulates genes, such as BAX, induce apoptosis. In line with these data, p53 protects the cell from uncontrolled growth, regulates the cell cycle and maintains chromosome integrity and is therefore defined as a tumor suppressor. Red squares represent the restrictions points.

HAdV trigger S-phase switching

E1A alone can drive quiescent cells to S-phase and induce cell cycle progression to create optimal conditions for productive virus infection in non-proliferating human cells. E1Ainduces S-phase switching by inhibition of pRb allowing E2F dependent gene activation and interaction with proteins involved in chromatin remodeling. As described above, CR1 and CR2 permit to interact with pRb or pocket family proteins. The N-terminal part and CR1 domain allow interactions with CBP/p300, P/CAF and p400 156,157,158 . It is also reported that the C-terminal part of E1A binds the C-terminal binding protein (CtBP) and activates the transcription of proliferating cell nuclear antigen (PCNA) by removing the repressor complex CtBP-HDAC1 159 . Activation and repression is driven by E1A associated to HAT and CtBP-HDAC complexes 160 . The gene repression is also reported by E1A associated to p400 that recruit repressing SWI/SNF complexes 157 . Moreover, E1A binding to both pRb and CBP/p300 allow pRb acetylation then enhancing Hdm2 binding to pRb for ubiquitinilation 161 . Finally, E1A dependent chromatin remodeling and pRb inhibition mediate S-phase establishment.

Role of the tumor suppressor protein p53 during HAdV infectious cycle

Tumor suppressor protein p53

Identified by Crawford L.V. and Lane D.P. in 1979, factor p53 is the first discovered human tumor suppressor 162,163 . It is involved in a high range of mechanism such as genome integrity maintenance, autophagy, metabolism, apoptosis and cell cycle control 164,165 . During the 80's it became a key player to understand viral tumorigenesis and cell cycle regulation. p53 is a transcription factor that can stimulate The protein 53 contains 393 AA and possess a molecular weight of 53 kDa. It is subdivided into five main regions, the transactivator domain (TAD), the proline-rich domain, the DNA binding domain (DBD), the tetramerization domain (TD) and the regulatory C-terminal domain (REG) (see A Figure 9). p53 coordination is based on its localization, oligomerization and concentration 167 . Under stress, proteasomal degradation of p53 and nuclear export of the tumor suppressor are inhibited to allow nuclear accumulation and activation by tetramerization 168 . Even if p53's structure is not completely known some groups proposed tetramer structures for example based on RMN spectrometry data 169 (see B Figure 9). p53 is regulated mainly by the ubiquitin ligase mouse double minute 2 (Mdm2) by three different pathways. (i) Mdm2 allows p53 ubiquitination in the cytosol and nucleus to trigger its proteasomal degradation 170,171,172 . (ii) Decrease of intranuclear p53 level is reported via nuclear export signal (NES) exposure of p53 and Mdm2 173,174 . (iii) Transcriptional repression of p53 associated to DNA is shown to be inhibited when p53 is in complex with MdmX and Mdm2 164 .

PTMs were shown to be responsible for the p53 pathway selection by modulating p53 DNA binding ability and specific gene transactivation 175,176,177 . Despite its major role in nuclear transactivation, p53 found in cytoplasm was shown to play a role in apoptosis induction and in autophagy inhibition 178,179 .

Mainly, p53 activation is linked to phosphorylation and acetylation. Different stress stimuli are integrated via kinases that specifically phosphorylate N-terminal cluster of p53 180 . Then, specific phosphorylation patterns lead to C-terminal acetylation to induce a phosphorylation-acetylation cascade 181 (reviewed in 164 ). Furthermore to interact with specific partners, p53 modifications are required leading to docking motifs like extensive N-terminal phosphorylation for p300/CBP binding 182 .

During cell cycle, a modification cascade of p53 and sequential crosstalk exists. Among the large range of modifications, the majority of the PTM harbored by p53 are located on the regulatory domain so called functional modification cassette. It is commonly admitted that a initializing modification cassette is present among the TAD leading to extended PTM on the functional cassette 164 . During G1, phosphorylation of S9, 15, 20, and 372 are peaking whereas phosphorylation in S37 and S392 peak in G2/M. In S phase the only AA phosphorylated is the S37 164 . P53-dependent cell cycle regulation mainly function by modulating expression of cyclin kinase inhibitors (CKI). CKI, according to their structure and Cdk specificity, are subdivided into two classes, the Ink4 and the Cip/Kip family members. The Ink4 family, in which are found p16 INK4a (Cdkn2a), p15 INK4b (Cdkn2b), p18 INK4c (Cdkn2c) and p14 arf (Cdkn2d/arf), targets primarily Cdk 4 and Cdk 6 183 . While the Cip/Kip family, composed of p21 Cip1 (Cdkn1a), p27 Kip1 (Cdkn1b) and p57 Kip2 (Cdkn1c) have a broad range inhibition targeting complexes of Cdk and cyclin A, B, D and E 184 . However, among CKIs only p21 Cip1 is directly transcribed by p53 185,186 . p14, p15 and p16 are tightly linked to p53 activation. p14 stabilizes p53 via Mdm2 inhibition and the expression of p16 is linked to senescence establishment 187,188 . Indeed, p16 is reported to be an oncogenic stress sensor inducing senescence in which accumulates p53 189 . They all inhibit the G1-S phase A: p53 domains. B: p53's tetramer structure on DNA modified and proposed by Bista et al, 2012 169 .

Adenoviral proteins impact on p53 pathways

HAdV E1A protein was already shown to directly interact with p53. As previously described (see section 1.6), E1A binds to p53 via its CR1 domain leading to stabilization and accumulation of p53 190,191 . p53 stabilization induces apoptosis unless blockage by the expression of E1B proteins 190 . However, proliferation signaling via E1A-mediated inhibition of pRb is also supported by the CR1 domain of E1A most presumably binding to CKIs p21 and p27 192,193 . E1B-55K is able to bind p53 at the transactivator domain and thus, inhibits the p53-dependent transcription 194 . Moreover, p53-PCAF interaction is modified by E1B interactions with both cellular proteins. This interference avoids p53's site specific acetylation by PCAF necessary for high DNA binding affinity 195 . Moreover, E1B-55K expressed alone was described as a p53-SUMO1 E3 ubiquitin ligase inside PML-NB 196 , preventing p53-mediated apoptosis 108 .

HAdV induces apoptosis in a p53-independent way. Expression of the Bcl2-like protein E1B-19K is necessary to block p53-dependent and -independent apoptosis at the mitochondrial membrane 197,198 . In HAdV-5 transformed cells, it was shown that E1B-55K forms aggresomes with p53 at the MTOC 199 .

However, in infected cells this is a transient step until expression of E4orf6 relocalizes E1B-55K to the nucleus and induces p53 degradation by an E3 ubiquitin ligase complex in association with E1B-55K (see section 1.6). E4orf6 alone is also able to bind the C-terminal part of p53 to inhibit its transcriptional activity 200 . However, little is known concerning p53 during immediate early adenoviral infection.

Context: The implication of protein VI in the early stage of infection

Upon immediate early stage of infection, for some DNA viruses (like HSV, HPV, HCMV and HAdV) the incoming viral genome is repressed by cells through the Daxx-ATRX chromatin remodeling complexes 201 . This complexes are components of the PML-NB which are nuclear substructures involved in different pathways like antiviral response, transcription regulation and cell cycle regulation 202,203 . It is inside or nearby these PML-NB that most viral genome repressionis believed to take place 201 .

Nevertheless the different viruses brought within their capsid, structural proteins called ICP0, L2 and pp71 (respectively for HPV, HSV and HCMV) that allow the abrogation of Daxx-ATRX mediated repression to ensure the viral genomes transcription initiation 201 . However the factor of HAdV was not known until our group published in 2012 an article in which we suggested that the responsible factor for HAdV is the minor capsid protein VI (see APPENDIX or 67 ).

The importance of capsid protein VI in HAdV's life and cells fate

The structure and the roles of pVI for HAdV

The adenoviral protein VI is a structural protein located inside the assembled capsid 204,205 . It is expressed as a precursor protein of 250 AA (HAdV-5) from the major late promoter as transcription unit L3 (see Figure 4 and 206 ). Upon virus assembly and maturation protein VI is incorporated into the newly assembled virion in ~ 360 copies and processed at the N and C-terminus via two conserved processing sites used by the adenoviral protease with the consensus motifs, (I,L,M)XGG/X and (I,L,M)XGX/G 36,207,208 . Protein VI harbors additional regions, which are conserved among the different HAdV types (see Figure 10) like an amphipatic helix involved in the endosomal rupture (AA 34 to 107, see below) 46 , a PPxY motif allowing the binding of the ubiquitin ligase Nedd4. During progeny virion assembly pVI's precursor proteins play a role in hexon trafficking by promoting its nuclear import 207 . The association with the hexon shields the pVI's amphipatic helix 204,209 .

Furthermore the precursor of pVI acts as nucleo-cytoplasmic shuttling protein. Indeed binding of hexon inhibits the pVI's NES-1 and the hexon can be transported into the nucleus in a pVI's NLS-importin α/β interaction dependent mechanism 207 .After assembly into new virions, the precursor of pVI was shown to localize partially inside the cavity of the peripentonal hexon trimer 205 .

The precursor of pVI is also implicated in the maturation process of new virions by acting as a coactivator of the adenoviral protease (AVP) which in turn processes all adenoviral precursors proteins (see 1.3.) 41,42,208 . The activation requires the processing by AVP of the HAdV-5 pVI's precursor after AA 239 releasing a 11-AA C-terminal peptide 210 . Then the C-terminal part, called pVIc (AA 240 to 250), stays associated with the protease and induces a conformational change that greatly increases the processivity of the AVP (see Figure 10) 205 . Furthermore the C-terminal processing of protein VI removes its NLS-2 and abolishes the role in nuclear import of hexon 207 . Then the fully activated AVP can process the HAdV-5 protein VI precursor after AA 33. The maturation allows a partial destabilization of the viral capsid to facilitate disassembly and endosomal escape during infection (see 1.5.2) 209,211 . This destabilization is achieved by cleavage of the N-terminal processed part, called pVIn (AA 1 to 34), which releases the link to the peripentonal hexons and destabilizes the vertex to facilitate capsid disassembly 205,209,212 . It was also shown by random mutagenesis of mature HAdV-5 virions that the amphipatic helix is indispensable for the viability of the virus 213 . The L40Q substitution mutation in the amphipathic helix of protein VI in the viral context was shown to stay for prolonged time in the endocytic compartement compared to the wt virus 213 . The L40Q mutation reduces membrane lysis and viral infectivity without affecting thermal induced capsid destabilization 213 . However it is believed that cell types of the target cell and/or genotype of the virus may contribute to differences in the compartiment and mechanisms where exactly disassembly, protein VI release and membrane lysis take place 214,215,216,217 .

Recently, using HAdV-5 mature virions with fibers of the HAdV-35, Reddy and Nemerow partially resolved the structure of the protein VI inside the virion showing its partial location to the hexon cavity 205 . They could show that pVIn and the major part of protein VI (AA 34 to 239) interact primarily with the bases of peripentonal hexon even if the part from AA 158 to AA 239 was disordered and the structure could not be determined (see Figure 11). The authors suggest that protein VI processing change the protein structure to allow rearrangement and full helix conformation probably is required for interaction with the endosomal membrane 205 . Furthermore additional studies suggested the DNA binding ability of protein VI in its processed and unprocessed form 36,218 . This DNA binding is not sequence specific and is believed to link the core and the capsid shell in virions as the interactions of pVI with hexon, pV and pVIII 37,204,205,218,219 . Upon infection, the incoming mature virion partially disassembles during or shortly after uptake to release viral proteins inside the endocytic compartiment including protein VI. Burckhardt and colleagues reported that mechanistic tension due to differential integrin and CAR binding aids in the disassembly process and opens the capsid of HAdV-2 at the cell surface 47 . While, Wiethoff and associates, based on in vitro studies on HAdV-5, published that endosomal acidification induces disassembly by capsid destabilization suggesting that adsorption and endosomal acidification is a prerequisite to virion disassembly 46 . Moreover full HAdV-5 virion endocytosis followed by endosomal escape was observed in live cell imaging in some other recent publications 54,220 . According to Snijder and colleagues the pVIn stays associated with in vitro released hexon trimers 221 . Processed protein VI is released upon disassembly and targets the endosomal membrane thanks to its amphipatic helix 46 . Then the helix inserts into the lipid bilayer and induces a positive curvature leading to the endosomal membrane rupture 46,49,50 .

The endosomal rupture triggers the innate immune activation through the NLRP3 inflammasome activation although it is not exactly clear how 51,52 . But it also permits the virion release into the cytosol which in turn is dependent on the protein VI's PPxY motif 54 . The PPxY motif was recently shown to permit the binding of the ubiquitin ligase Nedd4.2 54 . This motif is believed to be involved in HAdV-5 entry because the M1 virus, with a mutated PPxY motif mutated in PGAA, can lyse the endosome but shows a defect in endosomal escape suggesting the implication of the Nedd4.2 ligase in this mechanism, probably via the ESCRT pathway 53,54 .

Processed protein VI can stay associated with the viral capsid but was also shown to reach the nucleus by itself thanks to its NLS 54,207 . Once in the nucleus our group recently published that protein VI can localizes to the PML-NB.

The implication of pVI in the cell cycle?

In a recent publication from our lab, of which I am a co-author, we showed that the HAdV-5 structural capsid protein VI targeted specifically PML-NB (see APPENDIX or 67 ). The pVI's amphipatic helix is required for this targeting capacity because a pVI truncated mutant of the 54 first AA, called pVIΔ54, showed an even nucleoplasmic localization and lost the association with PML-NBs. Moreover we observed that pVI induced PML-NB clustering upon first hours of infection and upon microinjection suggesting some active protein VI induced process that remodulates PML-NBs. Finally we found protein VI, associated with the ubiquitin ligase Nedd4.2, counteracts Daxx to abrogate transcriptional repression. Thus, wt pVI facilitates to overcome cellular repression for viral gene expression.

With this publication, we provided evidence that pVI, thanks to its PML-NB's localization, inhibits in part the antiviral response triggered by the PML associated components Daxx and ATRX. Based on this observation it was reasonable to study if HAdV protein VI could also interfere with other functions of PML-NB's e.g. those that control the cell cycle.

Material and methods

Cell biology 1.Mammalian cell lines

Cell line Genotype

H1299

Human lung carcinoma cell line, p53 negative (Mitsudomi et al., 1992) HepaRG Pseudoprimary human hepatoma cell line (Cerec et al., 2007; Gripon et al., 2002) HEK-293 Established HAdV-5 -transformed, human embryonic kidney cell line stably expressing the adenoviral E1A and E1B oncoproteins (Graham et al., 1977) U2OS Human osteosarcoma cell line, p16 negative (Ponten & Saksela, 1967) Table 1. Mammalian cell lines.

Cell line culture conditions

All cell lines are maintained in incubators at 37°C and 5 % CO2. All cell lines have been cultured in Dulbecco's modified Eagle media containing GlutaMAX TM (DMEM Media -GlutaMAX™-I, GIBCO®) supplemented with 10% foetal bovine serum (FBS, GIBCO®), 100 U/mL of penicillin and 100µg/mL of streptomycin (GIBCO®). In the case of HepaRG cells, the media was supplemented with 5 µg/ml of bovine insulin and 0.5 µM of hydrocortisone.

Adherent epithelial cell lines were cultivated in T75 flask (#Z707503-100EA, Sigma) in a total volume of 10 ml and splitted every 5 days. To do so culture media is removed and cells are washed with 1X PBS (PBS pH7.4, GIBCO®). Then 1 ml of trypsin 0.05% with EDTA (0.05% Trypsin -EDTA, GIBCO®) is added to the cells for 5 min at 37°C. Trypsin is neutralised through the addition of complete media and one tenth of the cells are transferred to a new T75 flask.

Cell counting

Cell counting was done using Malassez cell filled with 20µL cell culture suspension. Cells contained in 10 squares with a volume of 0.01µL (height 0.25 mm x lenght 0.2 mm x deep 0.2 mm) are counted and multiply by the factor 10 4 to obtain the cell number per mL present in the cell culture suspension.

Cell line transfection

Lipofectamine TM transfection

For transfection 2x10 5 cells are seeded per well of a 12 well plate (TPP). The following day media is min to allow complex formation between the DNA and Lipofectamine. The mixture is then added to the cells using slow dropwise addition to the well containing the previous 400µL of OPTIMEM. Cells are returned to the 37°C incubator for 3h. Then supernatant with the transfection mixture is removed, cells are washed with 1X PBS and new complete media is added on cells. Following 24-48h transfected cells are ready for analysis and transfection efficiency can be determined (e.g. using fluorescence microscopy if GFP/RFP tagged proteins have been transfected).

Polyethylenimine transfection

For polyethylenimine (PEI) transfection 4x10 6 cells are seeded in 10 cm dish. The following day media is removed and replaced by 5mL of DMEM Media -GlutaMAX™-I alone. Then a 1.5mL tube is prepared with 600µL of DMEM Media -GlutaMAX™-I and the respective DNA amount to transfect.

The tube is gently mixed and cleared by short bench centrifugation. Next 25-kDa linear polyethylenimine (PEI) is added at a ratio of 1 μg of DNA: 10 μl of PEI and incubated for 10 min at RT.

The transfection mixture is added to cells and was incubated for 6 to 8 h in a 5% CO2 atmosphere at 37°C before the medium is replaced by complete DMEM media. Following 24-48h transfected cells are ready for analysis and transfection efficiency can be determined (e.g. using fluorescence microscopy if GFP/RFP tagged proteins have been transfected). Luciferase activity was assayed with 10 μl of lysed extract in a luminometer (Lumat LB9507 Tube Luminometer, Berthold Technologies). All samples were normalized for transfection efficiency the Renilla luciferase measurement.

Microinjection of cells

Flow cytometry analysis of cells

CFSE staining of cells

To measure cell proliferation cells are labeled with CFSE dye and dye loss is monitored as a measure of cell division. Cells are seeded at 3x10 6 per 10 cm dish for each condition. The next day cells are trypsinized and collected in 20 ml 1xPBS, split into two and pelleted at 1500g for 5 min. Cell pellets are resuspended in 500 µL 1X PBS or 1X PBS supplemented with 2.5µM CFSE (treated and not treated cells). Cells are than incubated at 37°C for 15 min to allow dye incorporation into the cell. CFSE passively diffuses into cells and when the acetate groups are cleaved by intracellular esterases it become a highly fluorescent carboxyfluorescein succinimidyl ester. The succinimidyl ester group reacts with intracellular amines, forming fluorescent conjugates that are retained in cell. Then cells are pelleted and after centrifugation, supernatant is removed and cells are incubated with 2 mL 1X PBS at 37°C for 15 min followed by three washes of the cells in 10 mL 1X PBS each. Final pellets are resuspended in 1 mL complete media. 400 µL of the final cell suspension is used to control CFSE staining by FACS. Cells are analyzed using SSC and FSC parameters and for the major cell population the FITC signal is used to verify good CFSE staining and the data are recorded as day 0 while non-labeled cells serve as negative control. Then at day 0, 100 µL of stained and non-stained cells are seeded back in new 10 cm dish. Cells are grown and submit again to FACS analysis to follow CFSE reduction signal at day 3 and day 6.

DAPI staining of cells

To identify the cell cycle state distribution of a cell population the DNA content is measured using DAPI stain. For this purpose cells are seeded at 1.5x10 6 in 10 cm dishes. The following day cells are trypsinized and resuspended and washed in 10 mL 1 X PBS/0.1 % EDTA. Cells are gently pelleted at 4°C and 310g

for 5min and the cell pellet is resuspended in 600µl of ice cold PBS/EDTA. To fix the cells 1.4 mL of -20°C ice cold methanol is added dropwise to the cells under constant gentle agitation (e.g. using a vortex at low setting) and incubated on ice for further for 30 min and/or cells are stored overnight at -20°C to allow fixation to complete. The next day cells are equilibrated to RT and the supernatant is removed after carefull pelleting the cells at RT. Cell pellet is washed in 5 mL PBS/EDTA and pelleted again. To stain the cells, the pellet is suspended and incubated in the dark for 30 min at 37°C with 1 mL of staining solution (1X PBS, 1µg/mL DAPI and 0.3mg/mL DNAse free RNAse A to remove RNA (Purelink TM RNAse A, Invitrogen)). Then cells are cooled down to RT and subjected to flow cytometry analysis.

First cells are gated using SSC and FSC parameters. The viable population is gated again and distributed in a window showing DAPI signal in x against cell number in y. Cell phase determination is realized using FlowJo software with automatic cell cycle parameters applying Watson model.

Creation of stable cell lines

GFP-p53 cell line

To generate a stable p53-GFp expression cell line site specific recombination using flp-recombinases was used. U2OS-FRT cells with a stable integration of a FRT recombination site at a transcriptionally active genomic region were transfected with the eukaryotic expression vector, pEF5/FRT GFP-p53, which also encodes for a FRT recombination site and with flp-recombinase expressing plasmid GFP-p53 expression was then verified by western blot.

Constitutive pVI expressing cell line

To generate cells stably expressing protein VI the protein VI open reading frame was cloned into the lentivirus pER80, which drives expression from a minimal CMV promoter and also encodes for a

Puromycin selection marker (kind gift of R. Iggo, Institut Bergonié, see below). Lentiviruses were produced at the lentivirus production facility at Bordeaux University (http://www.transbiomed.u-bordeaux2.fr/pages/vectorologie.html). Lentivirus pER80 infection were done in 12 wells plate on 1x10 5 cells at multiplicity of infection (MOI) 2.5 using infectious particle number. Lentiviruses expressing protein pVI or GFP were diluted in 300 µL complete media and added to the cells for 48 h. Then media was removed and replaced with selection media containing 2 µg/mL puromycin. Puromycin selection was performed for at least 7 days and protein expression was verified by immunofluorescence (IF) and western blot analysis. Bulk transduced cells were cultivated in presence of puromycin.

Inducible pVI expressing cell line

The Tet ON system is used to create inducible cell line 230 . Cells are essentially infected as described above using a MOI 2.5 for pER80 and pER79 lentiviruses. pER79 lentiviral vectors constitutively express an artificial transcription repressor that in absence of Doxycycline binds TetO sequences with high affinity. The pER80 constructs encode such TetO repressor binding sequences between CMV promoter and the gene of interest (see below). The addition of doxycycline to the cell culture medium inhibits repressor binding by changing its conformation and so the CMV promoter becomes activated.

Recombinant cells are selected with 2 µg/mL puromycin (for pER80) and 10 µg/mL blasticidin (for pER79) for 7 days. Inducible expression of protein VI was verified by IF with doxycycline doses from 0.015 µg/mL to 10 µg/mL. Individual clones were generated using clonal selection by limiting dilution in 96 wells. Well A1 was seeded with 4x10 3 cells and diluted ½ sequentially in the first column. Then with a multipipette serial dilution ½ is done in each row. Cells are grown in presence of blasticidin and puromycin in an incubator at 37°C for 20 days. Clones are tested by IF for protein induction using 0.05 µg/mL doxycycline.

Proteasome inhibitor treatment

To determine if proteins are degraded by the proteasome or not, MG132 proteasome inhibitor treatment is performed. Cells are seeded at 3x10 6 in 10 cm dish and the next day media is removed and replaced with media containing 10 µM MG132 (Z-Leu-Leu-Leu-al ≥90% HPLC, #C2211 Sigma) diluted in DMSO or DMSO alone for 5h. Treated and control cells were scraped and pelleted at 1500 g for 5 min

and washed with 1X PBS prior to analysis.

Molecular biology

2.1. Bacterial culture

Bacteria

Most plasmids were amplified in DH5α bacteria strain. DB3.1 strain were used to amplify plasmids containing ccdB operon. STBL3 strain were used to amplify DNA constructs containing direct repeats such as lentivirus DNA. BL21 (DE3) bacteria were used for recombinant protein expression.

Culture media

Bacteria are grown in liquid LB medium (Luria-Bertani medium: 10 g/L pepton, 5 g/L yeast extract, 5

g/L sodium chloride) or on LB-plates (LB supplemented with 15g/L agar). Selective antibiotics were added to LB media at 100µg/mL for ampicillin, 50 µg/mL for kanamycin and 37 µg/mL for chloramphenicol. Bacteria are grown at 37°C except for STBL3 growth which is at 30°C to minimise further any recombinase activity.

Bacterial transformation

50 µL chemically competent bacteria are incubated with DNA (10-100 ng) on ice for 30 min. Thermal shock is performed by incubating bacteria at 42°C during 45 sec and directly transferring them to ice for 5 min. After addition of 950µL LB medium bacteria were allowed to recover at 37°C for 1 hour with constant shaking. Then 100 µL of bacteria is spread on LB agar dish containing appropriate antibiotics.

For STBL3, recovery is done at 30°C to avoid recombination events.

Cloning

Gateway cloning principle (Gateway® Cloning Technology -Invitrogen)

Cloning with Gateway® Technology (Invitrogen) permits to easily transfer an insert sequence to 

LR recombination

LR recombination reactions are done as described above except that 50 to 100 ng pENTRY containing the gene of interest, 150 ng pDEST plasmid and 1 µL of Gateway® LR Clonase® II Enzyme mix (Invitrogen) in a final volume of 5µL is used. Then recombination mixture is transformed in DH5α bacteria and selected on LB-Amp plates. Colonies are analysed as above. We distinguish four kinds of pENTRY.

Plasmids and primers

-pENTRY x : the insert don't have start codon and can only be used in fusion with N-terminal tag after recombination with pDEST possessing a N-terminal tag.

 pENTRY pVI 34-75 insert : pVI from HAdV-5 residues 34 to 75 



b) pDEST plasmids

The plasmids are called pDEST plasmid when they possess a gateway cassette flanked by attR sites and could be recombined with pENTRY allowing the transfer of insert from pENTRY inside the pDEST.

We possess different pDEST plasmids for eukaryotic expression ethanol. After centrifugation at 7500 g during 15 min at 4°C, the pellet is airdried and resuspended in 50 µL Diethylpyrocarbonate (DEPC) treated water, warmed up to 60°C to dissolve the RNA during 10 min followed by long-term storage at -20°C.

Reverse transcription

To be quantified, mRNA required to be reverse transcribed in cDNA for further qPCR quantification.

Reverse transcription is performed using a kit (#A3500, Promega). 1 µg total RNA is resuspended in 7 µL DEPC treated water and heated to 70°C for 10 min and directly put on ice according to the manufacturer's protocol. Next 13 µL of reverse transcription mix is added (4 µL MgCl2, 2 µL 10X reverse transcription buffer, 2 µL dNTP mix, 0.5 µL recombinant RNasin® ribonuclease inhibitor, 0.68 µL AMV reverse transcriptase, 1 µL oligo dT15 primer, 3 µL DEPC water). To carry out the RT reaction tubes are incubated for 15 min at 42 °C, 5 min at 95°C, put on ice for 5 min and stored at -20°C.

Quantitative PCR (qPCR)

Quantitative real-time PCR was performed in a Rotor-Gene 6000 (Corbett Life Sciences, Sydney, Australia). PCR reaction was done in 0. Laemmli was used for denaturation for 10 min followed by 5 min centrifugation at 20 000 g before loading the supernatant onto the gel.

b) Reducing and denaturing gels

Denaturing and reducing polyacrylamid gels allow separation of proteins according to their molecular weight. Two gels are poured: a stacking gel in which wells are created to load and concentrate samples and a separation gel in which enter the concentrated samples to be efficiently separated proteins according to their molecular weight. The upper gel is a 5 % Acrylamid/bis-acrylamid stacking gel: 30% acrylamide bis-acrylamide solution (37. 

c) Coomassie staining

To observe all separated proteins following migration in the gel a coloration of the proteins is performed.

Gels are incubated with Coomassie blue solution (0.25% Coomassie Blue R250, 45% ethanol, 10% acetic acid) during 1h to overnight gentle shaking. The next day a distaining step is performed by incubating the gel in distaining solution (20% ethanol, 5% acetic acid) and sponges to absorb blue dye.

Coomassie blue stains proteins due to strong but non-covalent complexes with proteins, based on van der Waals forces and electrostatic interactions. Formation of the protein/dye complex stabilizes the negatively charged anionic form of the dye producing the blue color which may then be seen in the gel Therefore only non-bound dye is removed from the rest of the gel.

Western blot a) Gel transfer

To detect specific proteins using western blotting, proteins are transferred after gel separation onto membranes followed by specific detection with antibodies. We use either a 0. 

c) Saturation

To avoid nonspecific antibody binding and to reduce the background, membranes are saturated with milk proteins. Saturation is done for at least 45 min at 4°C (or RT) under shaking with blocking buffer:

1X Tris Buffer Saline (137 mM NaCl, 2.7 mM KCl, 25 mM Tris pH 7.4 and 0.0005 % tween) + 10% powder milk (Régilait).

d) Specific protein detection

To detect antigens by western blot, specific antibody raised against the protein are used and incubated with the membranes in blocking buffer at optimized dilutions that give the best signal to noise ratio and which have been determined for each antibody (see antibodies list in 3. Chemiluminescent Substrate #34095 for low protein amount). Detection of the signal is done by exposure of membranes to X-ray sensitive film (GE Healthcare Amersham™ Hyperfilm™) followed by development.

Protein interaction

GST pull-down a) Protein expression induction

GST-p53 encoding bacterial expression vectors are transformed in BL21 bacteria strain. Freshly transformed bacteria or bacterial glycerol stock are plated on LB plates supplemented with ampicillin (Amp) to have fresh bacterial colonies. Single clones are picked and inoculated in 3 mL LB + Amp and grown over night at 37°C with shaking at 180 rpm. The next day the pre-culture is diluted into 250 mL LB + Amp and incubated at 37°C with 180 rpm shaking until reaching 0.6 OD measured at 600 nm in spectrophotometer. Once correct OD is reached, IPTG is added to the culture at 0.5 mM for protein induction during 4 h at 30°C with shaking at 180 rpm. Then bacteria are pelleted at 6000 rpm for 10 min at 4°C and kept overnight at -80 °C.

b) Bacteria lysis

The next day bacteria are thawed on ice for 20 min and pellet is supplemented with 15 mL MTTBs buffer containing 30 mg lysozyme (50 mM Tris, 150mM NaCl, 1% TritonX-100, protease inhibitors aprotinin, leupeptin and pepstatin diluted 1/1000 and PMSF diluted 1/100). Bacteria are kept on ice for 10 min and resuspended. Lysate is sonicated 5 times for 30 sec at 1 min intervals on ice. Cell debris is removed by pelleting at 14000 rpm for 40 min. Supernatant is collected for protein purification.

c) Binding to beads

For each construct, 120 µL glutathione beads are washed 3 times with MTTBs and incubated with the supernatant. Binding of GST-fusion proteins to Glutathione beads is performed for 4 h at 4°C under constant rotation. Beads are pelleted at 1500 g for 5 min and washed 5 times with MTTBs buffer. Finally beads are kept at 4°C in 120 µL MTTBs buffer. After boiling with 20 µL 2x Laemmli to separate proteins from beads and centrifugation at 15000 g for 3 min, protein amount in the supernatant is checked and quantified by PAGE and Coomassie staining using 20 µL beads and BSA range of 1, 2 and 4 µg/mL. 

GFP-trap®

c) GFP constructs binding

For each sample 10 µL pure beads are washed (3x) in dilution buffer (10 mM Tris/Cl pH7.5, 150 mM NaCl, 0.5 mM EDTA and 1mM PMSF) and diluted into 100 µL dilution buffer per sample. Washed beads are incubated with 300 to 800 µg total protein of U2OS or U2OSpVI lysate in a final volume of 800 µL with dilution buffer for 1h at 4°C with constant rotation to allow binding of the GFP-tagged proteins to the beads.

d) Beads preparation

Beads with bound proteins are washed with 1 mL fresh dilution buffer for 3 times and pelleted at 2700 g and 4°C for 2 min. To analyze the bead bound fraction, the pelleted beads are resuspended in 40 µL of 2X Laemmli followed by boiling for 10 min at 100°C. SDS gels and western blots are performed to detect bead bound proteins.

Immunofluorescence

Preparation

Under a hood, the coverslips are washed in EtOH 100% to disinfect and place in 12 wells plate. After

EtOH evaporation, wells are filled with complete media and 1x10 5 cells are seeded. The following day, cells are transfected with appropriate plasmid according to the experiment or directly fixed for endogenous protein study.

Fixation

Cells on coverslips are removed from the 12-well dish, rinsed with 1X PBS and fixed during 15 min at RT with 4% paraformaldehyde (16% paraformaldehyde (formaldehyde) aqueous solution EM grade, #15710 Electron Microscopy Sciences) diluted in 1X PBS. PFA is removed by washing the coverslips in 1 X PBS. Coverslips can be stored at 4˚C in 1X PBS until use.

Cell saturation and permeabilization

Cells on coverslips are blocked and permeabilized with 50 µL IF (immunofluorescence) buffer per coverslip (10% FBS, 0.1% saponin and 1X PBS) during 5 minutes at RT.

Antibody incubation

Primary 

Viruses

Adenovirus

Production of virus stocks

Ten 15 cm dishes of HEK293 cells are infected with replicative or vector derived from HAdV-5 at a MOI around 50. Approximately 48h post initial infection when cells show beginning cytopathic effects and cells start rounding up cells are collected by scraping and pelleted at 3500g for 30 min. Then pellet is resuspended in 40 mL fresh media and three freeze-thaw cycles are done in order to lyse cells and release viruses into the supernatant. Cell debris is removed by centrifugation and the supernatant is kept.

The viruses are purified from the supernatant using ultracentrifugation to generate two successive Cesium Chloride gradients (CsCl for molecular biology, ≥98%, #C4036 Sigma). In the first centrifugation a step gradient is performed with two different CsCl density solution at 1.25 g/mL and 1.4 g/mL in 50mM Tris pH8 and 150 mM NaCl for 2 h at 35000 rpm. Next viruses concentrated in the interphase between the steps is collected with a syringe and repurified using a continuous CsCl gradient starting with 1.35 g/mL. After ultracentrifugation during 18 h at 35000 rpm at 18°C, viruses are found as discrete bands. The lower band (containing intact viruses) is taken and dialysed using dialyse cassette (Slide-A-Lyzer Dialysis Cassettes, 10K MWCO, # 66383 Thermo Scientific) and buffer (1X PBS and 10 % glycerol). Then purified viruses are aliquoted and stocked at -80°C.

Virus quantification

The 

In vivo experiment

To determine if capsid protein VI could be oncogenic in vivo, an experiment was performed in a mouse model developed in Bergonié Institut in the breast cancer team of R. Iggo (see Verbeke et al 234 ). It consists of expressing pVI or control GFP proteins in derived human breast primary epithelial cells (derived BPECs) pushed at the edge of oncogenicity by expression of four genes and inject the cells subcutaneously or inside mammal glands of mouse to monitor if tumorigenesis appear.

Lentiviral transduction

In order to push cells at the edge of oncogenesis that requires one other genetic hit to become tumorigenic, breast primary epithelial cells (BPECs) was transduced by five lentiviral constructs and expressing the human telomerase reverse transcriptase gene, the gene coding for the polycomb complex 

Intraductal and subcutaneous injection

For in vivo experiment, 1x10 5 transduced breast primary epithelial cells (BPECs) and 1x10 The nuclei are in blue and pVI signal is in brown. The scale bar represent 30µm.

Antibody anti-pVI and construct analysis 6.1. Anti-pVI monoclonal antibody epitope mapping

Two antibodies against protein VI were used. First a polyclonal antibody raised in rabbits and affinity purified (Wodrich et al. 2010) and secondly a monoclonal antibody raised against the short form pVI (34-239). This was realized by another PhD student, Ruben Martinez, with the help of Denis Dacheux-Deschamp (Bordeaux2 animal facilities A33-063-916, Martinez et al 212 ). Three Clones were retained and finally clone 9F10 was picked because of its suitability in western blot and IF. This clone was described as IgG1 mouse monoclonal antibody and recognizing linear epitope because of positive western blot signal. For further characterization of the antibody the epitope was mapped.

To do so, truncated pVI proteins are created using PCR amplification of sub-fragments of protein VI and cloned in pENTRY and tagged with RFP at the N-terminus (see sections 2.3. and 2.4.). Then transfection was performed in 6 wells plates. The expression of truncated protein VI versions was verified by western blots using anti RFP antibodies. Parallel staining with mouse monoclonal anti pVI 9F10 antibodies was performed to reveal the specific epitopes (depicted in Figure 15). 

Results

Rational

During entry, HAdV-5 virus is partially disassembled and releases the internal capsid protein VI as part of the structural changes permitting the translocation from the cell surface to the nucleus. Protein VI mediates the endosomal membrane lysis and escape process of the capsid to the cytosol. Within the cytosol, the ubiquitin ligase Nedd4.2 binds to a conserved PPxY motif in pVI via its WW domain as previously shown by Wodrich et al. 54 . The pVI-Nedd4.2 complex is re-targeted to the nucleus (at least when overexpressed) and Schreiner and colleagues showed that pVI is targeted to PML-NBs also early in infection contributing to the initiation of viral gene expression 67,235 .

Recently published data showed that the complex appears to modify PML-NBs and relocalizes Daxx, a PML-NB associated protein with antiviral activity. Based on these observations, we speculated that the pVI-Nedd4 complex targets other PML components in addition to Daxx. Like Daxx, the p53 protein is found in PML-NBs at least under DNA damage stress stimuli 222 . Moreover inside PML-NB the Daxx protein, which plays a role in Mdm2 stability, was shown to bind p53 and to be involved in p53dependent apoptosis 223,224 . Thus, it was reasonable to hypothesize that p53 represents a novel pVI target.

The tumor suppressor p53 is a transcription factor and a major cell cycle arrest regulator. PTM of p53 govern different pathways like cell cycle arrest, DNA repair and apoptosis. Therefore, the question raised (i) whether HAdV-5 protein VI modulates the p53 pathway activation to promote virus replication: and (ii) whether protein VI is used to overcome p53-dependent cell-cycle arrest prior to the initiation of viral gene expression as it is suspected for the Daxx protein.

Protein VI modulates p53-dependent mRNA expression

To answer these questions we first performed experiments to check the impact of pVI on p53 controlled gene expression. We transfected eukaryotic expression vectors encoding pVI fused to the C terminus of mRFP (RFP-pVI) into human HepaRG cells and endogenous p53-dependent mRNA expression was analysed after 24h. As a control we transfected an empty pcDNA expression vector. We focused on major p53-dependent genes involved in cell cycle arrest (p14 after transfection total RNA was extracted and reverse transcribed followed by qPCR analysis.

Expression was standardized to control plasmid transfection as 100% for all the tested genes (Figure 17). Transfecting cells with RFP-pVI reduced p15 and p16 mRNA expression by more than half (p<0.05; p=0.0003 for p15 and p16) while p14 mRNA did not change significantly (p>0.05; p=0.2257).

On the other hand, p21 and BAX mRNA were expressed 2-fold compared to the control pcDNA transfected cells, suggesting differential effects of protein VI co-transfection (p<0.05; p=0.131 and p=0.404 respectively). Next, we wanted to investigate whether p53-dependent genes are modulated at the onset of HAdV-5 infection and whether protein VI plays a role. Thus, mRNA analysis was performed during HAdV-5

infection by quantifying p53-dependent genes using qRT-PCR as described above for transfected cells.

We performed this experiment at immediate early time points after infection, during and after the initiation of E1A viral gene expression (Figure 18) because non-structural proteins also modulate p53 activity 70,238 . Mock-infected cells were taken as reference for unbiased gene expression and relative expression levels were normalized to mock-infected controls. We followed non-structural protein expression using E1A mRNA expression (first expressed protein during infection). The results show that specific p53-dependent mRNAs are modulated within the first 8 h p.i. (Figure 18). In the first 2h in which E1A is not expressed mRNA level is already regulated. p14 and p21 mRNA level are not significantly up-regulated (p>0.05; p=0.2849 and p=0.4747) . p16 is down-regulated about 15.5 +/-5.4

%. Bax mRNA level do not change significantly (p>0.05; p=0.7742). Within the different studied mRNAs, only p16 transcripts show a significant decrease (p<0.05; p=0.0378) compared to mock. At this early time point we can exclude any influence of newly expressed viral genes suggesting that the modulation is a consequence of viral capsid proteins from incoming viral particles including protein VI.

Thus, the data support a role for protein VI in modulating p53-dependent gene expression. After 4 h p.i., E1A mRNA transcripts can be detected (Figure 18) suggesting that E1A protein starts to be present at this time and MOI and its effects on p53 regulation needs to be taken into account 239 .

In summary, these two mRNA quantification experiments (Figure 17 and Figure 18) show that p53dependent gene expression is modulated within the first hours of HAdV-5 infection and pVI could be responsible for a part of this effect.

Protein VI modulates p53-dependent gene activation

To confirm a role of protein VI in p53-dependent gene regulation we used luciferase assays. We followed gene activation at the protein level by quantifying luciferase protein levels when the luciferase gene was placed under a p53-dependent promoter. Here, we performed luciferase assays in the p53 -/lung epithelial cell line H1299 with pluc-p21 plasmid in which the Firefly luciferase is under the control of the p21 promoter (p53-dependent promoter). A plasmid expressing the Renilla luciferase under the PGK promoter was used as internal control for normalisation. As a positive control, we co-transfected a p53 expressing plasmid and defined the luciferase level as 100% relative luciferase activity (RLA;

Figure 19). To confirm the results with the p21 promoter, we tested a second luciferase construct, plasmid pluc-cyG, in which the luciferase is controlled by the cyclin G promoter (Figure 20). Cyclin G is involved in several function of p53 like cell cycle arrest in G2/M, apoptosis and DNA damage response but also belongs to a negative feedback loop inhibiting p53 activity 240,241 . As this promoter is also p53-dependent, we asked if pVI is also able to modulate its activation. Thus, control plasmids were transfected as described above (Figure 19). The results in Figure 20 show that pcDNA co-transfected with pluc-cyG induced 5 +/-1.3 % RLA in H1299 cells, whereas pVI expression with pluc-cyG induced 5.9 +/-1. We next asked the question if this p53-dependent gene response is under a dose effect. A luciferase assay was performed using the pluc-cyG plasmid in which we sequentially increased the amount of cotransfected pVI expression plasmid (Figure 21). With the luciferase construct in the absence of p53, pcDNA plasmid transfected cells presented 5.5 +/-0.4 % RLA and 5.8 +/-0.5 % RLA for pVI plasmid respectively. In contrast with increasing amounts of transfected protein VI expressing plasmids the percentage of relative luciferase activity increased significantly with 106.1 +/-1.9 % RLA for 0.25 µg pVI plasmid (p<0.05; p=0.006), 104.9 +/-5.8 % RLA for 0.5 µg pVI, 131.6 +/-20.2 % RLA for 0.75 µg pVI to reach a maximum of 366.3 +/-24.7 % RLA for 1µg pVI plasmid compared to 100% stimulation with p53 expression alone. The results suggest that increasing the amount of pVI expressing plasmids led to a non-linear increase in p53-dependent luciferase expression in H1299 cells (Figure 21). Thus the cyclin G p53-dependent promoter activation responds to pVI expression in a dose dependent way. However, it was not known if this is due to p53 stabilisation by pVI protein or a p53 transcription activation enhancement, both questions addressed in more detail below (see discussion).

p53 possesses a regulatory feedback loop via the E3 ubiquitin ligase Mdm2 171,242,243 . Mdm2 expression is under control of a p53-dependent promoter, once expressed Mdm2 enters the nucleus and binds to p53 followed by its ubiquitination and degradation 244 . This permits to maintain an equilibrium of p53 amount and activity. In the same way as above we wondered whether pVI expression also controls p53 activity indirectly by regulating the expression of Mdm2 and then maintains a constant amount of activated p53. We addressed this question with another set of luciferase assay using a construct in which the luciferase is under the Mdm2 promoter (Figure 22). Both controls pcDNA and pVI transfected with pluc-Mdm2 gave 9.2 +/-3.9 % and 13.4 +/-3.4 % RLA in the absence of p53. In contrast to the results for the p21 (Figure 19) and the cyclin G (Figure 20)

promoter, the pluc-Mdm2 (Figure 22) showed no stimulation by protein VI (101.8 +/-27.2 % RLA) compared to the cells with pluc-Mdm2 and p53 (100 +/-14.8 %). The RLA difference was not statistically significant (p>0.05; p=0.5404).

Our initial luciferase experiments to test the effect of mRFP-protein VI fusion proteins on p53 mediated gene expression were controlled using an empty pcDNA3 vector (Figure 23). We cloned an mRFP expression vector in the same context as the protein VI fusion protein. To verify that the mRFP part of the fusion protein does not influence p53 mediated gene expression we repeated some luciferase assay.

To this end we co-transfected p53 and a plasmid coding for luciferase expression under synthetic p53dependent promoter called pluc-pRE into H1299 cells and RFP-pVI together with p53 and pluc-pRE plasmids. The results are depicted in Figure 23.

Unfortunately as shown in Figure 23 we observed that RFP tag alone is able to partially activate p53dependent genes in luciferase assays (p<0.05). However around 35 % RLA difference in activation remained attributed to RFP-pVI validating our previous observation. Nevertheless this experiment showed that working with tagged proteins may obscure assays and we decided that it would be best to work with protein VI as a native untagged protein.

Taken together, data from our luciferase assays (Figure 19, Figure 20 and Figure 22) suggest that pVI expression triggers selective p53-dependent promoter activation. 

Protein VI induces posttranslational modifications (PTM) of p53

Next, we decided to investigate whether p53 shows PTM linked activation mainly due to phosphorylation and acetylation (see introduction 2.2.1.) upon pVI plasmid transfection. We transfected either pcDNA plasmid alone, p53 plasmid alone or p53 and RFP-pVI expressing plasmids in H1299 cells and investigated p53 by western blot using a p53 specific antibody (DO-1) recognizing the Nterminal part of p53 protein (Figure 24). Western blots were normalized for beta-globin protein (Figure 24 A, bottom blot). As expected no p53 signal was detected in pcDNA transfected H1299 control cells (Figure 24 A, lane 1). The western blot analysis of cell lysates transfected with p53 expression vector alone showed a major band at 53 kDa at the expected size of p53 (Figure 24 showing that pVI expression induces p53 modifications actively modulating selected p53-dependent genes.

Regulation of p53 PTM during the course of HAdV-5 infection

We previously showed that p53-dependent genes were modulated at very early time points in HepaRG (p53 +/+) cells. The results above (Figure 24) suggested that this could be a consequence of protein VI mediated p53 modifications. Therefore, we decided to investigate p53 modifications at the onset of HAdV-5 infections using western blot analysis (Figure 25). To be able to compare the analysis with the mRNA results we used the same time point for infection in HepaRG as before (Figure 18).

E1A protein cannot be detected by western blot before 8 h p.i.. Considering the previous mRNA results (Figure 18), we assumed that E1A interference would start at 4 h p.i. Although, we used low MOI, a slight band of pVI (Figure 25 A, lanes 1 to 5) could be detected, which was not observed 6 h p.i. (Figure 25 A, lane 5). Compared to mock-infected cells, p53 protein levels changed already 2 h p.i. (Figure 25 A, compare lane 1 and 2). Upon infection, we detected an increasing amount of p53 modified forms degradation products, which are detected in higher amounts than in mock-infected cells. This result was similar to transfected H1299 cells (Figure 24), despite that here (Figure 25) an involvement of other viral capsid proteins and/or the activation of stress pathways e.g. due to cytosol penetration of the virus cannot be excluded. The p53 protein levels and modified p53 moieties increased 4 h p.i. (Figure 25 A, lanes 4 and 5 compared to 3). These time points are not considered in our study as E1A is already expressed and might induce p53 PTM.

Next p53 western blot analysis was performed earlier during infection before E1A mRNA expression.

To exclude a cell specific p53 behaviour during infection, another cell line was used. U2OS cells (p53+/+) were infected (Figure 25 B) and p53 status was analyzed by western blot intervals. The data show a dominant band for p53 at 53 kDa and a slower migrating band at around 35 kDa (Figure 25 B). We observed slight p53 accumulation within the first 3h of infection and between 60 and 120 minutes post infection (m p.i.), p53 PTM rose up with forms between 53 and 70 kDa (Figure 25 B, lane 5and 6 compared to lane 4). This analysis confirmed that p53 PTM are not HepaRG-specific but depend on early infection. In addition, we are tempted to speculate that p53 PTM are induce by the entering viral capsids and do not require E1A expression (Figure 18, Figure 25 and Figure 2 from 245 ). Although we didn't validate other viral capsid proteins our analysis is in agreement with a role for capsid protein VI in modifying p53, which is brought into the cell at ~ 360 molecules per virion 37 .

Protein VI is not complexed with cellular p53

As we reported above, p53 is modified within 2 h p.i. and we found these PTM in pVI transfected cells (Figure 25). Therefore, we suspected that protein VI may contribute to modulation of p53-dependent genes. However, we did not observe any effects of the protein VI bound ubiquitin ligase Nedd4.2 suggesting that Nedd4.2 ligase is not essential to modify p53 (Figure 25). Next, we wondered whether protein VI is able to interact with p53 leading to its PTM. To answer this question, we decided to investigate the intracellular localization of the two proteins using immunofluorescence analysis.

To this end we fixed and stained U2OS cells and detected endogenous p53 using specific antibodies. As shown in Figure 26, panel b, endogenous p53 localizes homogeneous in the nucleus. When we transfected an expression vector for untagged p53, we obtained the same intranuclear distribution but increased the quality of the signal (Figure 26, panel f). When we co-transfected expression vectors for untagged p53 and protein VI (Figure 26, panel k) we clearly see that some pVI accumulates inside the nucleus in spots (Figure 26, panel l), but accumulates also in a perinuclear region as previously observed by Wodrich et al 54 .The overlay analysis showed that p53 does not specifically accumulate at intranuclear pVI spots but was also not excluded from these pVI spots (Figure 26, panel l, arrows).

However, no cytosolic colocalization with p53 could be observed (Figure 26, panel l).

p53 is a highly dynamic protein and can form transient and unstable complexes 246 . A complex might not survive the fixation process and/or exist in too small amounts to be seen by immunofluorescence. We next used biochemical methods to study a putative interaction between p53 and pVI (Figure 27). To this end we used GST pull-down and GFP-trap® in parallel. To perform binding studies with GSTfusion proteins we initially used GST-p53 construct for bacterial expression: full-length p53 Nterminally tagged with GST and three truncated mutants also N-terminally GST tagged. The truncations are p53 from AA 1 to 160, from AA 160 to 320 and from AA 320 to 393. The construct GST-p53 1-160 emcompass the transactivator domain the prolin-rich domain and 60 AA of the DNA binding domain.

Construct GST-p53 160-320 possess the DNA binding domain truncated of 60 N-terminal AA. And the construct GST-p53 320-393 is the C-terminal part of p53 containing the tetramerization domain and the regulatory domain where lot of the p53's PTM are found 164 . We also expressed GST alone as control.

After expression and purification, GST constructs were bound by glutathione beads. Then using coomassie gel we determined the amount of beads needed to obtain similar amounts of GST fusion proteins compared to a BSA standard range. The coomassie gel analysis shows 2 to 4 µg of GST-fusion protein in each lane (Figure 27). A second coomassie gel was required to equalize the amount among GST constructs.

We next used lysates from H1299 cells transfected with pcDNA or plasmids expressing RFP-pVI to perform GST pull-down reactions. We incubated overnight the different constructs with either 800 µg pcDNA transfected lysate or RFP-pVI transfected H1299 cell lysate. Bead bound material was analyzed by western blot using specific antibodies against protein VI from a rabbit serum (Figure 27 B compare left blot with right blot). The western blot data revealed several unspecific bands cross reacting with the protein VI antibody irrespective of the use of protein VI expression vectors or control lysates, showing that we could not use this antibody (Figure 27). As we used a RFP-pVI constructs we repeated the western blot analysis using anti RFP antibody. As control for the tag specificity we used an RFP transfected H1299 cell lysate as control. To circumvent this issue we performed GFP-trap® experiments using expression vectors for protein VI with an N-terminal fusion of GFP (Figure 29). We transfected the GFP-pVI construct into U2OS cells in order to immunoprecipitate endogenous p53. As control we used an expression vector for GFP alone.

In addition, we reversed the order of precipitation using GFP-trap® by mixing lysates from GFP-p53 transfected H1299 cells and protein VI expressing U2OS. This separate approach was necessary because high-level protein VI expression in H1299 cells proved difficult. For GFP-trap® pull-downs using GFP-p53 lysates were split and one fourth of incubated beads was analysed using a GFP antibody as binding control (Figure 29 protein (Figure 29). Nevertheless, the controls showed efficient binding of GFP-tagged proteins and coprecipitation of Mdm2 a known specific p53 interacting protein, thus validating the experiment.

Figure 29. GFP-trap® between tumor suppressor p53 and adenoviral capsid protein pVI.

A: GFP-trap® between GFP-p53 and pVI expressed in U2OS cells. The cells were transfected with 8µg of GFP or GFP-p53 plasmids, harvested 24 h p.t. and the total cell extracts were incubated with GFP-trap® beads and total cell extracts from U2OS expressing pVI cells. Proteins bounds to GFP constructs were detected using pAb high affinity (α-pVI), mAb 3H9 (α-GFP), mAb SMP14 (α-Mdm2) and mAb AC-15 (α-β-actin). B: GFP-trap® between GFP-pVI and p53 expressed in U2OS cells. The cells were transfected with 8µg of GFP or GFP-pVI plasmids, harvested 24 h p.t. and the total cell extracts were incubated with GFP-trap® beads. Proteins bounds to GFP constructs were detected using mAb DO-1 (α-p53), mAb 3H9 (α-GFP), mAb SMP14 (α-Mdm2) and mAb AC-15 (α-β-actin). Molecular weight marker in kDa is indicated on the left, while the relevant proteins are labeled on the right.

Several lines of evidence suggested that expression of protein VI triggers cellular pathways known to modify p53 functions. In line with this, HAdV infection was shown by Barlan et al. to result in late endosome rupture leading to reactive oxygen species (ROS) production 247,51 . ROS in turn were reported to induced JNK and p38 activation that trigger p53 activation through phosphorylation 248 .

Likewise HAdV DNA is sensed by the cGAS/TBK1/STING DNA cascade and induces IRF3 activation which in turn activates p53 249,250 . On the other hand, transfections in general result in free cytosolic/nuclear DNA, which can be recognized as DNA damage that induce p53-dependent cell cycle arrest or apoptosis 251 . In both technical approaches studying the role of protein VI we created a bias for p53 PTM and behaviour. Therefore, we generated a cell line stably expressing protein VI to be able to work with untagged protein VI to avoid any stress that would influence p53 protein levels.

Generation and phenotypic characterization of human cell lines constitutively expressing protein VI

To generate protein VI expression cells we used U2OS as parental cell line, expressing wild type p53 and being permissive for HAdV. First, we generated a lentiviral expression vector encoding for the native protein VI gene under CMV promoter control and a puromycin resistance cassette driven by a PGK promoter. Initially, U2OS cells were transduced with pVI or GFP encoding lentiviruses at an MOI of 2.5 and selected for 10 days using puromycin. We successfully obtained bulk transduced cell lines that we called U2OSGFP and U2OSpVI. Next, these cells were analyzed for transgene expression. First we verified pVI and GFP expression by western blot analysis and compared transduced cells with parental U2OS (Figure 30). The results using protein VI specific antibody showed a specific signal at 27 kDa for the U2OSpVI cells, which was absent from either parental or GFP control cells (Figure 30 A, compare lanes 1 and 2 to 3). In contrast, GFP specific signals were only observed in U2OSGFP cells (Figure 30 A, lane 2).

To confirm protein VI expression in individual cells, we checked pVI localization by confocal microscopy (Figure 30). U2OSpVI and parental cells were seeded on cover slipes and fixed the next day and processed for immunofluorescence using protein VI specific antibodies. As previously observed for transfected pVI 67 , pVI was found in the nuclear and cytosolic compartiment (Figure 30 B, panel h).

Protein VI expression induces proliferation rate

In addition to the dispersion of PML-NBs we also observed morphological changes during the puromycin selection for cells transduced with pVI lentiviruses. In contrast to the parental U2OS cells or the GFP-transduced U2OS cells (Figure 31 A, panel a and b), which maintained a big and flat diamond shaped epithelial appearance, the U2OSpVI cells converted into cells resembling spindular, fibroblast like shape with small cytoplasm (Figure 31 A, panel c).

Figure 30. Generation of GFP or pVI expressing U2OS cell lines.

A: Cells were grown 24h in equal conditions and total cell extracts were prepared after cell harvesting. Steady-state expression levels of total cell lysates were detected using pAb high affinity (α-pVI), mAb 3H9 (α-GFP) and mAb 6C5 (α -GAPDH). Molecular weight marker in kDa is indicated on the left, while the relevant proteins are labeled on the right. B: Verification by immunofluorescence of GFP and pVI protein expression in created U2OS cell lines. Cells were fixed with 4% PFA and labeled with mAb 9F10 (α-pVI). Confocal microscope acquisition was performed against GFP and pVI-labelled proteins. For nuclear staining the DNA intercalating dye DAPI was used. Scale bar represents 10 microns.

In addition we noticed an augmented proliferation rate following selection (Figure 31). To confirm that pVI expressing cells proliferate faster than GFP-transduced or parental cells we next performed proliferation assays (Figure 31). To this end cells from all three cell lines were seeded at the same cell density and growth was monitored for 6 days post seeding by daily cell counting. The analysis in Figure 31 A showed an higher proliferation rate for U2OSpVI cells compared to U2OS and U2OSGFP cells confirming our first observation. The growth curve shows that, for a same starting cell seeding number of 5x10 3 , U2OS and U2OSGFP present both around 1.75x10 5 cells after 6 growth days compared to 4.5x10 5 for U2OSpVI.

To confirm the accelerated proliferation of protein VI expressing cells we performed using fluorescence-activated cell sorting (FACS). In this assay U2OSGFP cells could not be used as control because of overlapping emission spectrum in flow cytometry between GFP and the CFSE dye.

The CFSE assays (Figure 31 C) showed the same result as the growth analysis (Figure 31 B), indicating that pVI expressing cells have a reduced cellular division time. Indeed after a full CFSE staining the signal intensity peaked at 10 5 for U2OS and U2OSpVI at day 0. Cells were seeded back and re-analyzed by FACS analysis again 3 days later. We observed the CFSE signal for U2OS cells around 1x10 3 whereas U2OSpVI cells had a peak ~1 log below at 2x10 2 (Figure 31 C). This lower CFSE signal in pVI expressing cells reflects the higher CFSE probe dilution due to an accelarated cell division for this U2OSpVI cells.

Once we confirmed that pVI cells are growing faster and have a shortened cell cycle than parental cells we asked which part of the cell cycle was modified by the pVI expression. We next analyzed the cell cycle phases to identify cellular phases that were altered in U2OSpVI cells.

The three cell lines (parental, GFP-and pVI-expressing U2OS) were grown for 24 h under equal conditions (Figure 32). After fixing the cells, they were, stained with DAPI and analyzed by flow cytometry to measure the relative distribution of the cell cycle phases according to their DNA content 253 .

A comparison of the DAPI profils (Figure 32) show similar profiles for parental U2OS and U2OSGFP cells but differ for U2OSpVI. Both controls show 43% of cells to be in G0/G1 phase whereas U2OSpVI cells show around 55% in G0/G1 phase. In contrast for the S phase, only ~20% of U2OSpVI cells show S phase staining compared to 35% and 30% respectively for U2OS and U2OSGFP. Concerning the G2/M phases no significant change was observed between U2OS, U2OSGFP and U2OSpVI cells with 22-28% of cells being in G2/M phase. This results showed that pVI expression changes the cell cycle phases increasing the percentage of cells in the population that is in G0/G1 phase. The progression between different phases of the cell cycle is driven by complexes formed between cyclins and Cdk's that modify downstream targets.

To test the hypothesis that protein VI modifies cyclins we decided to analyze their expression by western blot analysis. Lysates of control and pVI expressing cells were analyzed with antibodies against cyclin A, B1, D1 and E ( respectively at 54, 55, 37 and 42-50 kDa) that are known to act at different specific cell phases (see introduction Figure 8).

The results in Figure 33 show all cyclins tested in the different U2OS derived cells. Here we observe that while cyclins A, D1 and E remained at equal level in cells created compared to the parental U2OS cells (Figure 33, compare lanes 5 and 6 to lanes 4) the cyclin B1, expressed at 55 kDa, was decreased around two fold in U2OSpVI bulk cell line (Figure 33, compare lane 4 and 5 to 6).

Complexes driving cell cycle phase switching are also composed by cyclin dependent kinases. Thus, we next analyzed the expression levels of several Cdk's by western blot analysis. We tested Cdk 1, 2, 4 and 6 linked to specific phase transition as well as the regulating Cdk 7, known as activator of the different cyclin dependent kinases and Cdk 9 that regulates polymerase II C-terminal tail phosphorylation during transcription.

Figure 33. Expression analysis of cyclins expression in U2OS, U2OSGFP and U2OSpVI.

Cells were grown in same conditions for 3 days in T75 flasks and harvested then total cell extracts were prepared. Steady-state expression levels of total cell lysates were detected by western blot using pAb sc-751 (α-cyclin A), mAb sc-245 (α-cyclin B1), mAb sc-20044 (α-cyclin D1), mAb sc-247 (α-cyclin E), mAb 3H9 (α -GFP), mAb 9F10 (α -pVI) and mAb 6C5 (α -GAPDH).

Molecular weight marker in kDa is indicated on the left, while the relevant proteins are labeled on the right.

In Figure 34, we observe that Cdk 1 and Cdk 2 are equally expressed among the newly created U2OS cell lines than in parental U2OS cells (compare lanes 2 and 3 to lane 1, two upper blots). There was the same observation for Cdk 7 and Cdk 9 (compare lanes 5 and 6 to lane 4, two upper blots). However the Cdks protein analysis revealed strongly increased amounts of Cdk 4 and Cdk 6 for U2OSpVI cells compared to control cells (Figure 34, compare lane 3 to lanes 1 and 2, the two lower blots). Both Cdk 4 and Cdk 6 can associate with cyclin D1 and promote G1 phase 254,255 . The complex triggers the intial steps of pRb phosphorylation; releasing E2F transcription factor, which in turn is essential for S-phase specific gene transcription 140,256 .

Protein VI regulates p53 and pRb protein stability

So far our results had shown that pVI transfection triggered p53 PTM in H1299 and activated some p53 related genes in HepaRG cells (Figure 17 and Figure 24). In stable U2OSpVI cells we observed that cyclin B1 is decreased (Figure 33). Consistently, Yu and colleagues reported that p53 regulates cyclin B1 stability 257 . We also observed increased amounts of Cdk 4 and Cdk 6, which, are able to phosphorylate pRb protein to inactivate it. Thus, our results suggested that both tumor suppressors p53 and pRb could be modified as a consequence of protein VI expression. Total p53 and pRb amount were investigated by western blot analysis of lysates from U2OSpVI and U2OS parental cells (Figure 35). In addition, we analyzed Mdm2, the major regulatory ubiquitin ligase for the stability of both proteins 171,258 . The results reveal a major band for p53 at 53 kDa (Figure 35, lanes 1 to 3) and at 100 kDa for pRb (Figure 35, lanes 1 to 3) which was drastically reduced in U2OSpVI cells (Figure 35, compare lane 1 and 2 to lane 3) suggesting increased instability of both cellular proteins. The reduced levels of p53 and pRb thus could explain why cell proliferation is elevated in U2OSpVI cells because low pRb protein enables E2F transcription factors, to fully activate S phase genes needed to complete and ensure G1-S phase transition. In U2OSpVI lysate, Mdm2 protein levels are lower than parental cells and U2OSGFP cells (Figure 35). This data shows that there is no link between loss of p53 signal and Mdm2 expression.

To confirm the partial loss of pRb and p53 we next performed immunofluorescence analysis by staining U2OS and U2OSpVI cells with antibodies against pVI and p53 or pRb (Figure 36). The immunofluorescence analysis showed that p53 is still present in U2OSpVI cells but the localization is not restricted to the nucleus anymore (Figure 36). In fact, the p53 signal was found evenly distributed within the whole cell including cytoplasmic accumulation (Figure 36 

Protein VI induces p53 and pRb protein degradation

As pVI was already shown to colocalizes with PML-NB, we next verified whether the viral protein was also colocalizing with PML-NBs in our bulk transduced U2OSpVI cells 67 (Figure 37).

Immunofluorescence analysis were performed as described above and fixed cells were stained using antibodies against protein VI and PML in U2OS parental and U2OSpVI cells. We observed very few PML-NB in U2OSpVI cells compared to U2OS (Figure 37 Besides PML, Sp100 (speckled protein of 100 kDa) is another PML-NB associated factor. To verify that PML-NB structure was abrogated in U2OSpVI cells 259,260 , we next stained U2OSpVI and parental cells with antibodies specific for Sp100 and protein VI (Figure 38).

As for PML staining, Sp100 dots observed in parental U2OS cells are lost in U2OSpVI cells suggesting the absence of PML-NBs and not only absence of the PML protein (Figure 38, panel f). Together these data confirmed that PML-NBs are significantly reduced in cells stably expressing the viral protein VI (Figure 37 and Figure 38) similar to previous results with transfected protein VI 67 .

Previously, our group showed that microinjection of recombinant protein VI into somatic cells disrupts the function of specific PML-NB components 67 . Based on our results, we used microinjection experiments to investigate the effect of protein VI on p53 and pRb in a more direct way by monotoring the dynamycs of fluorophore tagged p53 and pRb after microinjcetion of protein VI (Figure 39 and As expected microinjecting protein VI into pRb-GFP cells reduced the amount of pRb (Figure 35 and Figure 42). Therefore, we next investigated the interaction between these two proteins (Figure 43). To test this, we performed pull-down experiments using GFP-trap® techniques in U2OS cells expressing GFP-pRb and pVI. We transfected protein VI expressing U2OS cells with GFP-pRb and as internal control and performed pull-down using anti-GFP nanobodies (GFP-trap®). We were able to detect high levels of protein VI and GFP fusion proteins in lysates of transfected cells (Figure 43, lanes 1 and 2).

In contrast when analyzing the sepharose beads bound fraction by western blot, we did not detect protein VI (Figure 43, lanes 3 and 4, lower blot), although GFP-pRb was expressed at high levels (Figure 43, lanes 3 and 4 upper blot). This data suggested that pVI does not form a direct complex with the cellular pRb factor.

We showed that microinjection of pVI into U2OS cells induces rapid loss of GFP-p53 and GFP-pRb protein signal. Thus, we suggest that both cellular proteins are sequestered into the proteasomal degradation pathway of the host cell after pVI expression. We next blocked proteasomal degradation with the proteasome inhibitor MG132 and investigated pRb and p53 protein concentrations in dependency of pVI expression (Figure 44). The results show that upon proteasome inhibition in 

U2OS cells were transfected with 8µg of GFP or GFP-pRb, harvested 24 h p.t. and the total cell extracts were incubated with GFP-trap® beads and cell lysate from U2OS expressing pVI cells. Proteins bounds to GFP constructs were detected using pAb high affinity (α-pVI), mAb 3H9 (α-GFP) and mAb AC-15 (α-β-actin). Molecular weight marker in kDa is indicated on

the left, while the relevant proteins are labeled on the right.

Separately, U2OS and U2OSpVI control cells showed no differences in protein expression (Figure 44, lanes 1, 2, 3 and 4). After MG132 treatment of U2OSpVI, total p53 concentrations did not change compared to U2OS cells (Figure 44, lane 3 and 6). This strongly suggests that in U2OSpVI, p53 is constantly degraded through a pVI-mediated pathway and not that p53 is less expressed compared to parental U2OS. In U2OSpVI we observed that pRb accumulates after inhibitor treatment (Figure 44, lanes 1-3) while in parental U2OS cells, pRb does not accumulate (Figure 44, lane 4-6). As expected, MG132-treated U2OSpVI cells showed a similar amount of pRb protein concentration compared to U2OS cells (Figure 44, lanes 3 and6). This suggests that in U2OSpVI cells, pRb is also constantly degraded in a pVI-mediated pathway. In addition, this experiment shows that pVI protein concentrations were not affected by MG132 treatment suggesting either absence or low proteasomal turnover of protein VI in the U2OS cells (Figure 44, lane 2 and 3). Taken together, stable pVI expression in U2OS cells induces proteasomal degradation of p53 and pRb

Generation and phenotypic characterization of human cell lines inducibly expressing protein VI

In order to understand how pVI influences cell cycle changes and how PTM of p53 and pRb proteins were achieved, we generated a cell line with inducible protein VI expression. Therefore, an inducible cell system was created in parallel to the U2OSpVI cells characterization. For this approach, we used the Tet-On system to induce gene expression by an artificial transcription repressor (TR) construct from

Figure 44. MG132 treatment restores p53 and pRb protein levels in U2OSpVI cells

Cells were grown for 24h in equal condition and mock-treated, treated with DMSO or with MG132 at 10µM for 5h before cell harvesting and total-cell extract preparation. Protein expression levels were detected by western blot using mAb DO-1 (α-p53), pAb high affinity (α-pVI), mAb 4H1 (α-Rb) and mAb AC-15 (α-β-actin). Molecular weight marker in kDa is indicated on the left, while the relevant proteins are labeled on the right a Tet repressor that in absence of doxycycline (Dox) binds with high affinity to TetO sequences between the promoter and the gene of interest to induce. The addition of Dox to the cell culture medium inhibits the repressor binding by changing its conformation and induces expression of the gene of interest.

To generate the respective cells we infected U2OS cells with two lentiviral constructs. The first construct is the pER80-pVI that encodes the pVI gene under a minimal CMV promoter and a puromycin resistance cassette under PGK promoter. Upstream of the pVI gene and downstream of the CMV promoter, the pER80-pVI construct encodes a TetO (operon) sequence that permits TetR protein binding. The second lentivirus is the pER79 that codes for a blasticidin resistance cassette under PGK promoter and the transcriptional repressor TetR constitutively expressed thanks to a CMV promoter. Upon stable integration of the respective lentiviruses and in absence of doxycycline, the TetR protein is expressed by the pER79 integrated lentivirus and binds to the TetO sequence of the U2OS integrated pER80-pVI.

As a consequence the CMV promoter is repressed and gene expression for protein VI is abolished. The initial characterization of the inducible U2OS+TR+pVI cells suggested that the best signal strength was obtained at 0.05 µg/mL so this concentration was kept for all subsequent experiments. Using this concentration we next wanted to test the kinetics of protein VI induction. Therefore, we seeded the U2OS+TR+pVI and U2OS+TR cells and induced protein VI through addition of 0.05 µg/mL Dox followed by western blot analysis. The results show that protein VI expression could be detected as early as 2h post induction (Figure 46, lane 2) but most efficient protein VI expression was detected starting 8h post induction (Figure 46, pair lanes from 8 to 18). This experiment showed that pVI induction system is efficient at 8h after Dox induction and that pVI accumulated post induction (Figure 46, pair lanes from 8 to 18).

We next wanted to confirm inducible protein VI expression at the single cell level. Bulk transduced U2OS+TR+pVI, U2OS+TR and parental U2OS cells were seeded onto coverslips and 24h post induction at 0.05 µg/mL Dox cells were fixed. Cells were analyzed by immune fluorescence using antibodies against PML and pVI protein (Figure 47). As expected using the antibody anti protein VI 

Protein VI-dependent reprogramming of mammalian cells in vivo

Our data so far showed that protein VI expression controls the stability of major cell cycle regulators and potent tumor suppressors p53 and pRb at least when expressed to high levels. This in turn suggested that protein VI may act as a viral oncogene. To test this, we had the opportunity to perform a one shot for U2OS transduced cells (Figure 35). On the contrary, slight p53 increase was noticed for MOI 20 compare to GFP transduced 4gPI3K cells in western blot analysis (Figure 50 B, compare lane 3 and 4).

Thus immunofluorescence was performed using antibodies against pVI to verify expression levels for protein VI in 4gPI3K cells transduced at MOI 20. The fluorescent signal from overlaping spectra of CFP and GFP was also followed by epifluorescence but not quantified because not required for the analysis of pVI in this study (Figure 51, pictures c and d). A further analysis or optimization of the transduction conditions was not possible due to time constraints because the mice for the experiment had to be injected precisely in 6 weeks old NSG mice because their mammary gland arborescence is sufficientlty developped but not mature allowing human derived cells to engraft and replace luminal layer of the duct. Therefore, the decision was taken to inject the mice even if only a subpopulation of the cells would express protein VI.

Subsequently injections were performed in the A2 animal facilities of the animal care facility of the University of Bordeaux (http://www.cgfb.u-bordeaux2.fr/en/synthese-animalerie) using a mixture of 1x10 5 GFP or pVI transduced 4gPI3K cells with 1x10 5 irradiated mouse fibroblasts and 10% lamininrich extracellular matrix to ensure the survival of the cells immediately after injection. Injections were performed for five mice per condition (mouse 1 to 5 for 4gPI3K+GFP and mouse 6 to 10 for The injection of the mammary gland duct is a more physiological environment for the grafting of BECPs because they were shown to engraft and form primary outlining epithelia in the ducts 234,261 . To test the effect of protein VI transduction on neoplastic BECPs, the mammary glands were removed and also analyzed. First, we performed a stereomicroscopic investigation to see if fluorescently marked cells were still present in the ducts. Unfortunately, during gland extraction one was injured and couldn't be analyzed (mouse number 5 injected with 4gPI3K+GFP). For all remaining glands, fluorescent signal could be observed in ductal arborescence showing that human cells engrafted in mouse mammary ductal gland irrespective of whether the cells were transduced with the control GFP-vector (Figure 53) or with pVI expressing vectors (Figure 54). Mice injected with cells transduced by the control GFP-vector showed punctuated distribution with some highly fluorescent and longer engraftment around 4 mm along the mammary duct (Figure 53, panel 1 and 3).

For pVI mice (injected with 4gPI3K+pVI cells) engraftment is similarly showing punctual engraftment in mammal duct arboreacence (Figure 54). However, at the resolution of stereomicroscopy, no differences could be observed between control mice injected with 4gPI3K+GFP cells (Figure 53) and mice injected with 4gPI3K+pVI cells (Figure 54). Because above fluorescence analysis by stereomicroscope did not give clear results about putative tumorigenesis due to protein VI expression it was decided to control glands and engrafments by immunohistochemistery (IHC) to study tumorigenesis at the cellular level. After embedding into parafin, glands were sliced using a microtome before IHC analysis of hematoxylin and eosin staining as well as staining for CFP, p53 and pVI expression staining. In hematoxylin and eosin staining, eosin stains basic structures in pink like the cytoplasm while hematoxylin stains acidic structures in purple like the nucleus.

Thus by H&E staining the nucleus, and parts of the cytoplasm that contain RNA stain in one colour (purple), and the rest of the cytoplasm stains up in a different colour (pink). Concerning the CFP and According to his analysis in mouse 2 the tissue showed that some nucleus of human cells were atypic and the cytoplasms were bigger than in normal human or murine cells but the whole tissue was normal (Figure 55, mouse 2, panels a to c). For mouse 3, two cell population were found. A population described as normal tissue like mouse 2 (Figure 55, mouse 3, panels d to g) and a second one with a lot of apoptosis marked by high p53 staining (Figure 55, mouse 3, panels g to i) which was malign and presented ductal carcinoma in situ (DCIS)
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. Atypic nucleus were found in mouse 4 (Figure 55, mouse 4, panels j to l) but cells were normal.

Gland from mouse 1 was not analyzed because of sample destruction during parafin treatment.

Unexpectedly, the control mice (1 to 5) also presented malignancies showing that already 4gPI3K cells expressing GFP were tumorigenic. This analysis showed that the 4gPI3K+GFP cells ,which initially was our negative control, appear to be positive for tumor developpement and are not appropiate as negative control. Therefore, we will not be able to determin if pVI is oncogenic or not due to this false negative control.

Nevertheless the mammary glands injected with 4gPI3K+pVI cells were analyzed in IHC by the anapathologist. Interestingly for mouse 6 slight hyperplasia was found (Figure 56, mouse 6, panels a to f) which is an accumulation of abnormal cells in a breast duct and is a precancerous condition and a sign for breast cancer development risk 262 . Beginning DCIS was found for mouse 7 (Figure 56, mouse 7, panels g to i). Concerning glands from mouse 8 and 10 normal human cells were observed (Figure 56, mouse 8 and 10). Finally gland from mouse 9 was described as cells becoming transformed according to the anapathologist. An analysis of the pVI signal was also performed by IHC, unfortunately no pVI signal was found. While the antibody against pVI worked in IHC it is currently not clear if the antibody also works in parafin embedded material. Also, only 1.5x10 3 pVI positive cells were injected into the mouse mammary glands (15% of 1x10 5 cells) which is low compared to the 1x10 5 cells used for the control.

According to the data obtain in the mouse model we cannot conclude if pVI is an oncogenic factor. We could observe hyperplasia, malignancy and transformation in mammary glands transduced with a pVI expressing lentivira vector but no pVI signal was detected maybe for technical reasons or because there was no pVI expression.

In summary within this thesis we observed that pVI modulates p53-dependent genes in a dose dependent way and trigger p53 PTM. While no specific interaction were found between pVI and p53 or pRb, we could observe that pVI expressing cell lines show deceased amounts of p53 and pRb which was confirmed in microinjection experiments of protein VI in U2OS cells. This reduction was defined as degradation by MG132 rescue experiments in U2OSpVI cells but could not be verified in an in vivo mouse model. We established pVI inducible cells allowing refined future experimentatl approaches.

Interestingly we also observed that pVI expressing cells have higher proliferation rates than parental U2OS cells with G1 phase Cdk level increased and lower amounts of cyclin B1 suggesting possible role of pVI in cell cycle modulation. Adenoviruses mostly infect epithelial cells to replicate their genome and create progeny virions.

However such cells are normally terminally differentiated and have reduced metabolic activity as such they disfavor virus multiplication. Thus to go ahead with their replication cycle adenoviruses need to establish optimized conditions in their target cells. To do so HAdV's trigger S phase progression coupled with high metabolic activity. During S phase, cellular DNA is duplicated and proteins supporting the DNA replication machinery are fully expressed allowing their viral take over for the viruses own benefit.

Research performed during the past decades has shown that HAdV delivers its genome to the nucleus upon infection and expresses early non-structural proteins aiding in the establishment of S phase. E1A

is the first transcription unit activated once the viral genome reached the nucleus. The E1A protein is able to force the infected cell to enter into S phase by neutralization of the transcriptional repressor retinoblastoma protein pRb 263 . E1A binds and relocalizes pRb allowing E2F-controlled genes activation and subsequently driving the cell in a productive S phase. In addition several early viral promoter are under E2F control thus next to cellular gene transcription, E1A also promotes activation of viral gene expression allowing transcription factor E2F to bind to viral promoter. Furthermore full S phase establishment is achieved by the early viral protein E1B, which counter E1A pro-apoptotic properties and degrade proteins involved in cell cycle inhibition like p53 and the DNA damage machinery that would impair viral infection (see introduction for details).

Protein VI modulates cellular gene expression and induces p53 PTM

A major limitation for successful initiation of HAdV replication stems from the fact that E1A expression has to be established in the first place. This problem is not trivial to come by because incoming viral DNA is condensed for the sake of packaging and transport and is recognized by cellular defense mechanisms as "non-cellular" and hence repressed by cellular antiviral mechanisms such as PML-NB associated pathways preventing early viral gene expression. In fact until E1A expression takes place, only the limited amount of capsid proteins present in the incoming virions can interact with cellular proteins to establish favourable condition for viral gene expression and the infection.

The adenoviral capsid protein VI is present in ~ 360 copies in the incoming virion and part of it is presumably delivered towards the nucleus upon infection within 20 min while E1A expression appear within 2-4 hours after infection (see Figure 2 from 67 ). Protein VI was also recently shown to relocalize the cellular repressor Daxx and could potentially modulate viral and cellular gene expression before E1A is expressed.

In fact when we infected cells with HAdV-5 at MOI 20 (Figure 18), we observe that only p16 gene implicated in p53 stabilization and inhibition of G1/S phase transition is significantly down-regulated by 20 % already at 2 h p.i. 264 . This regulation is unlikely a result of E1A expression as we observe the regulation at very early time points when E1A is hardly present. At 4 h p.i. two genes, p14 and p16, are modulated significantly, which both are involved in cellular transcription factor p53 stabilization and cell cycle arrest. The p14 gene is up regulated by ~ 55% compared to 2 h p.i.. As p14 is described as oncogenic stress sensor induced in response to hyperproliferative stimulation like exerted by Ras and Myc, the mRNA increase could be due to sensing pVI-induced membrane damage or other viral protein 265,266,267 . In contrast p16 gene expression increased by 20% and went back to mock-infected cell mRNA level at 4 h p.i.. This suggests two antagonist effects of HAdV-5 infection on p16 between 2 and 4 h p.i.. Within the four first hours of infection, for BAX mRNA levels the results are less clear and not significantly up regulated as for p21 mRNA. A critical time point seems to be at 6 h p.i. in which all p53 related genes undergo down regulation compared to 4 h p.i.. This may be explained by the onset of E1A expression which potentiates the early viral response. To study the role of pVI and its implication in p53 modulation and to exclude that our observations are biased by E1A protein interference through p53 we only considered time points until 4 h p.i.. In the future the use of E1 deleted Adenovirus would be a good alternative which would permit to study cellular gene modulation in the absence of E1A expression or other non-structural protein expression.

Using protein VI expression vectors as our experimental approach in turn showed unequivocally that capsid protein VI like E1A is able to modulate cellular gene expression independently. Firstly with over expression of RFP fused protein VI in HepaRG cells we showed that p21 and BAX mRNA expression is up-regulated significantly around two fold while CKI p15 and p16 are down-regulated by more than two fold (Figure 17). These results suggest that cells expressing protein VI could be triggered into apoptosis via BAX or in cell cycle arrest in G1 via p21. These functions are associated with the HAdV E1A protein suggesting similar functions between protein VI and E1A 70,190 . However mRNA analysis experiment is indicative and doesn't reflect the amount of the corresponding protein levels in cells.

By using Luciferase assays as parallel approach we could show a pVI protein dose effects in modulation of p53 controlled genes. Our results showed that pVI transfection can induce p53-dependent gene expression by ~30 % for p21 promoter and ~40% for cyclin G promoter. Both are reported to be "proarrest" genes activated upon ubiquitination of K320 by the E3 ubiquitin ligase E4F1, on chromatinbound p53 268 . Moreover cyclin G belongs to a negative feedback loop of p53 269 . It rapidly transcribed to high levels after p53 activation and associates with PP2A phosphatase, which in turn removes a phosphate from Mdm2 at T216 enhancing Mdm2 inhibitory activity of p53 270,271,272 . Furthermore the cyclin G promoter showed a pVI dose dependent activity. We observed increased cyclin G promoter mediated transcription when pVI plasmid transfected amount is also increased. These experiments show that pVI protein stimulates p53-dependent genes in a dose dependent fashion and support a potential role for protein VI in augmenting cyclin G expression to suppress p53 activity in apoptosis, cell cycle arrest or DNA damage regulation.

Nevertheless in our luciferase assay pVI was fused to RFP, and therefore a RFP expression control is missing. When we finally cloned the RFP plasmid we performed one additional luciferase assay with luciferase construct under the control of a synthetic p53-dependent promoter composed of five successive p53 response elements. Despite that it has never been reported we showed that RFP protein expression alone stimulates p53-dependent reporter constructs significantly. However the RFP control plasmid we used was a pDEST plasmid for RFP tagging protein by recombination and therefore expressed RFP protein including additional 22 AA until the stop codon. Unlikely, but formally this addition could play a role in p53-dependent promoter activation. Potentially this control plasmid also expresses the ccdB protein (E.coli DNA gyrase inhibitor) reported as non-toxic for eukaryotic cells but which may cause cellular stress response through p53 signalling. In sum even if in our experiment RFP induces p53-dependent luciferase expression, still, an additional increase of over 35 % of relative luciferase activity is seen with RFP-pVI plasmid when compared to the RFP plasmid confirming that pVI contributes to the induction of p53-dependent gene expression. Alternatively, we cannot exclude that the p53-mediated gene activation could be due to a cellular stress response linked to the over expression of pVI, which has been shown to trigger extensive membrane damage 46,273 . Such an explanation however appears less likely because we showed that in luciferase assay were the luciferase was driven by the Mdm2 promoter, up-regulation in activity is not observed when pVI is over expressed (Figure 22). This suggest that pVI regulates the modification state of p53 triggering p53 activation and induction of p53-dependent genes. It is believed that p53 possess a non-specific DNA binding ability driven by its C-terminus which is inhibited upon stress by PTM like phosphorylation of S315, S378 and S392 to increase sequence-specific DNA-binding of central DNA-binding domain of p53 274,275,276,277 . Moreover PTM on p53 leads to defined protein partner interaction that also drive promoter binding selection and thus can explain why in our experiments activated p53 was shown to stimulate p21 and cyclin G promoter but not the Mdm2 promoter 278 . Such an explanation for p53-dependent gene expression driven by protein VI is further supported by our western blot analysis in which we observed post translational modifications (PTM) of p53 upon infection. We showed that within the first two hours of infection the p53 state changes independently of cells type (Figure 25). On western blots, other group have shown that p53 accumulates during early infection 245 . Modified p53 forms appear after one hour of infection, most likely phosphorylated and ubiquitinated forms for p53 activation and degradation respectively, with a similar kinetic with which protein VI accumulates in the nucleus. However, implication of additional or alternative capsid proteins cannot be excluded.

throughout the cells and the overall intensity is even more decreased in immunofluorescence. Consistent with the p53 decrease and its role as transcription factor for the ubiquitin ligase Mdm2, it is not surprising that the overall amount of Mdm2 is also lower in U2OSpVI cells 280 . However because Mdm2 is the major ubiquitin ligase that mediates p53 degradation and we observed a drastic p53 decrease in U2OSpVI, a high amount of Mdm2 would have been expected. Instead the lower amount of Mdm2 that we observed suggests that possibly a different ligase complex can provide the role of Mdm2 in p53 degradation for U2OSpVI cells 244 .

Protein VI modulates the cell cycle by similar mechanisms like E1A proteins

E1A protein through pRb inhibition leads to cell cycle progression and S phase induction (see introduction). Here in support of the idea that pVI could be an E1A surrogate, we observed that pVI expression in U2OSpVI cells also modulates the cell cycle. One very obvious feature harboured by bulk transduced U2OSpVI cells was the elevated proliferation. Growth curves over six days and CFSE dilution experiments confirmed faster multiplication of U2OSpVI cells compared to U2OS. Intriguingly when cell phases were analysed in more detail using FACS analysis, after 24 hours unsynchronized U2OSpVI showed low amounts of cells in S phase and instead accumulated cells in G0/G1 suggesting that this phase is favoured upon pVI expression. However this result could also be due to a slower protein VI dependent re-entry into the cell cycle for U2OSpVI because 24 hours after seeding cells could still remain in a quiescence state in G0 phase. It is possible that the lower surface adherence after seeding could delay the signalling to start cell division. To convincingly establish that U2OSpVI favours the G1 phase and possesses a faster cell cycle compared to U2OS and U2OSGFP we need to perform a cell cycle release assay. This could have been achieved by using cells seeded for three days to ensure good adherence and treat them with double thymidine to induce cell synchronization in G0. Then release the signal would be brought by replacing the media and the cellular DNA content would be measured at different time points with FACS revealing the progression profile of U2OSpVI cells. This assay would get over the possibility of adherence difference and give the real time required by U2OSpVI cells to perform one cell cycle.

Faster growth suggested that cell cycle modifications occur in the U2OSpVI cells, which should be reflected in a modulation of cell cycle regulating proteins. As descibed in the introduction the expression of cyclins and Cdk's is linked to specific cell phases thus we expected primarily expression of G1 phase cyclin D or E that would fit to our phase analysis performed by FACS. However western blots showed no accumulation of cyclin D and E but instead changes for cyclin B1 which was reduced by 50% in U2OSpVI cells compared to the control cells.

Cyclin B1 depletion triggers a delay in mitosis entry but is not essential for its establishment 281 .

Moreover it is claimed that even 5% of cyclin B1 may permit G2-M transistion. In contrast, cyclin B1 overexpression is linked to a longer G2-M transition. Here we observe significant reduced amount of cyclin B1 that could suggest a shorter G2-M transition allowing faster cell division as we observed.

Interestingly cyclin B1 reduction is also linked to p53 257 . Yu and colleagues showed that introducing p53 into a p53 negative cell line leads to a decrease in cyclin B1 levels but not mRNA suggesting a role of p53 on cyclin B1 stability 257 . Furthermore as observed in cells treated with retinoic acid, a compound used for cell differenciation via PML degradation, accumulation of cells in G0/G1 is concomitant with reduced amounts of cyclin B1, which in turn would support our data 282 .

As cell cycle regulation is controlled by complex formation between cyclins and Cdk's, we also investigated the major Cdk protein levels in the U2OSpVI cell line. While most Cdk's showed no changes in steady-state levels both Cdk 4 and 6 were strongly increased in U2OSpVI cells compared to U2OS and U2OSGFP cells. Both Cdks are involved in G1/S phase transition and more precisely in pRb phosphorylation (see introduction). This results suggest that G1/S phase transition could be favored by protein VI expression and lead to the activation of the complex cyclinD-Cdk 4/6. Furthermore it was shown that cyclin D-Cdk 4 overexpression leads to shorter G1 phase 283 . More interestingly, Cdk 6

overexpression was shown to lead to a faster cell cycle and morphological change in astrocytes 284 . Thus boosting Cdk 4/6 increase cell proliferation as we observed with U2OSpVI cell line. In addition to increased Cdk 4/6 protein levels the cyclin D-Cdk 4/6 complex activation also requires the cyclin H-Cdk 7 complex 285 . However neither Cdk 7 nor the transcription associated Cdk 9 was increased in expression in bulk U2OSpVI cell compared to control cells.

In summary both our experimental approaches, microinjection and stable cell line creation, showed that pVI mediates the degradation of key regulators of the cell cycle. Hence with these results we speculate that indeed early in the adenoviral infection the limited amount of pVI coming from the capsid virion plays a similar role as the immediate early E1A gene and thus functions as surrogate to help S phase establishment before the onset of viral gene expression substitutes the function with almost unlimited amounts of E1A and other early gene products to secure productive viral replication.

Protein VI mediated cell cycle control

PML-NBs are important sub-nuclear domains linked to antiviral responses but also to viral replication.

Several DNA viruses maintain factors that modify PML-NB functions early in infection 286 . In adenoviral infection the incoming genome is repressed by the transcriptional repressor Daxx, which is a PML-NB resident protein. PML-NB's are rapidly targeted by incoming capsid proteins to overcome cellular innate defence mechanism.

Protein VI dependent PTM of p53 and pRb

Our previous work showed that pVI protein redirects the ubiquitin ligase Nedd4.2 to the nucleus and more precisely towards PML-NB resulting in cytoplasmic relocalization of the repressor Daxx 67 . Thus limited amounts of pVI establish a favourable micro environment at PML-NB to permit viral gene expression by nuclear factor relocalization. Here using microinjection and U2OSpVI cell lines we observed that nuclear p53 and pRb is also translocated to the cytoplasm followed by degradation upon microinjection of protein VI, which we confirmed also for the steady state in U2OSpVI cells using immunofluorescence. Because of our previous Daxx study we assumed that interaction with pVI and p53 or pRb could take place at PML-NBs allowing pVI-bound Nedd4.2 ubiqutin ligase to modify and trigger ubiquitin-mediated degradation of p53/pRb.

Unfortunately interaction studies using GFP-trap® and GST pull-down co-precipitation did not provide evidence for any interaction between pVI and pRb or p53. Moreover in confocal immunofluorescence analysis no colocalization between the proteins could be observed.

These results suggested that pVI expression leading to pRb and p53 degradation could results from indirect effects raising the possibility that pVI impacts on modifying partners for both tumor suppressor and not via direct interaction as we thought.

More interestingly in this context is the observation that when the U2OSpVI cell line was treated with proteasome inhibitor MG132, p53 and pRb protein levels were restored to similar level as in the parental U2OS cells (Figure 44). In addition higher running forms of p53 (at around 100 kDa) and lower running forms (at around 35 kDa) were found when U2OSpVI cells are treated with MG132 and analysed by western blot. These results suggested that p53 was indeed subject to post-translational modification most likely with ubiquitin. The MG132 experiments also unequivocally proved that diminished levels of both proteins were not the result of lower expression levels in the U2OSpVI cell lines but instead resulted from accelerated degradation via the proteasome and thus implicated the ubiquitination system.

Unfortunately time constraints did not allow to elucidate the underlying mechanism. This could be achieved by siRNA screening against major ubiquitin ligases involved in p53 and/or pRb degradation.

Thus knockdown of the responsible ligase would be expected to restore p53 and pRb protein levels.

In the U2OSpVI cell line, we observed decreased amounts of three proteins involved in the cell cycle p53, pRb and cyclin B1. Moreover our results showed that p53 and pRb are targeted to the proteasome and from the literature it is known that cyclin B1 is also degraded by the proteasome via the APC/C ubiquitin ligase complex 287 . Thus modulation of the ubiquitin system appears to be at the origin of the protein VI dependent proliferation phenotype observed which could possibly be related to APC/C like complexes. Indeed when we tried to study the cell phase distribution using the FUCCI system (fluorescence ubiquitination cell cycle indicator), we obtained unexpected preliminary results. The FUCCI system is based on two cell cycle-regulated proteins tagged with fluorescent proteins, GFPgeminin and RFP-Cdt1, which are phase specifically expressed and degraded via APC cdh1 and SCP skp2 respectively 288 . Different from control U2OS cells, which showed high fluorescent either red or green according to cell phase during a 24 hours movie, no U2OSpVI cells showed any RFP fluorescence suggesting a highly active SCP complex which is expressed in S, G2 and M phase. GFP fluorescence was likewise barely visible in U2OSpVI unless cells died when they became strongly green. Both GFP and RFP constructs used a CMV promoter so fluorescence signals should be obtained only when the degradation complex is inactive 288 . Thus our preliminary results suggested that the APC/C complex is highly active in the U2OSpVI cells degrading GFP fused protein until cell death that occurs likely by G2 arrest when APC cdh1 is repressed allowing GFP accumulation.

To further study the role of pVI expression in cell cycle regulation we also generated inducible cell lines expressing pVI under doxycycline responsive promoter control. After time-consuming clonal selection, two clones were selected for their homogenous and high pVI induction ability based on immunofluorescence analysis. PML-NB clustering upon pVI induction was still observed and pVI was localized to both the nucleus and the cytoplasm. Using western blot analysis we noticed that pVI induction conditions had to be defined in clonal homogenous populations.

Importantly in these clones absolutely no leak of protein VI expression was observed in immunofluorescence and western blot analysis (Figure 48 and 

Protein VI dependent PML-NB modulation induces degradation of p53/pRb

Interestingly PML-NB is targeted by pVI in infection or ectopic expression. In our microinjection experiments pVIΔ54 present a weaker phenotype than wild type pVI probably due to the inability for the mutant to reach PML-NB because of its truncated amphipathic helix 67 . As the amphipathic helix is a PML-NB targeting signal this suggests that PML-NB could be an important area involved in p53 and pRb degradation in microinjection. We also observed that in U2OSpVI cells, PML-NB are mostly absent which is confirmed by the loss of the fluorescence signal for the PML-NB component Sp100 in immunofluorescence. Moreover it was recently shown in the literature that Sp100 degradation is driven by the APC cdc20 complex highlighting again a possible role for this complex in this cell line 289 .

Consistently during the first hours of infection HAdV infected cells show some degree of PML-NB clustering that was also observed upon purified pVI microinjection suggesting a neutralization of PML-NB for efficient infection 67 .

The protein called PML is the major component of PML-NB ensuring the scaffold of this subnuclear area. PML-NBs are then composed of accessory proteins involved in regulation of different processes like transcription and antiviral defence. Hence upon interferon stimulation, PML and Sp100 expression are activated and therefore HAdV non-structural proteins counter their negative effect by disrupting PML-NB during infection 121,290 .

Inside PML-NBs, components are tightly linked by numerous cross interactions driven mainly by SUMOylation 291 . Hence both PML and p53 proteins were shown to interact and PML is induced by p53 292,293 . Furthermore the protein PML interacts with Daxx and leads to its PML-NB localization where Daxx has a main role in transcriptional repression 294,295,296 .

Thanks to its acidic domain Daxx interacts with the C-terminus of p53 to inhibit p21 gene expression underscoring a role for Daxx in cell cycle arrest control 297,298 . Daxx has been implicated in p53dependent apoptosis but its role is still unclear. Controversal literature data showed that overexpression of Daxx sensitizes cells to drug induced apoptosis while RNAi against Daxx protect cells against p53dependent apoptosis. These data suggest that pVI potentially could prevent apoptosis through Daxx relocalization 297 . Both, Daxx and Mdm2 regulate p53 functions. Luciferase assays showed that Mdm2

and Daxx co expression represses the p21 promoter even more than Daxx alone which could explain why p21 mRNA increases in pVI transfected cells 298 .

Furthermore in senescence establishment pRb interacts with PML to repress E2F genes through a LXCXE motif 299 . In turn this could mean that PML-NB disruption (e.g. via protein VI) would favour cell cycle progression. Thus the data reinforce the idea that PML clustering by pVI and observed PML disruption in U2OSpVI is an important step for p53 and pRb degradation.

Despite our observation that degradation of pRb and p53 occurs in high expressing cells and after microinjection of large amounts of purified pVI, in natural HAdV infections only limited amounts of protein VI can take part in biological effects. The viral particle contains only 360 copies of protein VI per virion and therefore degradation maybe takes place only locally to secure viral gene expression.

Indeed with low MOI, no p53 degradation could be observed in early infection phases. However during viremia and in gene therapy approaches large amount of viruses are present in patients that could potentially result in the delivery of substantial amounts of protein VI to cells. Because of above discussed effects of (capsid associated) protein VI on the cell cycle this might be an underestimated danger for AdV-based vector therapy.

Protein VI mediated oncogenic potential in mammalian cells

Since the 80's AdV vectors have been designed and developed with the goal to use them as therapeutic tools in gene therapy and vaccination to deliver genetic material towards cells. AdV's have several technological advantages for this task including the efficient infection of non-dividing, non-proliferating cells (see introduction). Since the discovery of the oncogenic potential of adenoviruses in rodents and the identification of the transforming capacities of the E1 region, such adenoviral based vectors were modified several times. First generation HAdV based vectors were deleted of the E1 region because of its clear implication in replication. The E3 region was subsequently removed because it was shown to inhibit MHC class I exposure. Then second generation vectors were developed in which the nonessential (for vector production and infection) E2 and E4 region were deleted. They were also modified to increase the DNA carrying capacity and alleviate the adaptive immune responses (review in 300 ). To avoid any expression of viral genes, finally therapeutic genes flanked by the ITR packaging sequences were kept in so called helper-dependent HAdV vectors. However innate immune response is still triggered upon virus entry involving only capsid proteins of the entering particle, which induce a strong inflammation 301,302 . Moreover in 1999, a lethal systemic inflammation was observed in a patient involved in a gene therapy trial. While several trials are currently taking place, capsid provoked inflammation remains the major problem for HAdV vectors until today.

Like with wild type HAdV-5 virus's infections, AdV-based vector infected cells release capsid protein VI upon entry to the cytoplasm. Part of this capsid associated protein VI can reach the nucleus and can locate towards PML-NB. However most gene therapy protocols use high vector MOI's to treat cells and therefore could deliver considerable amounts of pVI. Thus the question arises if high levels of pVI protein in gene therapy can impact pRb and p53 to modulate the cell cycle as we observed in U2OSpVI cells and using microinjection. If so, should AdV-based vector be used with precaution and should vectors possessing modified pVI be taken into account? The latter option might not be trivial as pVI is an essential protein involved in capsid stability and the efficient entry process, for example HAdV without pVI cannot be produced while a random mutagenesis approach showed that most protein VI modifications are lethal or reduce viral infectivity 213 . Creating pVI deletion mutants is rather difficult regarding the essential domain like the amphipathic helix and the PPxY implication in endosomal sorting and the NLS importance in hexon nuclear import and capsid assembly of AdV-based vector production.

Nevertheless in our study we observed that Adenovirus possessing pVIΔ54 present a weaker phenotype in p53 and pRb degradation suggesting that hypothetically such a virus would be safer although probably could not be produced.

In order to test if pVI by itself could be an oncogenic protein in vivo we performed an experiment in a In immunohistochemistery (IHC) analysis, development of ductal carcinoma in situ (DCIS) was found in both mouse cohorts revealing that our negative control, GFP-transduced 4gPI3K cells, finally also promotes tumorigenesis. Furthermore no conclusive pVI signal was found in glands injected with pVItransduced 4gPI3K cells, which may reflect the low transduction level (only 15% of these cells expressed pVI protein before injection) or because the protein VI antibody was not compatible with IHC.

In summary these in vivo experiments were not conclusive because of a false negative control and because protein VI could not unequivocally be detected following in vivo transfer of the transduced cells. As mentioned above the experiment could be optimized using RFP as control vector to distinguish it from CFP expressing cells and a pVI vector with blasticidin resistence to select recombinant and proper controls with cells to inject that don't induce malignancy or DCIS for the control.

While our in vivo experiment is not conclusive, our results presenting pVI as a possible dangerous protein for cell cycle integrity remains as an argument to challenge AdV-based vector safety. The nuclear domains thought to be responsible for repressing viral genomes are ND10 or promyelocytic nuclear bodies [PML-NBs; reviewed in 3,4] named after the scaffolding PML protein. PML-NBs are interferon inducible, dot-like nuclear structures associated with proteins with transcriptional repressive functions. These include HP-1, Sp100, ATRX and Daxx [summarized in 4,5]. Daxx (death domain associated protein) was first described as a modulator of Fas-induced apoptotic signaling [6]. When chromatin-bound, Daxx inhibits basal gene expression from various promoters by binding to transcription factors (e.g. p53/ p73, NF-kappaB, E2F1, Pax3, Smad4 or ETS1), ATRX, histone deacetylases and core histones to form a repressive chromatin environment [7-13]. In contrast, Daxx localization to PML-NBs reduces its repressive capacity and facilitates apoptosis through p53 family members [5,7,14].

PML-NBs are found in close proximity to replication centers of DNA viruses (e.g. adenoviruses (Ads), herpes simplex virus (HSV-1), human cytomegalovirus (HCMV) and human papillomavirus [HPV; 15,16-18]. Gene expression from these viruses is repressed via the PML-NBs, suggesting a role in antiviral defense [19-22].

To counteract genome repression, viral genome activation involves PML-NB disruption or degradation of Daxx, Sp100 and/ or PML via different mechanisms. HCMV gene expression is initiated by proteasomal degradation of Daxx via tegument protein pp71 of the incoming particle [23]. Early HSV-1 gene expression requires PML degradation, mediated by the virus encoded ubiquitin ligase ICP0. Furthermore, in order to activate viral gene expression, transcriptional repression by Daxx and ATRX needs to be relieved [3,24,25]. HPV early gene expression is supported by reorganization of PML-NBs through the minor capsid protein L2 [26].

At the beginning of infection, Ads express the immediate early protein E1A from the E1A promoter. E1A binds and displaces the transcriptional repressor Rb from E2F transcription factors. This results in the auto-stimulation of E1A expression and the activation of the downstream viral expression units E1B, E2, E3 and E4 as well as promoting cellular gene expression. The early E1B-55K protein forms a SCF-like E3-ubiquitin ligase complex with the viral E4orf6 and several cellular factors. This complex degrades factors (for example, factors of the DNA damage response) to ensure progression of the replication cycle [summarized in 1,2,27]. E1B-55K protein complex also targets Daxx for proteasomal degradation counteracting its repressive effect [21]. In contrast to HSV-1, PML is not degraded by Ads but relocalized into track-like structures through the E4orf3 protein [28,29].

Despite the well-characterized mechanism of E1A dependent transactivation of early Ad genes, it is unclear how the E1A transcription is efficiently initiated before other viral genes are expressed. The genome enters the cell as a transcriptionally inactive nucleoprotein complex, which is highly condensed by the histone-like viral protein VII inside the capsid shell. Partial disassembly of the endocytosed capsid releases the endosomolytic internal capsid protein VI, permitting endosomal membrane penetration [30,31] and transport towards the nucleus. After import through the nuclear pore complex, Ad genomes associate with PML-NBs and replication centers are established [30,31,reviewed in 32,33-35]. Endosomal escape and subsequent transport are facilitated by Nedd4 ubiquitin ligases, which are recruited through a conserved PPxY motif in protein VI. Ads with mutated PPxY motif do not bind Nedd4 ligases and have reduced infectivity, showing the importance of this interaction for the onset of gene expression from the viral genome [36].

Here we report that Ad capsid proteins and cytoplasmic entry steps are linked to initiation of the adenoviral E1A expression by counteracting Daxx mediated transcriptional repression. Using the Ad system, we further show that capsid proteins from several other DNA viruses share and complement this function. This suggests a conserved mechanism among DNA viruses and provides insights into the very early virus-host interactions required to establish an optimal cellular environment for productive infection.

Results

Ad with PPxY-mutated protein VI exhibits reduced replication fitness

The capsid protein VI participates in two crucial steps in the nuclear delivery of the Ad genome. Firstly, protein VI is required for lysis of endosomal membranes. Secondly, it is needed for efficient post-endosomolytic transport, mediated by the cellular ubiquitin ligase Nedd4 that binds to a conserved PPxY motif in protein VI. Mutating the PPxY motif interferes with capsid transport toward the nucleus and efficient viral gene expression [30,36].

To investigate the role of protein VI during post-endosomolytic steps required for the onset of viral replication, we constructed replication competent Ads containing the E1 region with either wildtype (wt) protein VI (HH-Ad5-VI-wt, depicted in the Figure S1) or mutant ''M1'' protein VI in which the PPSY motif was mutated to PGAA that abolished Nedd4 interaction [HH-Ad5-M1; Fig. S1; 36]. Following infection of U2OS cells, we observed that M1 virus replication was attenuated compared to wt (Figure 1A and S1B). This is in agreement with our previous observations showing reduced infectivity of an E1-deleted M1 Ad vector compared to the corresponding E1-deleted wt Ad vector [36]. To distinguish between capsid transport and possible more downstream effects, we infected cells with different amounts of replication competent wt and M1 viruses. Then, we determined the genome copy numbers in nuclear and cytoplasmic fractions by qPCR and the efficiency of the initiation of virus replication by quantification of E2A stained replication centers (detailed in Figure S2). Compared to wt, fewer M1 virus genomes accumulated in the nucleus associated fraction, independent of the amount of input virus. In contrast, initiation of virus replication for M1 genomes was reduced for low, but not at high physical particle per cell ratios (Figure S2) suggesting defects downstream of virus nuclear transport.

Therefore, the expression of the early viral proteins E1A, E1B-55K and E2A in wt and M1 infected cells was analyzed by western blot, starting 8 h post infection (p.i.) and throughout the whole replication cycle (Figure 1B, left panel). We observed that expression of E1A in M1 virus infected cells was reduced compared to wt (Figure 1B, right panel) and accordingly, all other gene products were expressed with a delayed kinetic. This observation can be explained by the initial lower levels of E1A expression, because E1A is required for full activity of Ad downstream promoters [37]. Thus, we next investigated if the reduced E1A protein expression in M1-infected cells was due to reduced transcriptional activation of the E1A promoter following infection. We isolated and quantified newly synthesized E1A mRNA from cells infected with wt and M1 virus starting as early as 1-2 h p.i. (Figure 1C). The results confirmed that, at 1-4 h p.i., M1-infected cells showed reduced levels of newly synthesized E1A mRNA compared to wt-infected cells. Interestingly this reduction was gradually compensated throughout the first hours of infection (Figure 1C, compare 1-2 h, 3-4 h and 5-6 h) suggesting that low levels of initially made E1A were sufficient to compensate for the M1-defect in E1A transcription.

The high particle per cell ratio requirement for transcriptional activation and the reduced levels of E1A mRNA and E1A protein expression for the M1 virus indicated that the PPxY motif in protein VI not only affects transport towards the nucleus, but also early viral gene expression, presumably through separate mechanisms. Capsid protein VI of incoming Ads is targeted to PML-NBs

We previously showed that protein VI contains nucleocytoplasmic transport signals [38]. To test if protein VI could play a direct role in the initial activation of the viral genome, we first analyzed whether protein VI from incoming Ad capsids is imported into the nucleus. Using nucleo-cytoplasmic fractionation, we observed rapid protein VI accumulation in the nuclear fraction after infection (Figure 2A).

Fractionation does not discriminate between nuclear (inside) or nucleus-associated (outside) accumulation of protein VI (e.g. capsid-associated at the microtubule organizing center). Thus, we investigated the subcellular localization of protein VI derived from entering viral particles by confocal microscopy in synchronous infected cells. Within one hour, we observed protein VI specific signals in dot-like structures inside the nucleus for wt-and the M1-virus. Using antibodies (Ab) against PML, we showed some protein VI associated with PML-NBs (Figure 2B).

We confirmed the association of some protein VI with PML-NBs in a virus free system by transfecting protein VI-mRFP alone or together with EGFP-PML expressing plasmids into U2OS cells. Transfected proteins were detected via the mRFP and EGFP signal or with specific Ab for endogenous PML (''endogenous'' highlighted throughout the text and in figures by the suffix ''e' ', e.g. ePML). The results show that protein VI was able to independently associate with PML-NBs (Figure 2C). Using a serie of protein VI mutants, we mapped the region of protein VI required for PML-NB association (Figure S3). This analysis revealed that the N-terminal amphipathic helix was required for efficient PML-NB targeting, because a mutant (VI-delta54) deleted of the amphipathic helix showed a diffuse nuclear distribution (Figure S3). We repeatedly observed the clustering of PML in transfected cells, suggesting PML-NB structure modulation resulting from protein VI expression. In summary, these data showed that some protein VI from incoming Ad particles is targeted into the nucleus, where some of it consistently localizes adjacent to PML-NBs, suggesting an involvement in additional intranuclear steps.

Protein VI interacts with and counteracts the PML-NB associated factor Daxx

It was recently reported by some of the co-authors of this work that the transient PML-NBs resident factor Daxx suppressed Ad replication and was degraded late in the infection cycle [21]. The observation that some protein VI was associated with PML-NBs prompted us to investigate whether PML itself, or PML-NBassociated factors such as Daxx, interact with protein VI. These interactions could provide an explanation for the reduced transcription of the E1A promoter observed for the M1 virus. Cells were infected with HH-Ad5-VI-wt or -VI-M1 and harvested after 24 h. Lysates were subjected to immunoprecipitation (IP) using PML or Daxx specific Ab and analyzed by western blot (Figure 3A). The data showed that protein VI could be precipitated from both wt and M1 infected cells using either PML or Daxx specific Ab. In contrast to virus infected cells, we did not detect co-precipitated protein VI following cotransfection and IP with different PML isoforms, suggesting an indirect association of PML and protein VI, presumably bridged by other viral or infection induced factors (Figure 3B). In contrast, co-IP of protein VI with Daxx also occurred after isolated transfection of protein VI-wt as well as protein VI-M1 suggesting that the interaction is independent of other viral factors (Figure 3C). We next asked whether Daxx interaction with protein VI could explain the reduced replication of HH-Ad5-VI-M1. For these assays, we used the hepatoma derived cell line HepaRG, because of its close resemblance to primary cells [39], and HepaRG cells depleted of Daxx (HAD, Daxx was depleted with shRNA expressing lentiviral vectors [20]). We infected Daxx-depleted HAD and HepaRG parental cells with HH-Ad5-VI-wt and HH-Ad5-VI-M1 and determined virus yields and gene expression at 12, 24 and 72 h p.i. (Figure 3). The M1 virus was more strongly attenuated in HepaRG cells than in U2OS cells (compare to Figure 1), while Daxx depletion strongly enhanced virus production for both viruses and nearly restored the M1 virus yields to wt levels (Figure 3D). This improvement of Ad permissivity was confirmed by an increase of expression of all analyzed viral genes, including gene products from the E1A and E1B promoters (Figure 3E).

The data showed that Daxx depletion was sufficient to increase Ad gene expression for both viruses, emphasizing the role of Daxx in viral genome repression. In addition, wt but not M1 mutant protein VI could counteract Daxx mediated inhibition indicating that the PPxY motif of protein VI plays a significant role in initiating viral gene expression.

PPxY motif is essential to reverse Daxx-mediated repression of Ad E1 promoters Next, we asked whether the Ad immediate early E1A and early E1B promoters are targeted by Daxx mediated repression and if this is the case whether it can be reversed by protein VI. To this end, we constructed luciferase expression vectors controlled by the Ad E1A and E1B promoters and measured luciferase expression in protein VI-wt or protein VI-M1 transfected H1299 cells (Figure 4A). Unlike VI-M1, VI-wt was able to stimulate expression from the E1A promoter ,2.5-fold and ,1.5-fold from the E1B promoter (Figure 4A). To show direct association of protein VI with E1 promoters, we performed chromatin immunoprecipitation assays (ChIP) at 48 h p.i from M1-or wt virus infected cells, using protein VI specific serum and Ad promoter-specific primers (Figure 4B). The results show that the VI-wt protein was much more strongly associated with the E1A and E1B promoter in infected cells than the VI-M1 protein, which is also reflected in their relative activation ability (Figure 4B, compare with 4A). To analyze whether protein VI associated activation of Ad early promoters is involved in Daxx de-repression, we cotransfected the E1B promoter driven luciferase expression vector in absence or presence of Daxx with protein VI-wt or VI-M1 expression vectors. (A) U2OS cells were infected with HH-Ad5-VI-wt at a MOI of 1000 FFU/cell and fractionated at 20 min intervals and subjected to IB using serum against protein VI, polyclonal Ab (pAb) against the splicing factor SAF-A (nuclear fraction) and monoclonal Ab (MAb) against b-actin (cytoplasmic fraction) as indicated to the right. (B) U2OS cells were synchronously infected with HH-Ad5-VI-wt (top row) or HH-Ad5-VI-M1 (bottom row) and fixed after 1 h. Endogenous PML (first column) and virus, derived protein VI (second column), were detected with specific Ab. In the overlay PML is shown in green and protein VI in red (third column). A detailed magnification of the white rectangle is given in the fourth column. (C) U2OS cells were transfected with mRFP-tagged protein VI and GFP-tagged PML expression vectors (top row) or mRFP-tagged protein VI followed by Ab stain of ePML (bottom row). Intracellular localization of PML (first column), protein VI (second column) or an overlay of both is shown (colors as above, third column). Colocalization is indicated by arrows (fourth column) and occurred in all transfected cells. A mapping of the interaction between VI and PML is shown in Figure S3. doi :10.1371/journal.ppat.1002549.g002 Protein VI-wt, but not VI-M1, alleviated Daxx repression implying a role for the PPxY motif (Figure 4C). Although there was less binding to protein VI compared to the E1A promoter, we observed a strong effect on the activation of luciferase expression in that experiment. We also tested if protein VI (wt or M1) stimulates other Ad promoters using luciferase expression vectors for all viral promoters. The data showed that protein VI-wt was able to stimulate most of the Ad promoters in absence of other viral factors to various degrees (Figure S4). The strongest induction was observed for the immediate early E1A and E2A early promoter, which is in agreement with the weak E2A expression observed in HepaRG cells in M1-virus infected cells and the restoration of E2A expression following Daxx depletion (see Figure 3E). In contrast, E3 and E4 promoter activation was weak with no clear difference between wt and M1. In the context of an ongoing virus infection, the transcriptional activation of both promoter groups (E1/E2 vs. E3/E4) was shown to be regulated by E1A but via different mechanisms [40,41]. Thus, our data showed that protein VI might also play a minor role in the transcriptional activation of the E1/E2 promoter group.

Altogether, the promoter analysis suggests that protein VI plays a so far not recognized role in the Ad gene expression program.

Daxx is translocated into the cytoplasm by protein VI

We next asked how the PPxY motif of protein VI contributes to Daxx de-repression. In previous work, we showed that this motif mediates protein VI interaction with cytoplasmic Nedd4 ubiquitin ligases [36]. Overexpression of protein VI and/or Nedd4 did not result in a change of steady-state Daxx levels (data not shown) suggesting that de-repression was not achieved through Daxx degradation as e.g. as shown for HCMV. However, when we tested if protein VI targets Nedd4 ligases to PML-NBs our analysis showed that protein VI-wt, but not VI-M1 targets Nedd4 ligases towards PML-NBs. This targeting required the PPxY motif and the amphipathic helix, but was independent of catalytical Nedd4 activity suggesting that Nedd4 ligases could be involved in other steps of counteracting Daxx repression by protein VI (Figure S5).

As a next step, we therefore analyzed whether the subcellular distribution of Daxx was altered in response to protein VI and Nedd4 expression. In non-transfected cells, endogenous Daxx (eDaxx) is nuclear in steady state with some Daxx localizing to dotlike intranuclear structures resembling PML-NBs (Figure 5a). When we transfected expression vectors for protein VI-wt or VI-M1 into U2OS cells, nuclear localization of eDaxx was lost and eDaxx colocalized with transfected protein VI in the cytoplasm (Figure 5b ande). In contrast, following transfection of expression vectors for protein VI-wt and Nedd4 ligases, eDaxx remained nuclear and instead protein VI-wt colocalized with Nedd4 ligases in the cytoplasm (Figure 5c). When we transfected expression vectors for Nedd4 ligases and protein VI-M1, protein VI retained the capacity of translocating eDaxx to the cytoplasm (Figure 5f). These data suggested that binding of Nedd4 to the PPxY motif of protein VI efficiently competed with protein VI-dependent cytoplasmic translocation and/or cytoplasmic retention of Daxx. This effect did not require Nedd4 ubiquitin ligase activity (Figure 5d). Thus, our results suggested that the PPxY motif present in wt protein VI could influence the dynamic nucleocytoplasmic distribution of Daxx.

Protein VI displaces Daxx from PML-NB

To continue our analysis in a more physiological setting, we analyzed the subcellular localization of Daxx during Ad entry (Figure 6). In uninfected control cells, Daxx localized to the nucleoplasm and into PML-NBs. Within the first hour of infection, Daxx remained largely nuclear in wt-as well as M1-virus infected cells. Occasional cytoplasmic Daxx was never virus particleassociated. In contrast to non-infected cells, we observed a trend towards intranuclear displacement of Daxx from PML-NBs and PML clustering following infection (Figure 6A, red arrows), which could be clearly distinguished from Daxx spots in uninfected cells. This suggests that incoming viruses displace Daxx from PML-NBs by a mechanism independent of the PPxY motif of protein VI and prior to initial viral gene expression. Because we noticed occasionally large PML-NBs in infected cells, we next quantified the number of PML-NBs in wt-and M1-infected cells compared to non-infected cells. The results showed that on average, infected cells had less PML-NBs than non-infected cells, supporting our observation that PML-NBs were clustering (Figure 6B) and that the effects where PPxY motif independent. To show that the Daxx displacement from PML-NBs in the very early infection phase was caused by protein VI, we analyzed Daxx dissociation from PML-NB also in VI-wt and VI-M1 transfected cells (Figure S6). Compared to non-transfected cells, expression of protein VI-wt or VI-M1 led to translocation and cytoplasmic colocalization of Daxx (as seen in Figure 5). In addition, in several cells, Daxx was partially or completely displaced from PML-NBs and PML formed large nuclear clusters similar to those observed in infected cells (Figure S6, red arrows). We also transfected cells with expression vectors for HCMV pp71 tegument protein, known to interact with Daxx [42]. Unlike for protein VI, in pp71 transfected cells, Daxx remained nuclear and localized to some degree with PML into pp71 induced, ring-like structures also partially displacing Daxx from PML-NBs (Figure S6).

To directly follow Daxx displacement from PML-NBs and from the nucleus, we used microinjection of recombinant protein VI (Figure 7 and Videos S1, S2, S3). We transfected U2OS cells with Daxx-mCherry and PML-GFP expression constructs, and injected the cytoplasm with either control buffer, recombinant VI-wt or (A) H1299 cells were infected with HH-Ad5-VI-wt or HH-Ad5-VI-M1 at a MOI of 50 FFU/cell. Total-cell extracts were prepared 36 h p.i. and subjected to IB using specific Ab as indicated. Right panel : co-immunoprecipitation (IP) of protein VI was performed with Daxx-/PML-specific Ab followed by IB and detection of co-precipitated protein VI. (B) H1299 cells were transfected with mRFP tagged VI-wt and different constructs encoding for N-terminal flag-tagged human PML-isoforms I-VI and harvested after 24 h. Total-cell extracts were subjected to IB using Ab against flagtag, RFP, VI or b-actin (top panel). IP of PML-isoforms was done using flag-specific MAbs M2. Detection of co-precipitated protein VI was done with serum against pVI or MAb against RFP. Immunoprecipitated PML proteins were detected with flag-specific MAb M2 (bottom panel). (C) H1299 cells were transfected with HA-tagged Daxx, RFP-tagged VI-wt and VI-M1 proteins. Total-cell extracts were prepared 24 h p.i. and analyzed by IB using specific Ab shown to the right. IP of protein VI was done with serum against pVI. Note that the size difference between VI-wt and VI-M1 results from fusion to mRFP (wt) or mCherry (M1). (D) HepaRG parental and HAD cells were infected with HH-Ad5-VI-wt or HH-Ad5-VI-M1 at a MOI of 50 FFU/cell. Viral particles were harvested at 24, 48 and 72 h p.i. and virus yield was determined by quantitative E2A stain. The results represent the average from three independent experiments (+/2 STD). (E) HepaRG parental (top) and HAD (bottom) cells were infected with HH-Ad5-VI-wt or HH-Ad5-VI-M1 at a MOI of 50 FFU/cell and whole-cell extracts were prepared after indicated time-points. Proteins were subjected to IB using Ab specific for viral proteins as indicated on the right. doi:10.1371/journal.ppat.1002549.g003 with recombinant VI-M1 (Figure 7B) and followed the distribution of Daxx-mCherry using live-cell imaging (Figure 7A). Daxx-mCherry was exclusively localized to the nucleoplasm and PML-NBs, while PML-GFP showed an intranuclear dot-like distribution with some cytoplasmic aggregates at higher levels of expression. Cytoplasmic injection of protein VI-wt or VI-M1 led to displacement of Daxx from PML-NBs and cytoplasmic accumulation of Daxx within minutes of injection (Figure 7A, first and second row compared to buffer controls in the last row). We quantified the cytoplasmic accumulation of Daxx by measuring nuclear Daxx fluorescence loss following microinjection. This quantification revealed that Daxx nuclear export occurred more rapidly post injection of protein VI-wt than VI-M1, suggesting that the PPxY motif accelerated the process of Daxx displacement (Figure 7C). Notably, Daxx displacement was paralleled by a strong increase in intranuclear mobility of PML-GFP and by fusion events between individual bodies (Videos S1 and S2), thus providing evidence that the large clustered PML-NBs, observed in fixed cells, result from the mobilization of Daxx out of the bodies.

We also microinjected recombinant protein VI (VI-delta54), lacking the amphipathic helix required for PML-NB targeting of protein VI, to see whether PML-NBs association is required for Daxx displacement. In contrast to protein VI-wt and VI-M1, injection of VI-delta54 only transiently displaced Daxx from PML-NBs and did not result in Daxx cytoplasmic translocation (Figure 7A third row and Video S3). The Daxx residence time in PML-NBs is ,2 seconds [43]. Therefore our observation could be explained by competitive binding of VI-delta54 to Daxx, which could transiently prevent Daxx from association with PML-NBs. In summary, these data strongly suggested that protein VI from incoming adenoviral capsids can displace Daxx from PML-NBs, which in turn affects the PML-NB architecture leading to the accumulation of PML in large intranuclear clusters. Our analysis further indicate that association of protein VI with PML-NBs through the amphipathic helix is not strictly required for Daxx displacement from PML-NBs and that the PML-NB rearrangements take place prior to or are concomitant with the initiation of adenoviral transcription.

Virion constituents from other DNA viruses can replace protein VI to promote E1A expression

Our data showed that protein VI activates the Ad E1 promoters by reversing Daxx repression, presumably until newly synthesized E1A can secure the Ad gene expression program. In this case, virion proteins derived from other DNA viruses known to abrogate Daxx repression should be able to substitute this function. To test this possibility, we tested whether the expression from the E1A promoter can be activated by the HCMV pp71 tegument protein or by the HPV L2 minor capsid protein, which both target Daxx [26,44]. Similar to protein VI-wt, pp71 and L2 were able to stimulate the Ad E1A promoter (Figure 8A). Furthermore, we observed that like protein VI-wt, pp71 and L2 could also drive efficient E1A and E1B expression from a subviral construct, preserving the virus context encoding the E1A and E1B transcription units (Figure 8B, lane 3, 6 and 7). These results show that non-adenoviral virion proteins are also capable of inducing immediate early adenoviral gene expression in the absence of any further Ad protein. This induction of gene expression was through mediating transcriptional activation, as shown by elevated E1A and E1B mRNA levels (Figure 8C). Similarly, this result confirmed that elevated E1A mRNA and protein expression levels driven by protein VI require the PPxY motif, thus directly linking entry and early viral gene expression (Figure 8B, lanes 1-4). To extend the analysis for other regions of protein VI, we used the expression construct encoding protein VI-delta54, lacking the amphipathic helix, which is required to target protein VI to PML-NBs (Figure S3d). The results showed that like protein VI-M1, the construct expressing VI-delta54 only marginally stimulated the E1A promoter (compare wt-, M1 and delta54 in Figure 8A andC). In contrast, the expression of protein VI-delta54 resulted in somewhat elevated protein expression levels compared to VI-M1 suggesting that it might promote E1A expression on a post-transcriptional level. This could result from the diffuse localization of VI-delta54 in the nucleoplasm of transfected cells (compare with Figure S3). In summary, this analysis showed that efficient transcriptional activation of the E1A promoter requires the amphipathic helix in addition to the PPxY motif.

If the HCMV tegument protein pp71, that is known to remove Daxx repression from the immediate early HCMV promoter [45], activates the Ad E1A promoter, it was conceivable to speculate that protein VI would also be able to stimulate the immediate early HCMV promoter. To test this hypothesis, we constructed viral vectors encoding wt-or M1-mutated protein VI where the E1 region was replaced by a HCMV promoter controlled GFP (wt) or mCherry (M1) expression unit. We transduced U2OS cells with M1-vectors and increasing amounts of wt virus and quantified gene expression using fluorescent activated cell sorting. The results showed partial restoration of the (HCMV promoter controlled) marker gene expression from VI-M1 vector transduced cells only in cells that were co-transduced with the M1-vector and the wtvector (Figure S7). This analysis suggested that protein VI stimulated the HCMV promoter in trans, like pp71 could stimulate the Ad E1A promoter in trans (Figure S7). Taken together the effects that protein VI has on the E1A promoter are comparable, and moreover compatible and interchangeable, with the HCMV or papillomavirus virion derived immediate early enhancing activities.

Transactivating virion components from other DNA viruses promote Ad replication

Because protein VI, pp71 and L2 can stimulate Ad E1A expression independently, we next asked if they could compensate for the lack of functional PPxY motif in the replication competent HH-Ad5-VI-M1 virus. We transfected cells with expression vectors for protein VI-wt, VI-M1 and VI-delta54 (Figure 9A) and HCMV tegument protein pp71 and HPV small capsid protein L2 (Figure 9B) followed by infection with HH-Ad5-VI-wt or HH- S4. (B) H1299 cells were infected with HH-Ad5-VI-wt or HH-Ad5-VI-M1 at a MOI of 50 FFU/cell. Forty eight hours p.i., cells were fixed with formaldehyde and ChIP analysis was performed as described in materials and methods. The average C t -value was determined from triplicate reactions and normalized with standard curves for each primer pair. The y-axis indicates the percentage of immunoprecipitated signal from the input ( = 100%). (C) HAD cells were transfected with E1B promoter constructs and effector plasmids encoding for Daxx, VI-wt, VI-M1. Forty eight hours after transfection, samples were lysed and analyzed as in (A). Mean and STD are from three independent experiments. doi:10.1371/journal.ppat.1002549.g004

Ad5-VI-M1 virus. The analysis showed that protein VI-wt was able to fully compensate for the M1 mutation in the virus and restored progeny virus production to wt levels, while protein VI-M1 was not able to rescue virus production and VI-delta54 resulted only in partial rescue (Figure 9A). Amazingly, HCMV pp71 and HPV L2 were also fully capable of complementing the M1 mutant virus and restored progeny virus production to wt levels (Figure 9B). Lastly, we wanted to know if the adenoviral protein VI capsid protein was also able to stimulate an immediate early promoter in the context of a non-related virus infection. We transfected U2OS cells with protein VI-wt and VI-M1 or a control vector and infected the transfected cells with a murine cytomegalovirus (MCMV) expressing luciferase under the control of the HCMV immediate early promoter (MCMV-Luc). Luciferase expression was measured 2 h after a synchronized infection to quantify the activation of the immediate early promoter. The results showed that only protein VI-wt was able to stimulate immediate early promoter in the context of MCMV infection (Figure 9C).

Taken together these results showed that protein VI promotes immediate early gene expression from the adenoviral E1A promoter, but it was also able to act on the immediate early gene expression of a non-related virus.

In summary, our analysis provides an intriguing mechanistic basis for cross genome activation of at least three unrelated DNA viruses. Our data suggest that initiation of viral gene expression can be achieved in cases where the respective virion proteins of one virus are capable of removing Daxx dependent transcriptional repression from the genome of the other virus.

Discussion

Here, we show that the capsid protein VI is necessary for efficient initiation of Ad gene expression by activating the E1A promoter and promoting initial expression of the E1A transactivator, a function that had not been previously identified. E1A is a crucial global transcriptional activator promoting early adenoviral gene expression [37]. We show that E1A transcription and E1A protein expression at the onset of viral gene expression are reduced when cells are infected with an Ad mutant in which the PPxY motif in the capsid protein VI is inactivated. E1A mRNA production in this mutant increases with time and reaches wildtype levels, suggesting that newly expressed E1A compensates for the mutation in protein VI and drives adenoviral gene expression as soon as critical concentrations have been reached [37]. In addition, protein VI also stimulates other E1A dependent Ad promoters in the absence of any viral protein suggesting that it may act as a capsid derived E1A surrogate prior to the onset of E1A expression. Thus, protein VI is an important regulator of viral gene expression and links virus entry to the onset of gene expression. This is at least in part mediated by counteracting transcriptional repression imposed by the cellular Daxx protein and can be substituted by functionally homologous capsid proteins from unrelated DNA viruses.

In the nucleus, Daxx associates with chromatin and PML-NBs. PML-NB association with Daxx is thought to alleviate gene repression and activate apoptosis, while chromatin bound Daxx is thought to act in a transcriptionally repressive manner [7,46,47]. A dynamic equilibrium of Daxx between PML-NBs and chromatin association may thus govern the response status of the host cell upon infection. Moreover, an antiviral interferon response increases expression of PML and sensitizes cells for apoptosis. Artificial knock down of PML increases replication of Ad and other viruses, an observation that supports antiviral functions of PML [reviewed in 4,21]. However, PML knock down also decreases Daxx steady state levels by an unknown mechanism, showing that antiviral activity might be mediated by Daxx rather than PML [21]. This would be in line with our observation that Daxx knock down has much stronger pro-replicative effects on Ads.

Here we demonstrate that Daxx directly represses Ad E1 promoters. So far, it has been shown that Daxx inactivates the major immediate early promoter of HCMV [45], is recruited to HSV genomes via SUMO dependent pathways [48] and is likely to associate with incoming avian sarcoma virus (ASV) and human immunodeficiency virus (HIV) genomes [49,50]. Therefore, Daxx could act as a cytoplasmic and/or nuclear DNA sensor and may be part of a cellular innate defence mechanism against DNA virus infection (or other pathogens) by simply assembling repressive complexes on incoming DNA [51]. This is supported by two recent studies showing that Daxx selectively represses procaryotic DNA expression [52] and that frequent epigenetic silencing of integrated retroviral genomes could be reversed by Daxx depletion, showing epigenetic control of pathogen DNA by Daxx associated mechanisms [53]. Daxx mutants that fail to associate with the HSV genome also fail to induce repression on the HSV genome, underlining the important role of Daxx as part of the cellular innate antiviral defence mechanism [48].

If The best studied is the tegument protein pp71 of HCMV, which enhances infectivity and replication through activation of the immediate early promoter. This requires colocalization of the viral genome with PML-NBs and Daxx degradation via pp71 [23,42,44,58,59]. In addition, pp71 was also shown to activate gene expression from HSV-1, a different herpesvirus, showing that its function is not restricted to HCMV [60] In this scenario, protein VI would prevent formation or disassemble already bound repressive complexes from viral promoters via the PPxY motif and Nedd4. This would explain why the M1 mutant still displaces Daxx from PML-NBs, but retains only a minor capacity of stimulating viral gene expression presumably through interfering with the assembly of new Daxx repressive complexes. This model would also support the observation that, like protein VI-M1, protein VI without amphipathic helix (but intact PPxY and still capable of Daxx binding) hardly stimulates the E1A promoter. This mutant is diffusely distributed in the nucleus showing that the helix contributes to proper intranuclear targeting of protein VI. Mislocalization therefore could reduce the capacity to remove or prevent assembly of Daxx repressive complexes on the E1A promoter. How this mutant still retains some capacity of stimulating E1A protein expression (and as a consequence partially rescues the M1-virus) without activating the E1A promoter is currently unclear.

Removal of Daxx by components of incoming virions to initiate gene expression is a common viral strategy. Our experiments are the first to show that the consequences are not virus-family specific, but provoke global changes in transcriptional activity that allow transcriptional activation of one viral genome (here the Ad or MCMV genome) by the virion protein of unrelated viruses (here pp71 from HCMV and L2 from HPV; or the CMV promoter by protein VI). All three virion proteins (VI, pp71 and L2) target Daxx repressive complexes. The details of these interactions are not fully understood but they share similarities as highlighted in the model in Figure 10. We suggest that activation of viral gene expression for the three viral systems (Ad, HCMV and HPV) involves prevention and removal of Daxx repressive complexes. This is achieved by preventing Daxx-PML interaction or association of Daxx repressive complexes with the viral genome and (in some cases) involves the degradation of components of the complex (Figure 10). Neither pp71 nor L2 contain a PPxY motif suggesting different modes of action on Daxx or components of the Daxx repressive complex. Protein VI is also not restricted to Ads in its de-repressive activity and is able to stimulate the immediate early HCMV promoter. Several other viral capsid proteins have been reported to encode PPxY motifs [reviewed in 62]. The research focus for those motifs has been on their role in virus budding despite the presence of these proteins in the capsids of many viruses during virus entry. If virion derived PPxY (and related motifs) are part of a more general activation mechanism for several viruses then this could also mean that coinfections with different viruses, frequently observed in vivo, could promote each other. Similarly it is an interesting question, whether superinfections of a latently infected cell by another de-repressive virus would support reactivation of the latent genome. Epidemiological data from a recent study show that Ad/HCMV coinfections in vivo happen as often as mono-infections and the authors suggest that this could reflect co-viral reactivation [63]. Our data would provide a mechanistic basis for this observation, which is potentially applicable to several types of viral coinfections.

Lastly, we believe that gene regulatory functions of viral structural proteins should be considered when addressing safety issues for the application of viral vectors (e.g. adenoviral vectors) in therapeutic settings where (re)activation of unrelated (latent) viruses is unwanted.

Materials and Methods

Cell culture

U2OS, H1299 and HepaRG cells were grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum (FCS), 100 U of penicillin, 100 mg of streptomycin per ml in a 5% CO 2 atmosphere at 37uC. For HepaRG and HAD (Daxx knock down) cells media was supplemented with 5 mg/ml of bovine insulin and 0.5 mM of hydrocortisone [20,21].

Transfections and luciferase reporter assays

Tagged protein VI, PML, Daxx and Nedd4 expression vectors have been described previously [36,64]. E1A was expressed from constructs encompassing the left part of the viral genome including left inverted terminal repeat (ITR) and the E1 genes (pPG-S3). Nterminal flag-tagged human PML-isoforms I-VI were expressed from pLKO.1-puro vector (kindly provided by R. Everett). Codon optimized HPV (type 16) L2 expression vector was kindly provided red. Red arrows indicate PML without Daxx colocalization. Daxx-PML colocalizations following transfection of VI is shown in Figure S7. (B) PML-NBs were counted in the nucleus at 1 h p.i. of non-infected cells (black bars) and cells infected as above with HHAd5-VI-wt (light grey bars) and HHAd5-VI-M1 (dark grey bars) classed into groups as indicated on the x-axis. Over 60 cells were counted per condition. Significant difference between noninfected vs. wt and non-infected vs. M1 infected cells was calculated using two-tailed 2-sample T-test (p,0.001). doi :10.1371/journal.ppat.1002549.g006 by M. Mueller, DKFZ Heidelberg. Expression vector pCGN71 [65] encodes an XbaI-BamHI PCR fragment 0corresponding to the HCMV strain AD169 UL82. Dual luciferase assays were performed according to manufacturers instructions and have been described previously [66]. Promoter constructs are based on the pGL3-basic vector (Invitrogen, cloning details will be provided upon request).

Viruses

E1-deficient viral vectors BxAd5-VI-wt-GFP and BxAd5-VI-M1-mCherry are based on human Ad serotype 5 and have been cloned using homologous and site-specific recombination using bacterial artificial chromosomes (BACs) as described in detail recently [36]. Replication competent wt virus HH-Ad5-VI-wt is identical to the previously described H5pg4100 [67] 

Indirect immunofluorescence and protein analysis

For immunofluorescence analysis cells were washed in PBS and fixed for 20 min using 4% paraformaldehyde. Detection of endogenous antigens using primary and secondary Ab was done in IF-buffer (PBS with 10% FCS and 0.2% Saponin) followed by washing and embedding in Prolong Gold (Invitrogen). A list of primary and secondary Ab used in this study is given in Protocol S1 in Text S1. Images are presented as maximum image projections if not indicated otherwise. For protein analysis totalcell lysates were prepared and analyzed by western blot using standard protocols. The list of the antibodies used in this study and details for immunoprecipitation (IP) procedures are given in Protocol S1 and Protocol S2 in Text S1.

ChIP assay and quantitative real-time (qRT) PCR analysis H1299 cells were infected with HH-Ad5-VI-wt or HH-Ad5-VI-M1 at 50 fluorescence forming units/cell (FFU/cell) and harvested 24 h p.i. ChIP analysis was performed as described previously with some modifications [68,69]. For ChIP, proteins from 2610 6 cells were cross-linked to DNA with 1% formaldehyde in PBS for 10 min at room temperature. The reaction was quenched and cells were washed with PBS and harvested by scraping off the dish. Nuclei were isolated by incubation of crosslinked cells with 500 ml buffer I (50 mM Hepes-KOH, 140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP-40, 0.25% Triton X-100) for 10 min on ice and pelleted by centrifugation. The nuclei were subsequently washed with 500 ml buffer II (10 mM Tris-HCl, 200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA), pelleted again and resuspended in 500 ml buffer III (1% SDS, 10 mM EDTA, 50 mM Tris-HCl). Chromatin was fragmented by sonication using a Bioruptor (Diagenode) to an average length of 100-300 bp. After addition of 10% Triton X-100, cell debris were pelleted by centrifugation (20,0006 g, 4uC) and supernatants were collected. Chromatin was diluted with dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl, 167 mM NaCl). To reduce non-specific background, chromatin was pre-incubated with salmon-sperm DNA protein-A agarose beads (Upstate). Antibodies were added and incubated for 16 h at 4uC. Fifty ml agarose beads were added to precipitate the chromatin-immunocomplexes for 4 h at 4uC. Beads were washed once with low-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, 150 mM NaCl), once with high-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, 500 mM NaCl), once with LiCl-wash buffer (0.25 M LiCl, 1% Nonidet P-40, 1% Na-deoxycholate, 1 mM EDTA, 10 mM Tris-HCl) and twice with TE buffer. Chromatin was eluted from the beads in elution-buffer (50 mM Tris-HCl pH 8.0, 10 mM EDTA, 1% SDS) for 10 min at 95uC. Proteinase K was added for protein degradation and samples were incubated for 1 h at 55uC. For preparation of input controls, samples were treated identical to IP samples except that non-specific Ab were used. qPCR analysis was performed using a Rotor Gene 6000 (Corbett Life Sciences, Australia) in 0.5 ml reaction tubes containing 1/100 dilution of the precipitated chromatin, 10 pmol/ml of each synthetic oligonucleotide primer (E1A fwd 59TCCGCGTTCCGGGTCAAAGT39; E1A rev59GTCGG-AGCGGCTCGGAG39; E1B fwd 59GGTGAGATAATGTT-TAACTTGC39 E1B rev 59TAACCAAGATTAGCC CAC-GG39), 5 ml/sample SYBR Green PCR Master Mix (Applied Biosystems). The PCR conditions used: 7 min at 95uC, 45 cycles of 12 s at 95uC, 40 s at 60uC and 15 s at 72uC. The average Ctvalue was determined from triplicate reactions and normalized against non-specififc IgG controls with standard curves for each primer pair. The identities of the products obtained were confirmed by melting curve analysis. For qPCR analysis, U2OS cells were infected with 1, 10 and 200 physical particles/cell and genome copy numbers were determined in nuclear and cytoplasmic fractions using hexon specific primers [70].

Extraction and quantification of newly transcribed RNA 4sU (Sigma) was added to the cell culture media for 1 h, made up to a final concentration of 200 mM, during indicated time points throughout infection. Cells were harvested using Trizol reagent (Invitrogen) and total RNA isolated by phenol-chloroform extraction. Biotinylation and purification of 4sU-tagged RNA (newly transcribed RNA), was performed as described previously [71]. Five hundred ng of each newly transcribed RNA per reaction was reverse transcribed in 25 ml reactions using Superscript III (Invitrogen) and oligo-dT primers (Invitrogen) following the manufacturer's instructions. PCR was performed on a Light Cycler (Roche Molecular Biochemicals). Each reaction, every sample in duplicates, was carried out using 5 ml of cDNA (1:10 dilution) and 15 ml reaction mixtures of Quantitect SYBR Green PCR master mix and 0.5 mM of the primers. PCRs were subjected to 10 min of 95uC hot-start, and SYBR Green incorporation was . HCMV tegument protein pp71 and HPV minor capsid protein L2 stimulate E1A promoter activation. (A) H1299 cells were transfected with luciferase reporter plasmids coding for E1A promoter and effector plasmids encoding for VI-wt, VI-M1, VI-delta54, HCMV pp71, HPV L2 or an empty vector as negative control. Forty eight hours after transfection, samples were lysed and luciferase activity was measured as described before. Mean and standard deviation are from three independent experiments. (B) H1299 cells were co-transfected with plasmids containing the Ad5 E1-region (pPG-S3) and expression vector for VI-wt, VI-M1, VI-delta54, pp71 or L2. Total-cell extracts were prepared 48 h after transfection and proteins were subjected to IB using Ab against RFP (pVI), pp71 or b-actin as indicated on the right. Note that several splice variants of E1A are recognized depicted by the vertical bar. (C) Cells were transfected as in B and indicated in the legend to C. Forty eight hours after transfection total RNA was prepared from cell lysates and reverse transcribed using oligo-dT primers. E1A mRNA levels were determined using qPCR with E1A specific, exon-spanning primers. Values correspond to the mean of two experiments done in triplicates and the error bar indicates the STD. doi:10.1371/journal.ppat.1002549.g008 monitored for 45 cycles of 95uC denaturation for 10 s, 58uC annealing for 3 s, and 72uC elongation for 10 s. The data were analyzed using the DDCt method using GAPDH as an endogenous reference, and the mock-infected sample as a calibrator. Values were normalized to 100% for wt-infected cells. The E1A 13S mRNA specific and the GAPDH specific primers were described in [72]. Primers used are listed below: E1A13S-fwd (59-GGC TCA GGT TCA GAC ACA GGA CTG TAG), E1A13S-rev (59-TCC GGA GCC GCC TCA CCT TTC), GAPDH-fwd (59-TGG TAT CGT GGA AGG ACT CA), GAPDH-rev (59-CCA GTA GAG GCA GGG ATG AT).

Microinjection and protein purification

Details for microinjection are given in the Figure 8 and video legends (Video S1). Briefly, U2OS cells were cotransfected with PML-GFP and Daxx-mCherry expression plasmids and cultivated on a heated stage (37uC) in CO 2 stabilized medium attached to a SP5 confocal microscope (Leica) equipped with a microinjection device (Eppendorf). Microinjected cells were imaged within a single confocal plane at the nuclear midsection at 20 s intervals for 10 frames prior to injection and 40 frames post injection. Injected proteins were purified as His-tagged proteins using standard procedures and dialyzed into transport buffer as detailed previously [30,36].

Statistical analysis

Data are presented as mean, error bars as standard deviation (STD). Statistical analysis was done using paired students t-test except for Figure 6B where a two-tailed two sample t-test was used. The p-values are indicated. [67]. It lacks nucleotides (nt) 28593 to 30471 (encompassing most of E3) and contains an additional unique endonuclease restriction site at nt 30955 (BstBI) (nucleotide numbering is according to the published Ad5 sequence from GenBank, accession no. AY339865). In vitro mutagenesis was used to introduce the M1 mutation into the transfer vector pL3 containing the protein VI gene. The resulting transfer vector pL3-M1 was used to replace the SgfI-PmeI fragment in the genome encoding plasmid to generate HH-Ad5-VI-M1. For generation of the HH-Ad5-VI-M1 and the wt control virus, infectious viral DNA was released from the recombinant plasmids by PacI digestion and transfected into the complementing cell line 2E2 [73]. Viral progeny was amplified in 2E2 cells followed by purification on CsCl 2 gradients. The integrity of the recombinant virus was verified by restriction digest and DNA sequencing of the entire protein VI gene from isolated viral DNA. (B) For subsequent infection experiments, virus stocks were titered on HEK293 cells [74] and fluorescent forming units were determined by E2A stain for viral replication centers. Virus growth was determined by harvest of infected cells at 24, 48 and 72 h p.i. followed by three freeze/thaw cycles. The cell lysates were serially diluted and virus yield was determined by quantitative E2A stain, 24 h after infection of HEK293 cells as described previously [75]. Viral supernatants were normalized for infectious units (e.g. 50 fluorescence forming units, FFU) prior to use in experiments showing roughly four fold higher ratio of infectious to non infectious particles for the HH-Ad5-VI-wt compared to HH-Ad5-VI-M1. (TIF) (A) The adenoviral E1A promoter is activated through targeting of Daxx by the adenoviral capsid protein VI and presumably Nedd4 ligases. This requires an N-terminal amphipathic helix and a conserved PPxY motif on protein VI. The latter is required for binding and nuclear targeting of Nedd4 ligases. As a consequence Daxx is not degraded but likely is displaced from the viral genome and PML-NBs thereby removing and preventing assembly of new Daxx repressive complexes on the viral genome. The fate of the removed complexes including ATRX is currently not clear. (B) For HCMV the major immediate early promoter (MIEP) is activated through tegument protein pp71, which binds to Daxx and mediates its proteasomal degradation thus removing ATRX and preventing Daxx repressive complexes on the viral genome. (C) The major HPV promoter is repressed by Daxx related mechanisms although very little is currently known. Daxx is targeted by the minor capsid protein L2, which also modulates PML-NBs. However, a formal role in Daxx de-repression of the viral promoter or a role for ATRX has not been established. Nevertheless, we show in this report the cross-activation of the adenoviral E1A promoter by pp71 and L2 and the activation of the MIEP by protein VI suggesting a common principle of genome activation. doi:10.1371/journal.ppat.1002549.g010
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Résumé :

Les Adénovirus humains sont des virus non enveloppés se répliquant dans le noyau des cellules hôtes. Au final l'étude des fonctions de cette protéine virale laisse penser que la protéine pVI possède des capacités de modulation du cycle cellulaire et présente un potentiel oncogénique car en effet, sa surexpression induit la dérégulation de l'homéostasie cellulaire et l'inhibition de suppresseurs de tumeur, comme p53 et pRb.

  Humane Adenoviren (HAdV) sind unbehüllte Doppelstrang-DNA-Viren mit einem Proteinkapsid, die sich im Wirtzellkern replizieren. Der lytische Infektionsverlauf beginnt mit dem rezeptor-vermittelten Eintritt des Viruspartikels und dem gerichteten Transport des viralen Genoms zum Wirszellkern. Das virale Protein VI (pVI) ist nötig um den effizienten Austritt des bereits disassemblierten Viruspartikels aus dem zellulären Endosom zu gewährleisten. Durch eine amphipathische Helix im N-terminalen Proteinbereich interkaliert dieser lytische Faktor in die endosomale Membran und führt zum Aufbruch des zellulären Organells. pVI wird anschließend an zelluläre Kernstrukturen, sogenannte PML nuclear bodies (PML-NBs) lokalisiert und komplexiert dort mit der zytoplasmatischen Ubiquitinligase Nedd4.2. PML-NBs stellen nukleäre Multiproteinkomplexe dar, die mittlerweile aufgrund ihrer antiviralen Eigenschaften in den Mittelpunkt der virologischen Forschung gerückt sind. Diese zellulären Aggregate bestehen hauptsächlich aus repressiven Transkriptionsfaktoren, wie dem anti-apoptotischen Daxx Protein sowie dem Tumosupressor p53. In diesem Zusammenhang konnte bereits eine pVI-vermittelte Relokalisation des Daxx Proteins aus den PML-NBs gezeigt und als Vorraussetzung zur effizienten Virusgenexpression bestätigt werden. Es stellte sich im Rahmen der vorliegenden Arbeit die Frage, ob neben der pVI-abhängigen Daxx Inhibition, auch p53 ein Zielprotein des viralen Capsidproteins darstellt. Unsere Arbeiten zeigen erstmals, dass nach der pVI Expression vermehrt posttranslationale Modifikationen am p53 Protein beobachtet werden. Weitere Befunde konnten außerdem einen Einfluss von pVI auf die p53-abhängige Transaktivierung zellulärer Promotoren beweisen. Mittels biochemischer Analysemethoden konnten wir zeigen, dass die Kooperation zwischen pVI und Nedd4.2 keine Rolle bei der p53 Inhibition zu spielen scheint. Um im nächsten Schritt die Rolle von pVI im Zellzyklus genau zu beleuchten, wurde zunächst ein zell-basiertes Modelsystem mit stabiler Überexpression des viralen Faktors generiert, Anschließende phenotypische Analysen konnten zeigen, dass die Anwesenheit von pVI zur Steigerung der Zellproliferationsrate führt. Im Rahmen unserer Untersuchungen konnten wir auch einen signifikanten Verlust zellulärer PML-NBs beobachten sowie eine Reduktion der p53 und pRb Proteinkonzentration nachweisen. Mittels unter Verwendung von Mikroinjektion und dem Inhibitor MG132 war es uns möglich zu zeigen, dass pVI den proteasomalen Proteinabbau der beiden Wirtszelldeterminaten p53 und pRb induziert. Deswegen kann man basierend auf den erhobenen Befunden zur pVI vermittelten Dysregulierung des zellulären Wachstums ein onkogenens Potenzial des viralen Faktors annehmen.
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(

  MLP) drives the expression of the major late transcript unit (MLTU), a large RNA which is alternatively spliced or uses different poly(A) signals. MLTU is divided into several late regions which are expressed differently during infection, such as L1, L2, L3, L4 and L5. All late transcripts share three common sequences belonging to the MLP (Figure 4) and mainly code for structural proteins to create the new virions. Furthermore, two viral-associated (VA) RNA called VA RNA I and VA RNA II are expressed with a role in interferon response inhibition. While all genes are transcribed by RNA polymerase II, only the VA RNAs are transcribed by RNA polymerase III 43 .

Figure 4 .

 4 Figure 4. Schematic representation of Human Adenovirus genome organization, modified from Fields Virology, Adenoviridae, 6th edition, 2013 43 . Each arrow represents major RNA produced from the transcription unit. Dark blue color: immediate early transcription unit; Blue color: early transcription units; orange color: intermediate transcription units; violet color: late transcription unit; violet large line: common sequence found in late transcripts; green box: ITR; violet box: MLP; MLP: major late promoter; ITR: inverted terminal repeat; VA RNA: virus associated ribonucleic acid. Bottom scale: genome length in percentage.
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 6 Figure 6. Schematic representation of cell cycle phases, modified from Lodish et al, 2000 136 .

Figure 7 .

 7 Figure 7. Schematic representation of pRb and conformations, modified from Rubin S.M., 2013 139 . Panel A -pRb structure and interaction domains. A and B: conserved domains in the pocket protein family. Panel B -Conformational changes of pRb triggered by phosphorylation. P: phosphorylation; Numbers: phosphorylated residues; LXCXE: LXCXE motif for pRb interaction.

Figure 8 .

 8 Figure 8. Schematic representation of cell cycle progression, modified from Morgan D.O., 2008 155 .

  or inhibit genes activated by a plethora of different cellular stress signals. Under stress stimuli, p53 leads to apoptosis, senescence or cell cycle arrest for DNA repair. Extensive stress signals induce apoptosis through the transcriptional induction of death pathways, like BAX, Fas and PUMA. In others cases, p53 responds by induction of senescence via p21 or PML 166 . Prior to low stress signals, p53 triggers temporary cell cycle arrest allowing DNA repair activation.

  transition step by interacting with Cdk 4 and Cdk 6 for p14, p15 and p16 or with Cdk 4 and Cdk 2 for p21. Finally, p53-dependent regulation of the cell cycle are deleterious for establishment of viral infections in the host-cell. Therefore, many viruses, such as HAdV developed a strategy to counteract p53 pathway activation.

Figure 9 .

 9 Figure 9. Schematic representation of p53, modified from Gu B. & Zhu WG., 2012 164 .

  2 (AA 148 to 151) 54 , two Nuclear Export Signal (NES) (AA 67 to 76 and AA 230 to 243) and two Nuclear Localization Signal (NLS) (AA 131 to 135 and AA 230 to 248) 207 .

Figure 10 .

 10 Figure 10. Schematic representation of capsid protein VI precursor from Human Adenovirus type 5. Conserved domains among HAdV are represented. NLS: Nuclear localization signal; NES: Nuclear export signal; PPxY: conserved motif for interaction with ubiquitin ligase Neural precursor cell expressed developmentally down-regulated protein 4.2 (Nedd4.2); Grey arrows:adenoviral protease processing site; pVIn: N-terminal fragment of pVI after adenoviral protease processing; pVIc: C-terminal fragment of pVI after adenoviral protease processing; pVI: mature form of protein VI after adenoviral protease processing.

Figure 11 .

 11 Figure 11. Localization and structure of protein VI in Adenoviral particle, modified from Reddy and Nemerow, 2014 205 (A) An hybrid (surface and tube) representation illustrating associations mediated by one copy of VI (red tube) gluing the adjacent PPHs (1,1′) and connecting them to hexon-4′ arising from the neighboring GON tile. The cleaved propeptide of VI (purple tube) remains associated with PPH-1 inside the hexon cavity. Certain residues of VI are identified with blue-colored labels. The penton base (PB) is shown in magenta. (B) The structure of protein VI in stick diagram showing the fold of protein VI. The cleaved propeptide (pVIn) (amino acids 6-31) is shown in purple color.

  removed and cells are washed with PBS 1X. After PBS removal, 400µL OPTIMEM (Opti-MEM®-Life Technologies#51985) is added into each well and cells are returned to the 37°C incubator. Two 1.5mL Eppendorf tubes are prepared. In the first tube 1.5µL of Lipofectamine TM 2000 (Life Technologies #11668-019) is diluted in 100 µL OPTIMEM and in the second tube 100µL OPTIMEM are mixed with the DNA to transfect. The DNA amount is 1 to 3 µg for immunofluorescence in 12 wells plate; 20 µg in 10 cm dish for RNA extraction and for western blot. Following 5 min incubation, tubes are pooled and cleared by short bench centrifugation. The mixture is incubated at Room temperature (RT) for 20

5x10 4 67 1. 6 .

 4676 cells were seeded in 35 mm dish (µ-Dish 35 mm, low Grid-500, ibiTreat, tissue culture treated, sterile, low wall, Ø 35 mm,-Ibidi # 80156) to achieve ~ 50% confluence permitting optimal microinjection conditions. The next day cells were subject to lipofectamine transfection using GFP-p53 or GFP-pRb expression vectors (2µg DNA per dish). The following day transfection efficiency was monitored in an epifluorescence microscope and the cells were transferred to a confocal microscope setting (Leica SP5) with heated stage and attached microinjection device (FemtoJet® system Eppendorf). For microinjection experiments recombinant His-tagged purified protein VI (or controls without protein VI) was diluted at 150ng/µL in transport buffer (110 mM KoAc, 2 mM MgAc, 2 mM DTT, 20mM Hepes pH 7.3, 10% glycerol and protease inhibitors) and mixed with Alexa 546 labelled antibody anti rabbit Fc fragment as injection marker at a ratio of 10:1. Prior to injection cell medium was exchanged for CO2 stabilized medium (#18045-054, Life Technologies). Injections were performed manually at constant pressure (90 hPa) with microinjection device FemtoJet® system (Eppendorf) using Femtotips II (internal diameter˂0.5 µm, external diameter 0.7µm -Eppendorf). GFP fluorescence of p53 and pRb were imaged within a single confocal plane at the nuclear midsection in real time by confocal microscopy (Leica SP5). Acquisitions were done at 15 s intervals between frames for 10 frames prior to injection and 40 frames post injection. Injected proteins were purified using standard procedures and dialyzed into transport buffer by previous PhD student. Luciferase reporter assay For dual reporter assay, 2x10 5 p53-negative H1299 cells were seeded in a 12 wells plate and subconfluently transfected the next day with sets of expression vectors using Lipofectamine TM 2000. Two different luciferase expression vectors were used to investigate the activity of different target promoter in response to protein VI. Effector plasmids for p53 were used at 0.015 µg and for RFP-pVI expression vectors were used at 0.5 µg DNA per assay. Expression vectors encoding for p53-dependent promoters were based on the pGL3-basic vector (Promega) coding for Firefly luciferase and used at 0.5 µg of DNA per assay. pGL3-based reporters used in this thesis encoded for the cyclin G promoter 227 , p21 promoter, Mdm2 promoter or five p53-binding sites upstream of a minimal cytomegalovirus promoter (pRE) 228 . As controls, 0.5 μg of pRL-TK (Promega), which expresses Renilla luciferase under the control of the herpes simplex virus thymidine kinase (HSV-TK) promoter was used. Cells were washed with PBS and lysed with 100 µL kit lysis buffer and Dual-luciferase® reporter assays were performed according to manufacturer's instructions (#E1980, Promega) with total cell extracts prepared 24 h after transfection. The activities of Firefly and Renilla luciferases are measured sequentially from a single sample. The firefly luciferase reporter is measured firstly adding 100 µL Luciferase reagent to generate a stabilized luminescent signal. After quantifying the firefly luminescence, this reaction is quenched, and the Renilla luciferase reaction is simultaneously initiated by adding 100 µL Stop & Glo®Reagent to the same tube. The Stop & Glo®Reagent also produces a stabilized signal from the Renilla luciferase, which create the second luciferase measurement.

pOG44 229 .

 229 The flp-recombinase permits site specific recombination between the FRT site in pEF5/FRT GFP-p53 and the FRT sequences in the U2OS-FRT cells genome thereby inserting a single copy of the pEF5 plasmid. Successful recombination integrates also a hygromycin resistance gene and to select and enrich positive cell clones. Hygromycin selection is carried out at 200µg/mL for 7 days until individual cell colonies appear. Individual colonies are analyzed by fluorescence microscopy for expression of GFP-p53 expression. Positive clones were picked, isolated and subcloned to generate stable cell lines.

  different expression vectors using site specific recombination e.g. allowing to combine the sequence with different tags 231 . Initially the insert is cloned into a donor plasmid (pDONR) flanked by recombination sites while acceptor plasmids encode for different recombination sites permitting transfer of the insert from donor to acceptor plamid using in vitro recombination reactions with purified components (see Figure12and Figure13) Initial BP recombination is done using BP Clonase®. It permits to insert a gene flanked by attB sites (e.g. introduced via PCR primers) into pDONR plasmid containing attP sites flanking a ccdB cassette. This cassette is used for negative selection of recombinants, which do not contain the insert of interest following recombination. Indeed ccdB gene code for an E.coli gyrase inhibitor that prevent bacterial growth. Thus the vast majority of bacteria that grow possess pDONR plasmid with the gene of interest inserted instead of the ccdB cassette and flanked by attL sites (result of recombination between attB and attP). The resulting plasmid is called pDONR-"gene name" and serves as DNA bank to subsequently transfer the gene or gene fragment into different destination vectors.

Figure 12 .

 12 Figure 12. Scheme of BP recombination

Figure 13

 13 Figure 13. Scheme of LR recombination

  Primers for pVI amplification contain attB sites (Gateway® depicted in red/black) and part of pVI sequence (depicted in grey).Primers for p53 amplification contain attB sites (Gateway® depicted in red/black) and part of p53 sequence (depicted in grey). plasmid with pDONR 221 backbone and an insert of interest. They serve as DNA bank of insert and the insert could be expressed only after recombination with pDEST plasmid bringing the promoter for expression.

 94 

 94 pENTRY pVI 34-114 insert : pVI from HAdV-5 residues 34 to 114  pENTRY pVI 34-239 insert : pVI from HAdV-5 residues 34 to 239  pENTRY pVI 75-141 insert : pVI from HAdV-5 residues 75 to 141 pENTRY p53 296-393 insert : human p53 residues 95 to 295 -pENTRY x start : the insert have a start codon and can be used in fusion with N-terminal tag after recombination with pDEST possessing a tag or express without tag after recombination with pcDNA3.1+DEST.  *pENTRY GFP start insert : GFP (kind gift from R. Iggo) pENTRY p53 1-160 start insert : human p53residues 1 to 160 -pENTRY x native : the insert is optimized for native expression with Shine-Dalgarno and Kozak sequence before the start codon. It can be expressed only without tag after recombination with pcDNA3.1+DEST.  pENTRY pVI 34-239 native insert : pVI from HAdV-5 residues 34 to 239  pENTRY pVI M1 34-239 native insert : pVI from HAdV-5 residues 34 to 239 and PPxY mutated in PGAA -pENTRY x ORF C: the insert have a start codon but no stop codon and can be only used in fusion with C-terminal tag after recombination with pDEST possessing a C-terminal tag in frame.  pENTRY pVI 34-239 ORF C insert : pVI from HAdV-5 residues 34 to 239 * pENTRY plasmids with a star were already possessed in the laboratory, the others were constructed for this study and verified by PvuII restriction enzyme digestion and sequenced.



  pBS_L30-GFP (gift E. Bertrand) : For GFP N-terminal tagged fusion protein expression. The fusion protein expression is under L30 protein ribosomal sub-unit promoter before the gateway cassette flanked by attR sites. We recombined pBS_L30 plasmid either with pENRTY or pENTRY start plasmids.  pBS_L30-RFP (gift E. Bertrand) : For RFP N-terminal tagged fusion protein expression. The fusion protein expression is under L30 protein ribosomal sub-unit promoter before the gateway cassette flanked by attR sites. We recombined pBS_L30 plasmid either with pENRTY or pENTRY start plasmids.  pcDNA3 RfC Cherry (gift E.Bertrand) : For C-terminal mCherry tagged fusion protein expression, recombination is done with pENTRY x ORF C and pcDNA3 RfC Cherry. pcDNA3 RfC Cherry possess a CMV promoter, the gateway cassette flanked by attR sites and mCherry fluorescent protein sequence that could be in frame with insert if this one is construct with attB2 ORF C primer.  pER80 (gift R. Iggo) : For lentivirus construction, recombination between pENTRY start plasmid and pER80 plasmid were performed. pER80 possesses an RSV/HIV hybrid 5' long terminal repeat (LTR) and a deleted HIV 3' LTR to ensure construct biosafety. A CMV promoter is before the gateway cassette flanked by attR sites. Between the promoter and the cassette a TetO sequence is present but serve only for inducible system. Downstream puromycin resistance gene is transcribed thanks to PGK promoter.  pEF5/FRT GFP (gift from J. Bosse) : For creation of constitutive cell line expressing the GFP fused insert thanks to Flp system. It possess an EF1 promoter before GFP sequence and the gateway cassette flanked by attR sites. Downstream there is the bGH poly(A) terminator and a FRT sequence. The FRT sequence allow the recombination in cell chromosome possessing a FRT sequence.  pcDNA3.1+DEST (created) : For native protein expression, recombination of pENTRY x native plasmid were realized with pcDNA3.1+DEST plasmid. pcDNA3.1+DEST possess a CMV promoter before the ccdB cassette flanked by attR sites and a bGH poly(A) terminator. To generate the pcDNA3.1+Dest plasmid, we used conventional cloning by processing in two plasmids (pCMV14-3xflag and pcDNA3.1+) with restriction enzymes and ligation of pcDNA3.1+ backbone with gateway cassette from pCMV14-3xflag. The resulting plasmid is a destination vector (gateway compatible) to express protein in their native form after recombination with a pENTRY. We digest separately 500 ng of pCMV14-3xflag (Gateway® compatible) (kind gift of E. Bertrand) and pcDNA3.1+ for 1h at 37°C. Digestion reaction is done with 1 µL of EcoRV (#R6355, Promega), 2 µL of Restriction Enzyme 10X D Buffer and completed to 20µL final volume with water. ccdB cassette flanked with attR sites and linearized pcDNA3.1+ are gel excised and purified by NucleoSpin ® kit (#740609, MACHEREY-NAGEL) Ligation reaction is performed overnight at 4°C with a vector-insert ratio 1/3. We use 50 ng of ccdB purified cassette and 150 ng of linearized pcDNA3.1+ with 1 µL ligase T4 (#M1801, Promega), 2 µL Ligase 10X Buffer and complete to 20 µL with water. Then ligation mixture is transformed in DH5α bacteria. Two or three clones selected on media supplemented with appropriate antibiotic are isolated. After plasmid extraction by NucleoBond® PC (#740571, MACHEREY-NAGEL) the insertion sense is verified by PvuII enzyme restriction (#R6331, Promega) and plasmid is sequenced. Gateway cloning with recombination of pDEST and pENTRY plasmids  pBS_L30-GFP p53: human p53 from residues 1 to 393 tagged in N-terminal with GFP. Other GFP tagged p53 mutants: pBS_L30-GFP p53 1-94 pBS_L30-GFP p53 95-295 pBS_L30-GFP p53 1-160 pBS_L30-GFP p53 296-393  pBS_L30-GFP pVI: HAdV-5 protein VI from residues 1 to 250 tagged in N-terminal with GFP. Other GFP tagged pVI mutants: pBS_L30-GFP pVI 1-239 pBS_L30-GFP pVI 34-239  pBS_L30-RFP pVI: HAdV-5 protein VI from residues 1 to 250 tagged in N-terminal with RFP. Other RFP tagged pVI mutants: pBS_L30-RFP pVI 34-75 pBS_L30-RFP pVI 104-175 pBS_L30-RFP pVI 75-141 pBS_L30-RFP pVI 54-239 pBS_L30-RFP pVI 1-239 pBS_L30-RFP pVI 104-239 pBS_L30-RFP pVI 34-114 pBS_L30-RFP pVI 189-239 pBS_L30-RFP pVI 34-239 pBS_L30-RFP pVI M1 1-250 pBS_L30-RFP pVI 141-206 pBS_L30-RFP pVI M1 34-239  pcDNA3 pVI 34-239 ORF C Cherry : HAdV-5 protein VI from residues 34 to 239 tagged in Cterminal with mCherry  pcDNA 3.1 pVI 34-239 : HAdV-5 protein VI from residues 34 to 239 expressed natively Other natively expressed pVI mutant: pcDNA 3.1 pVI M1 34-239  pEF5/FRT GFP p53 : human p53 from residues 1 to 393 tagged in N-terminal with GFP used for cell line creation by FRT recombination -generated previously and present in the laboratories :  #2 p53: express human p53 from residues 1 to 393. Construct realized by Willhem Ching.  peGFP_C1-pRb: express human pRb from residues 1 to 928 tagged in N-terminal with GFP.  pLucp21: express Firefly luciferase under the p21 promoter and is based on the pGL3-basic vector (Promega).  pLucCyG 227 : express the Firefly luciferase under the cyclin G promoter and is based on the pGL3-basic vector (Promega).  pLucMdm2: express the Firefly luciferase under the Mdm2 promoter and is based on the pGL3-basic vector (Promega).  pLucpRE 228 : express the Firefly luciferase under the synthetic p53 promoter composed of five successive p53 responsive element. The construction is based on the pGL3-basic vector (Promega).  pRL-TK : expresses Renilla luciferase under the control of the herpes simplex virus thymidine kinase (HSV-TK) promoter (Promega) b) Prokaryotic DNA construction For GST constructs, pGEX-2T plasmid is used as backbone. Thus GST tag (glutathion S-transferase) is fused in N terminal position of p53 fragments. Their expression is driven by tac promoter which permits an high expression when induced by IPTG (Isopropyl β-D-1thiogalactopyranosid) 232 . GST-p53 constructs were realized by previous lab member, Willhem Ching.  pGEX-2T p53 1-393 : human p53 from residues 1 to 393 tagged with N-terminal GST Other GST tagged p53 mutants: pGEX-2T p53 1-160 pGEX-2T p53 160-320 pGEX-2T p53 320-393 c) Lentiviral DNA construction  pER80 pVI 1-250 : lentiviral constructs coding for HAdV-5 protein VI from residues 1 to 250. Other lentiviral construct: pER80 GFP  pER79 (gift from R.Iggo) : lentiviral construct expressing constitutively a doxycycline sensible transcription repressor that bind to TetO sequence harboured by pER80 constructs. Thus Tet ON system is created by integrated pER79 constructs that shuts down integrated pER80 gene expression. However doxycycline addition leads conformational change of the repressor that cannot bind TetO site anymore and allows pER80 interest's gene expression. with 3x10 6 HepaRG cells were transfected for 24 hours or infected with E3 deleted replication competent wild type HAdV-5. At time course point for infection and the following day for transfection, cells are collected and lysed in RIPA buffer (50mM Tris/HCl pH8.0, 150 mM NaCL, 5mM EDTA, 1 % NP40, 0.1 % SDS, 0.5% sodium deoxycholate) for 2 minutes on ice. Lysed cells are collected by centrifugation at 470 g for 5 min at 4°C and the cell pellet is resuspended in 1 mL TRIzol® Reagent (Life Technologies) and incubated at RT for 5 min. Following addition of 200 µL chloroform tubes are gently mixed by inversion during 15 sec. and after 3 min incubation at RT, tubes are centrifuged for 15 min at 12000 g and 4°C. The aqueous phase is transferred to a new tube and precipitated by addition of 600 µL isopropanol. After 10 min at RT, tubes are centrifuged for 15 min at 12000 g at 4°C and the supernatant is removed. The pellet with the RNA is washed with 1 mL 75 %

  3.4.) For antibody binding respective dilutions in blocking buffer are incubated with membranes for one hour to overnight under constant agitation at 4°C. Following antibody incubation membranes are rinsed with 1X Tris Buffer Saline (1X TBS) followed by three washes in 1X TBS for 10 min under agitation. Then 1 h to overnight incubation is performed with peroxidase coupled secondary antibody (Interchim) diluted 1/10000 in blocking buffer. Following secondary antibody incubation blots are washed as above, rinsed in distilled water and membranes are incubated for 5 min with ECL (Enhanced Chemiluminescence) solution (Substrat HRP Immobilon Western #WBKLS0500, Millipore or Pierce ECL Western Blotting Substrate #32106, Thermo Fisher Scientific or SuperSignal West Femto

  are agarose beads coated with nanobodies directed against GFP. It permits to isolate GFP fusion proteins from lysates by affinity pull-down with high efficiencies. Low nanobodies molecular weight (15 kDa) and their non-recognized sequence by conventional antibodies avoid standard heavy chain background problems associated with the use of regular antibodies. b) Sample lysis 3.5x10 6 U2OS cells are transfected overnight by Lipofectamine TM 2000 with 8 µg of DNA from GFP constructs pBS_L30-GFP, pBS_L30-GFP p53, pBS_L30-GFP pVI or peGFP_C1-pRb. The following day, transfected cells are collected, washed with 1X PBS and pelleted at 1500 g during 5 min. Cells are lysed with lysis buffer (10 mM Tris/Cl pH7.5, 150 mM NaCl, 0.5 mM EDTA, 1mM PMSF and 0.5 % NP-40) for 30 min on ice with brief vortex treatment every 10 min. Cell debris is removed through centrifugation for 15 min at 20000 g and 4°C. The supernatant containing the GFP-fusion proteins is kept and protein concentration is determined by Bradford test. Input fraction is prepared as control with 4X Laemmli.

  protein BMI-1, the cyclin D1 gene, the gene coding for the transcription factor Myc and the phosphatidylinositol-4,5-bisphosphate 3-kinase gene (respectively hTERT, BMI1, CCND1, MYC and PI3K genes) (see Verbeke et al 234 ) are transduced with pER80 GFP or pER80 HAdV-5 pVI 1-250 at MOI 20 for 24 h. GFP and pVI expression are verified by epifluorescence after immunofluorescence and western blotting.

  5 p53-/mouse embryo fibroblasts irradiated with 30 Gy are mixed with 10% growth factor reduced Matrigel (BD Biosciences) and injected into 6-week-old female NSG mice (NOD-scid IL2RG-/-, Jackson Laboratory strain number 005557). For subcutaneous and intraductal injections the volume injected is respectively 100 µL and 10 µL and were performed by Elodie Richard and Stéphanie Verbeke. Tumor size after subcutaneous injection is measured with a Photon Imager (Biospace, Paris, France). Glands are taken out and remaining fluorescent cells are checked by stereomicroscopy. Then Samples are fixed in formaldehyde and embedded in paraffin for automatized immunohistochemical procedures and analyses by the anapathologist of Bergonié institute (Dr Gaëtan Mac Grogan). Immunohistochemical analysis was performed by Valérie Velasco (engineer) on a Benchmark-ULTRA (Ventana) with the following antibodies: p53 (DO7, Dako, 32 min, 1:50), CFP (B-2, Santa Cruz sc-9996, 32 min, 1:400) and pVI (clone 9F10, 32 min, 1: 50).

Figure 14 .

 14 Figure 14. Immunohistochemistery analysis of U2OSpVI cells stained against pVI protein.

Figure 15 .

 15 Figure 15. Epitope mapping of mouse monoclonal antibody 9F10.U2OS cells were transfected with 3 µg of pVI mutant plasmids. The cells were harvested 24 h p.t. and total cell extracts were prepared before detection by SDS-PAGE/western blotting using pAb ab62341 (α-RFP) or mAb 9F10 (α-pVI). Molecular weight marker in kDa is indicated on the left, while the antibodies are on the right.

Figure 16 .

 16 Figure 16. Schematic representation of the anti-pVI 9F10 antibody interaction with pVI mutants and probable epitope recognized.

Figure 17 .

 17 Figure 17. Relative mRNA expression of p53-dependent genes in transfected cells.HepaRG cells were transfected with empty control plasmids or RFP-fused pVI expressing plasmids. 24h after transfection RNA extraction and reverse transcription were performed followed by qPCR quantification with p14, p15, p16, p21 and BAX genespecific mRNA primers. Control plasmid transfected cells served as reference percentage of 100%. Mean and STD are from two experiments performed in triplicate and statistical analysis with unpaired t-test.

Figure 18 .

 18 Figure 18. Relative mRNA expression of p53-dependent genes in infected cells. Time course experiment in HepaRG mock-infected or infected with wild type HAdV-5 at MOI 20. For each time point, RNA extraction and reverse transcription were performed followed by qPCR quantification with p14, p16, p21 and BAX gene specific mRNA primers. Mock-infected cells served as reference percentage of 100%. Mean and STD are from one experiment performed in triplicate and statistical analysis with unpaired t-test.

Figure 19 .

 19 Figure 19. Impact of RFP fused pVI protein expression on luciferase construct driven by p53-dependent p21 promoter.H1299 cells transfected with 0.015µg p53, 0.5µg pluc-p21, 0.3µg Renilla TK and 0.5µg RFP-pVI plasmids. 24h after transfection dual luciferase assay is performed on cell extract. Experiment normalized at 100% with wells transfected with luciferase constructs and p53 expressing plasmid. Mean and STD from one experiment performed in triplicate and statistical analysis with unpaired t-test.

7 %

 7 RLA compared to 100 +/-7.5 % when p53 was co-expressed. In contrast co-transfection of pluc-cyG with pVI and p53 expression vectors together in p53-negative H1299 cells showed 146.3 +/-15.3 % RLA, again confirming that protein VI co-expression promotes p53-dependent gene expression (p<0.05; p=0.0195). Furthermore, these results supported a potential role for protein VI in augmenting cyclin G expression to suppress p53 activity in apoptosis, cell cycle arrest or DNA damage regulation.

Figure 20 .

 20 Figure 20. Impact of RFP fused pVI protein expression on luciferase construct driven by p53-dependent cyclin G promoter.H1299 cells transfected with 0.015µg p53, 0.5µg pluc-cyG, 0.5µg Renilla TK and 0.5µg RFP-pVI plasmids. 24h after transfection dual luciferase assay was performed on total-cell extract. Experiment normalized at 100% with wells transfected with luciferase constructs and p53 expressing plasmid. Mean and STD from one experiment performed in triplicate and statistical analysis with unpaired t-test.

Figure 21 .

 21 Figure 21. Impact on luciferase construct driven by p53-dependent cyclin G promoter of increasing RFP fused pVI protein expression.H1299 cells transfected with 0.015µg p53, 0.5µg pluc-cyG, 0.5µg Renilla TK and 0.25 to 1µg RFP-pVI plasmids. 24h after transfection dual luciferase assay is performed on cell extract. Experiment normalized at 100% with wells transfected with luciferase constructs and p53 expressing plasmid. Mean and STD from one experiment performed in triplicate and statistical analysis with unpaired t-test.

Figure 22

 22 Figure 22 Impact on luciferase construct driven by p53-dependent Mdm2 promoter of RFP fused pVI protein expression.H1299 cells transfected with 0.015µg p53, 0.5µg pluc-Mdm2, 0.5µg Renilla TK and 0.5µg RFP-pVI plasmids. 24h after transfection dual luciferase assay is performed on cell extract. Experiment normalized at 100% with wells transfected with luciferase constructs and p53 expressing plasmid. Mean and STD from two experiments performed in triplicate and statistical analysis with unpaired t-test.

Figure 23 .

 23 Figure 23. Impact on luciferase construct driven by p53-dependent synthetic p53 response element promoter.H1299 cells transfected with 0.015µg p53, 0.5µg pluc-pRE, 0.5µg Renilla TK, 0.5µg RFP and 0.5µg RFP-pVI plasmids. 24h after transfection dual luciferase assay is performed on cell extract.Experiment normalized at 100% with wells transfected with luciferase constructs and p53 expressing plasmid. Mean and STD from one experiment performed in triplicate.

  A, lane 2 and 3) and a minor band most likely representing degradation product. When co-transfected with RFP-pVI, we observed p53 antibody reactive bands running at higher molecular weight (Figure 24 A, lane 3), reflecting a modified p53 protein compared to cells transfected with p53 plasmid alone. Smaller bands are most likely degradation products.As before, a dose effect study was performed in H1299 cells by increasing the amount of pVI plasmid transfected (Figure24 B,lanes 3, 5, 7 and 9). In this experiment the pVI mutant M1 was also used in which the PPxY motif is mutated to PGAA (Figure24 B,lanes 4, 6, 8 and 10). This mutation was shown

Figure 24 .

 24 Figure 24. Adenoviral capsid protein pVI induces p53 modifications in H1299 cells.A: H1299 cells were transfected with plasmids coding for human p53 and RFP fused to adenoviral pVI. The cells were harvested 24 h p.t. and total cell extracts were prepared. Steady-state expression levels of total cell lysates were detected using mAb DO-1 (α-p53), pAb high affinity (α -pVI) and mAbAC-15 (α -β-actin). B: H1299 cells transfected with human p53 and an increase amount of plasmids expressing RFP fused pVI wild type or M1 mutant. The p53 plasmid was transfected.at 5µg per well. Molecular weight marker in kDa is indicated on the left, while the relevant proteins are labeled on the right.

(Figure 25 A

 25 , lane 2 to 5 compare to 1). Longer exposure showed higher migrating bands of 70 kDa to 100 kDa (Figure25 A, lanes 2 to 5, again indicating p53 PTM. Moreover, smaller bands are detected around 35 kDa (see longer exposure p53 blot, Figure 25 A, lane 2 to 5 compare to 1), suggesting p53

Figure 25 .

 25 Figure 25. HAdV-5 induces p53 modifications at early time point of infection.A: Time course infection in HepaRG cells infected with HAdV-5 wild type virus at MOI 20. The cells were harvested at different time points and total cell extracts were prepared. Steady-state expression levels of total-cell lysates were detected using mAb DO-1 (α-p53), pAb high affinity (α -pVI) and mAb AC-15 (α -β-actin). h p.i.: hours post infection B: Time course infection in U2OS cells infected with HAdV-5 wild type virus atMOI 20. m p.i.: minutes post infection. Molecular weight marker in kDa is indicated on the left, while the relevant proteins are labeled on the right.

Figure 26 .

 26 Figure 26. Adenoviral capsid protein VI shows no colocalization with human p53 in transiently transfected cells. U2OS cells were transfected with 1µg of native p53 and 1µg of native pVI, fixed with 4 % PFA 24 h post transfection and double-labeled with mAb DO-1 (-p53) and pAb high affinity (-pVI). For nuclear staining the DNA intercalating dye DAPI was used. Scale bar represents 5 microns.

Figure 27 .

 27 Figure 27. GST pull-down with GST-p53 truncation constructs expressed in E.coli and lysates from pcDNA and RFP-pVI transfected H1299 cells.A: Coomassie gel loaded with purified GST-p53 truncation constructs from bacteria expression. B: Western blot of GST-p53 constructs incubated with lysate from pcDNA transfected H1299 cells. C: Western blot of GST-p53 constructs incubated with lysate from RFP-pVI transfected H1299 cells. The cells were transfected with 20µg of pcDNA or RFP-pVI plasmids, harvested 24 h p.t. and the total cell extracts were prepared and incubated with GST-p53 constructs coated beads. Proteins bounds to GST constructs were detected by SDS-PAGE and western blot using pAb high affinity (α -pVI). Molecular weight marker in kDa is indicated on the left.

  A, lanes 3 and 4 upper blot), while the rest was blotted with anti-protein VI antibodies (Figure 29 A, lanes 3 and 4 bottom blot) and Mdm2 as positive control (Figure 29 A, lanes 3 and 4 middle blot). For the reverse experiment 25% of GFP-pVI trapped material was used for GFP loading control (Figure 29 B, lanes 3 and 4 upper blot) and 75% were blotted with anti p53 antibodies to detect bound proteins (Figure 29 B, lanes 3 and 4 bottom blot). Similar to the results obtained with the GST pull-down (Figure 28), the GFP-trap® analysis did not show specific binding between p53 and pVI

Figure 28 .

 28 Figure 28. GST pul-ldown with GST-p53 truncation constructs expressed in E.coli and lysates from RFP and RFP-pVI transfected H1299 cells.A: Western blot of GST-p53 constructs incubated with lysate from RFP transfected H1299 cells. B: Western blot of GST-p53 constructs incubated with lysate from RFP-pVI transfected H1299 cells. The cells were transfected with 20µg of RFP or RFP-pVI plasmids, harvested 24 h p.t. and the total cell extracts were prepared and incubated with GST-p53 constructs coated beads. Proteins bounds to GST constructs were detected using pAb high affinity (α -pVI). Molecular weight marker in kDa is indicated on the left.

  Carboxyfluorescein succinimidyl ester (CFSE) cell staining experiments. CFSE is a cell permeable colorless dye that is converted by intracellular esterases into fluorescent ester which is retained in the cell and binds covalently to intracellular proteins via amine groups. Thus stained cells loose fluorescence during each cell division 252 . The CFSE dilution is proportional to cellular division and can be quantified

Figure 31 .

 31 Figure 31. Proliferation analysis of U2OS, U2OSGFP and U2OSpVI cell lines. A: Epifluorescence acquisition of U2OS, U2OSGFP and U2OSpVI cell lines grown for 24h under same conditions. a-c: DIC acquisition. d-f: GFP fluorescence acquisition. B: Growth curve of U2OS, U2OSGFP and U2OSpVI cells lines during six days seeded at 5x10 3 per well in 6 wells plate. C: FACS analysis profil of U2OS and U2OSpVI cells after CFSE treatment.

Figure 32 .

 32 Figure 32. FACS profil showing cell phase distribution of U2OS, U2OSGFP and U2OSpVI cells lines. Cells were grown in same conditions for 24h. After methanol fixation and DAPI staining the cells were submitted to FACS analysis for DNA content study. Cell cycle distribution was realized under FlowJow software with cell cycle parameters applying Watson model treatment. Mean on two experiments.

Figure 34 .

 34 Figure 34. Expression analysis of cyclin dependent kinase expression in U2OS, U2OSGFP and U2OSpVI.Cells were grown in same conditions for 3 days in T75 flasks and harvested then total cell extracts were prepared. Steady-state expression levels of total cell lysates were detected by western blot using pAb #9112 (α-Cdk 1), mAb #2546 (α-Cdk 2), mAb #2906(α-Cdk 4), mAb #3136 (α-Cdk 6), mAb #2916 (α -Cdk 7), mAb #2316 (α -Cdk 9) and mAb 6C5 (α -GAPDH). Molecular weight marker in kDa is indicated on the left, while the relevant proteins are labeled on the right.

  A, panel h and p). In a detailed view (Figure36A, panel p in red) the pVI signal is shown accumulating in the cytosol where the pVI and p53 signal partially overlap without dominant colocalization. We next performed the same experiment, but staining for endogenous pRb and protein VI (Figure36 B). The results showed that a nucleoplasmic stain for the pRb signal in U2OS control cells (Figure36 B, panel d in green). In contrast in U2OSpVI cells the pRb signal was virtually absent from the nucleus with a faint cytoplasmic background stain (Figure36B, panel f). These results suggest that intracellular protein VI expression induces relocalization of p53 and pRb.

Figure 35 .Figure 36 .

 3536 Figure 35. Expression analysis of tumor suppressor p53, pRb and the regulator Mdm2 in U2OS, U2OSGFP and U2OSpVI.Cells were grown in same conditions for 3 days in T75 flasks, harvested and total cell extracts were prepared. Steady-state expression levels of total cell lysates were detected by western blot using mAbDO-1 (α -p53), mAb SMP14 (α -Mdm2), mAb 4H1 (α -Rb) and mAb 6C5 (α -GAPDH). Molecular weight marker in kDa is indicated on the left, while the relevant proteins are labeled on the right

  compare panel c and g). This reduced amount of PML-NBs is consistent to previous published observations showing PML-NB clustering within 1h p. i. or the increase in intranuclear mobility of PML-NB and fusion event between individual bodies after 6-8 min after wild type pVI microinjection 67 .

Figure 37 .

 37 Figure 37. U2OSpVI cells present lower and clustered PML-NBCells were fixed with 4% PFA and double-labeled with mAb 9F10 (α-pVI) and pAb NB100 (α -PML). Confocal microscope acquisition was performed against labelled proteins. For nuclear staining the DNA intercalating dye DAPI was used. The scale bar represents 5 microns

Figure 41

 41 Figure 41).

Figure 38 .

 38 Figure 38. Sp100 PML-NBs associated factor are absent in U2OSpVI.Cells were fixed with 4% PFA and double-labeled with mAb 9F10 (α-pVI) and pAb GH3 (α -Sp100). Confocal microscope acquisition was performed against labelled proteins. For nuclear staining the DNA intercalating dye DAPI was used. The scale bar represents 10 microns.

Figure 39 .

 39 Figure 39. GFP-p53 fluorescent signal decreases upon purified pVI microinjection in U2OS cells. U2OS cells were transfected with 2µg of GFP-p53 plasmid. 24 h p.t. the cells were subjected to microinjection with purified protein pVI wild type or mutant pVIΔ54. Live cell imaging was performed following the GFP-p53 fluorescent signal in CO2 rich media by confocal acquisition. A: U2OS cells expressing GFP-p53 and microinjected with purified protein pVI Δ54. B: U2OS cells expressing GFP-p53 and microinjected with purified protein pVI Δ54. Frames are separated by 15 sec. Acquisition was performed within 60 sec post microinjection.

Figure 40 .

 40 Figure 40. Nuclear GFP-p53 fluorescent signal in live cell acquisition upon microinjection of protein pVI wild type or mutant pVIΔ54 in U2OS cells. A: U2OS cells expressing GFP-p53 and microinjected with purified protein pVI Δ54. B: U2OS cells expressing GFP-p53 and microinjected with purified protein pVI Δ54. Frames are separated by 15 sec. Acquisition was performed within 60 sec post microinjection. Relative fluorescence quantification reported to acquisition number 1 to the corresponding movie. Pink squares depict time range during which is crossed threshold of 0.5 relative fluorescence. Statistical analysis was done with unpaired t test for time at 50% fluorescence.

Figure 41 .

 41 Figure 41. GFP-pRb fluorescent signal decreases upon purified pVI microinjection in U2OS cellsU2OS cells were transfected with 2µg of GFP-pRb plasmid. 24 h p.t. the cells were subjected to microinjection with purified protein pVI wild type or mutant pVIΔ54. Live cell imaging was performed following the GFP-pRb fluorescent signal in CO2 rich media by confocal acquisition. A: U2OS cells expressing GFP-pRb and microinjected with purified protein pVI Δ54. B:U2OS cells expressing GFP-pRb and microinjected with purified protein pVI Δ54. Frames are separated by 15 sec. Acquisition was performed within 60 sec post microinjection.

Figure 42 .

 42 Figure 42. Nuclear GFP-pRb fluorescent signal in live cell acquisition upon microinjection of protein pVI wild type or mutant pVIΔ54 in U2OS cells. A: U2OS cells expressing GFP-pRb and microinjected with purified protein pVI Δ54. B: U2OS cells expressing GFP-pRb and microinjected with purified protein pVI Δ54. Frames are separated by 15 sec. Acquisition was performed within 60 sec post microinjection. Relative fluorescence quantification reported to acquisition number 1 to the corresponding movie. Pink squares depict time range during which is crossed threshold of 0.5 relative fluorescence. Statistical analysis was done with unpaired t test for time at 50% fluorescence.

  U2OSpVI cells, p53 expression accumulates and more modification products could be detected (higher bands above 53 kDa, lower bands around 25 kDa; Figure 44, lanes 1-3). In control cells we observed accumulation of p53 and lower degradation products at around 40 kDa (Figure 44, lanes 4-6).

Figure 43 .

 43 Figure 43. GFP-trap® between GFP-pRb and protein pVI in U2OS cells.

  Addition of Dox permits removal of the TetR repressor through Dox binding and conformational change thereby allowing protein VI expression to commence. To generate the cells and controls we co-infected U2OS cells with the two lentiviruses pER80-pVI and pER79 or the pER79 alone. Transduced cells were selected with puromycin at 2µg/mL and blasticidin at 10 µg/mL for 10 days. Resulting U2OS cells were called U2OS+TR+pVI and U2OS+TR (TR for transcriptional repressor).Next, we tested induction of protein VI expression by adding doxycyclin to the media. Then pVI induction was tested after Dox treatment of U2OS+TR and U2OS+TR+pVI cells for 24h at different concentrations (from 0.0025 µg/mL to 1.5 µg/mL; Figure45). Protein VI expression could be detected in each conditions tested for induction of U2OS+TR+pVI cells by Dox (Figure45, pair lanes from 4 to 24 excluding 14). We showed that already at 0.025 µg/ml Dox, protein VI is expressed 24h post induction. However, maximum induction of protein VI was achieved at 0.25 µg/mL (Figure45,

Figure 45 .

 45 Figure 45. Induction of protein VI in U2OS+TR+pVI or U2OS+TR control cells with different Dox concentrations.Cells were grown in equal condition for 24h and induced by different concentration of Dox during 24h before harvesting and total cell extracts preparation. Protein levels were detected by western blot using pAb high affinity (α-pVI) and mAb AC-15 (α-β-actin). Molecular weight marker in kDa is indicated on the left, while the relevant proteins are labeled on the right

upon

  Dox induction compare to non induced cells no fluorescent signal was detected in parental U2OS (Figure 47 A, panel b and f) and U2OS+TR cells (Figure 47 B, panel b and f). In all pVI positive cells, nuclear pVI signal colocalized with PML-NBs (Figure 47 C, panels f, j, n and r) compare to the non induced cells (Figure 47 C, panel b). However, only 40% of the cells expressed pVI protein and the signal intensity for pVI following induction was very heterogenous in the bulk U2OS+TR+pVI cells. To obtain homogenous inducible cells we performed clonal selection using the U2OS+TR+pVI cells. Cells were selected using limited dilution before we screened 11 clones by immunofluorescence to test for pVI expression upon Dox induction. Finally two clones (clones 31 and 54) were kept and analyzed after 24h post Dox induction at 0.05 µg/mL in more detail.

Figure 46 . 48 ,

 4648 Figure 46. Induction of protein VI in U2OS+TR+pVI or U2OS+TR control cells at 0.05µg/mL of Dox for different time induction.Cells were grown in equal condition and induced for different time at 0.05µg/mL Dox before harvesting and total cell extracts preparation. Protein levels were detected by western blot using pAb high affinity (α-pVI). Molecular weight marker in kDa is indicated on the left, while the relevant proteins are labeled on the right

Figure 47 .

 47 Figure 47. Protein VI colocalizes with PML-NB upon Dox induction of U2OS+TR+pVI cells.Cells were grown in equal conditions, induced (+) or not (-) during 24h with 0.005 µg/mL Dox, fixed with 4% PFA and doublelabeled with mAb 9F10 (α-pVI) and pAb NB100 (α -PML). Confocal microscope acquisition was performed against labelled proteins. A : U2OS cells. B : U2OS+TR cells. C : U2OS+TR+pVI cells. For nuclear staining the DNA intercalating dye DAPI was used. The scale bar represents 2 microns.

Figure 48 .

 48 Figure 48. Protein VI colocalizes with PML-NB upon Dox induction in two clones of U2OS+TR+pVI cells. Cells were grown in equal conditions, induced (+) or not (-) during 24h with 0,005 µg/mL doxycycline, fixed with 4% PFA and double-labeled with mAb 9F10 (α-pVI) and pAb NB100 (α -PML). Confocal microscope acquisition was performed against labelled proteins. A : clone 31 of U2OS+TR+pVI cells. B : clone 54 of U2OS+TR+pVI cells. For nuclear staining the DNA intercalating dye DAPI was used. The scale bar represents 2 microns.

  experiment asking the question if protein VI causes cellular transformation using an in vivo mouse model for epithelial breast cancer provided by a collaboration with Prof. Richard Iggo (head of the breast cancer team, at Institut Bergonié Bordeaux). The epithelial breast cancer mouse model developed in the Iggo group is based on the sequential insertion of oncogenes into primary human breast primary epithelial cells (BPECs) to drive them towards the edge of oncogenicity. The preneoplastic cells are then injected into the mammary glands and subcutaneously into 6-week-old female NSG mice (NOD-scid IL2RG-/-) to study cancer establishment that could develop as ductal carcinoma in situ or invasive tumor. The team of R. Iggo recently showed that expressing genes hTERT, BMI1, CCND1, MYC and a short hairpin knocking down p53 (shp53) does not lead to cancer development in mouse mammary glands or subcutaneously unless addition of the gene for constitutive active PI3K (see Verbeke and al 234 ). As described above the conversion of BPECs into neoplastic cells involves knockdown of p53 using shRNA's. As we observed a destabilization of p53 in our U2OS model (Figure35and Figure40) the mouse model provided a good tool to test the potential pVI oncogenicity by replacing the shRNA against p53 that was used with a pVI expressing lentiviral vector followed by injection into the mouse model. R.Iggo kindly provided BEPCs expressing hTERT, BMI1, CCND1, MYC and PI3K genes (4gPI3K cells), which we subsequently transduced with lentivirus pER80 expressing either pVI or GFP (as control). Unfortunately, puromycin selection following transduction was not possible because this resistance had already been used for the hTERT lentivirus constructs. Therefore, we transduced the

Figure 49 .

 49 Figure 49. Induction of protein VI in U2OS+TR+pVI cells at different concentration of Dox after 48h and 72 h post induction.Cells were grown in equal condition and induced for different time at 0.05µg/mL doxycycline before harvesting and total cell extracts preparation. Protein levels were detected by western blot using pAb high affinity (α-pVI) and mAbAC-15 (α-β-actin). Molecular weight marker in kDa is indicated on the left, while the relevant proteins are labeled on the right

Figure 50 .

 50 Figure 50. Infection of 4gPI3K cells with pER80 lentivirus vectors..A: Epifluorescence microscopy of 4gPI3K cells infected for 24h at MOI 10 or 20 with lentivirus pER80 expressing pVI or GFP. B: Western blot of 4gPI3K cells infected at MOI 10 or 20 with lentivirus pER80 expressing pVI or GFP. After lentiviral infection, the cells were harvested and total-cell extracts prepared. Steady-state expression levels of total cell lysates were detected by western blot using pAb high affinity (α-pVI), mAbDO-1(α-p53) and mAbAC-15 (α-β-actin). Molecular weight marker in kDa is indicated on the left, while the relevant proteins are labeled on the right

Figure 51

 51 shows cells fixed and stained with antiprotein VI antibodies. Quantification using an epifluorescence microscope revealed that only 15 % of 4gPI3k cells (35/234) transduced with pER80 pVI lentivirus at MOI were positive for protein VI (Figure 51, panel d and h).

Figure 51 .

 51 Figure 51. pVI expression is not homogenous in 4gPI3K cells.Cells were infected 24h at MOI 20 with pER80 pVI lentiviral vector and grown for one week before fixation with 4% PFA and labeling with mAb 9F10 (α-pVI). Epifluorescence microscope acquisition was performed against labelled protein and GFP/CFP signal. For nuclear staining the DNA intercalating dye DAPI was used. The scale bar represents 10 microns.

Figure 52 .

 52 Figure 52. Subcutaneous injection of 4gPI3K cells transduced with lentiviral vector pER80 don't create tumor. A: Curve of the relative fluorescence of injected area during time for subcutaneous injections. B: Stereomicrograph of subcutaneous injections. 4: number of the mouse injected with 4gPI3K cells+pER80-GFP. 7 and 9: number of the mouse injected with 4gPI3K cells+pER80-pVI. Fluorescence of remaining human cells expressing CFP under mouse skin are depicted in red. Scale bar represent 5 mm.

Figure 53 .

 53 Figure 53. Engraphment of 4gPI3K cells transduced with lentiviral vector pER80 GFP after intraductal injection in mouse.Composite pictures showing fluorescent human cells scattered through the mouse mammary gland arborescence six weeks after ductal injection. Mamarry glands were removed by surgery and acquisition were permormed by stereomicroscopy.1-4: Mouse number in which mammary glands was injected with 4gPI3K cells infected by pER80-GFP at MOI 20. Fluorescence of remaining human cells expressing CFP under mouse skin are depicted in red. Scale bar represent 2 mm.

Figure 54 .

 54 Figure 54. Engraphment of 4gPI3K cells transduced with lentiviral vector pER80 pVI after intraductal injection in mouse. Composite pictures showing fluorescent human cells scattered through the mouse mammary gland arborescence six weeks after ductal injection. Mamarry glands were removed by surgery and acquisition were permormed by stereomicroscopy. 6-10 Mouse number in which mammary glands was injected with 4gPI3K cells infected by pER80-pVI at MOI 20. Fluorescence of remaining human cells expressing CFP under mouse skin are depicted in red. Scale bar represent 2 mm.

Figure 55 .

 55 Figure 55. Mammary glands from control mice injected with 4gPI3K+GFP cells present oncogenesis.Pictures showing mammary gland slices six weeks after ductal injection with 4gPI3K cells infected by pER80-GFP atMOI 20. Mamarry glands were removed by surgery fixed in formaldehyde and embedded in paraffin before slicing and immunohistochemistery labeling using mAbDO-7 (α-p53) and mAb sc-9996 (α-CFP) or with hematoxylin and eosin staining (HES). 2-4: Mouse number in which mammary glands was injected. The scale bars represent 50µm.

Figure 56 .Discussion 1 .

 561 Figure 56. Mammary glands from control mice injected with 4gPI3K+pVI cells present oncogenesis.Pictures showing mammary gland slices six weeks after ductal injection with 4gPI3K cells infected by pER80-pVI atMOI 20. Mamarry glands were removed by surgery fixed in formaldehyde and embedded in paraffin before slicing and immunohistochemistery labeling using mAbDO-7 (α-p53) and mAb sc-9996 (α-CFP) or with hematoxylin and eosin staining (HES). 6-10: Mouse number in which mammary glands was injected. The scale bars represent 50µm.

Figure 49 )

 49 . Unfortunately because of time limitation, these U2OS+TR+pVI clones couldn't be extensively characterized and have not yet been used in our study. Thus inducible cells will allow us to respond to problems linked to transient transfection based expression that stress the cells and help us to study the establishment of p53 and pRb degradation observed in stable U2OSpVI cells. Furthermore inducible cell line expressing pVI will be a great tool for future work. E.g. to study the DNA binding ability of protein VI and compare it with the transcriptional activator E1A to study cellular DNA binding sequence or mRNA expression modulation in induced and not induced cells maintaining the same genetic background.

  mouse model. Our collaborator R. Iggo from the Bergonié institutes at the University of Bordeaux provided us with their mouse model to test if pVI could induce a final oncogenic hit in cells pushed at the edge of oncogenesis. In their model human breast primary epithelial cells (BPECs) from mammoplasty are driven towards the edge of oncogenicity by sequential insertion of oncogenes hTERT, BMI1, CCND1, MYC and a shRNA eliminating p53 (shp53). They showed that addition of a constitutive PI3K provokes oncogenesis. Thus we used cells without shp53 but which had been transduced with constitutively active Pi3K in their model (termed 4gPI3K) to test if addition of pVI expression could replace shp53 and then study if pVI dependent degradation of p53 would trigger in vivo oncogenesis.Three weeks old NSG mice were required for the experiment allowing us a single experiment in their mouse model due to time constraints. Two weeks were the allotted time to prepare human derived 4gPI3K cells for injection in mice.Therefore the best conditions could not be reached because several parameters had to be estimated leading to some potential problems during the execution of the experiment. The first one was the recombinant cell selection. The puromycin resistance gene used to select protein VI expression was already carried by 4gPI3K cells. Thus no proper selection could be done. To overcome this technical problem we thought that infection at high MOI would lead to GFP or pVI expression by all human derived 4gPI3K cells. Unfortunately even at the highest MOI only 15% of transduced 4gPI3K cells were positive for protein VI expression.Likewise verification of protein expression was difficult in our approach and the GFP expression of the control transduced cells was not completely confirmed because the antibody against GFP cross reacted with CFP (already expressed by the 4gPI3K cells) and the GFP (expression brought by the lentivirus pER80 expressing the GFP control) even if we observed a fluorescence increase to around 75% -90% in epifluorescence for cells infected by pER80-GFP. However in epifluorescence CFP and GFP spectrum could not be separated by our filter set. To overcome these problems, a control lentivirus expressing RFP instead of GFP would be the best avoiding fluorescence emission spectra overlapping between CFP and RFP. It is also required to replace the puromycin resistance gene carried by the lentiviruses pER80 for a blasticidin resistance gene to allow recombinant selection of 4gPI3K cells with RFP (control) or pVI insertion.We finally tried the cell injection experiment to maintain our window of opportunity on the mouse model. Six weeks post injection of lentiviral infected 4gPI3K cells we studied subcutaneous and intra ductal mammal gland injection by stereomicroscopy. In subcutaneous injections the cells did not survive as was shown by the fluorescence curve following either GFP or pVI expressing lentivirus transduced cells. The expected result was to observe small tumor formation for human derived cells expressing protein VI. The absence of subcutaneous tumors may reflect the low percentage of pVI expressing cells in the injected cell population and also because the subcutaneous area is not the favourable zone for the engraftment of epithelial breast cancer cells.In contrast the stereomicrographs of injected glands showed engraftment of human cells for both GFP and pVI transduced cells which was expected because Verbeke and colleagues already showed that injected human cells can replace the murine luminal layer of the epithelium without oncogenic consequences 234 . However stereomicrograph analysis did not show a clear difference between glands injected with GFP-transduced 4gPI3K cells and pVI-transduced 4gPI3K cells. Moreover fluorescence signals seem to follow ductal arborescence suggesting that if tumorigenesis appeared it would not be an invasive form.

Introduction

  DNA viruses require the transport of their genome into the nucleus to initiate replication. Cells perceive the introduction of foreign nucleic acids or unscheduled replication as danger signals and activate a DNA damage response that leads to cell cycle arrest and/ or apoptosis. To ensure proper replication, DNA viruses express 'early' viral genes to degrade or displace key regulators of cellular antiviral machinery. In return, cells repress incoming viral genomes through a network of transcriptional repressors and activators that normally control cellular homeostasis [reviewed in 1,2].

Figure 1 .

 1 Figure 1. Viruses with mutated PPxY motif in protein VI (M1) have altered gene expression. (A) U2OS cells were infected with replication competent HH-Ad5-VI-wt or HH-Ad5-VI-M1 with a multiplicity of infection (MOI) of 50 FFU/cell (see Figure S1). Viral particles were harvested at 24, 48 and 72 h p.i. and virus yield was determined by quantitative E2A stain. The results represent the average from three independent experiments. (B) U2OS cells were infected with HH-Ad5-VI-wt or HH-Ad5-VI-M1 at a MOI of 50 FFU/cell and whole-cell extracts were prepared after indicated time-points and subjected to immunoblotting (IB). Corresponding proteins are indicated to the right. MOI dependent replication differences are shown in Figure S2. (C)Cells were infected as in A and newly synthesized RNAs were labelled for the time p.i. as indicated on the x-axis and described in the materials and methods section. Extracted RNAs were reverse transcribed and quantified using qPCR using exon-spanning E1A specific primers and normalized against GAPDH mRNA levels. E1A mRNA levels in wt-infected cells were arbitrarily set to 100%. Data are derived from three independent experiments. doi:10.1371/journal.ppat.1002549.g001

Figure 2 .

 2 Figure 2. Nuclear accumulation of protein VI at PML-NBs during entry. (A) U2OS cells were infected with HH-Ad5-VI-wt at a MOI of 1000 FFU/cell and fractionated at 20 min intervals and subjected to IB using serum against protein VI, polyclonal Ab (pAb) against the splicing factor SAF-A (nuclear fraction) and monoclonal Ab (MAb) against b-actin (cytoplasmic fraction) as indicated to the right. (B) U2OS cells were synchronously infected with HH-Ad5-VI-wt (top row) or HH-Ad5-VI-M1 (bottom row) and fixed after 1 h. Endogenous PML (first column) and virus, derived protein VI (second column), were detected with specific Ab. In the overlay PML is shown in green and protein VI in red (third column). A detailed magnification of the white rectangle is given in the fourth column. (C) U2OS cells were transfected with mRFP-tagged protein VI and GFP-tagged PML expression vectors (top row) or mRFP-tagged protein VI followed by Ab stain of ePML (bottom row). Intracellular localization of PML (first column), protein VI (second column) or an overlay of both is shown (colors as above, third column). Colocalization is indicated by arrows (fourth column) and occurred in all transfected cells. A mapping of the interaction between VI and PML is shown in FigureS3. doi:10.1371/journal.ppat.1002549.g002 

Figure 3 .

 3 Figure3. Protein VI interaction with PML and the PML-NB associated factor Daxx and rescue of HH-Ad5-VI-M1 replication by Daxx depletion. (A) H1299 cells were infected with HH-Ad5-VI-wt or HH-Ad5-VI-M1 at a MOI of 50 FFU/cell. Total-cell extracts were prepared 36 h p.i. and subjected to IB using specific Ab as indicated. Right panel : co-immunoprecipitation (IP) of protein VI was performed with Daxx-/PML-specific Ab followed by IB and detection of co-precipitated protein VI. (B) H1299 cells were transfected with mRFP tagged VI-wt and different constructs encoding for N-terminal flag-tagged human PML-isoforms I-VI and harvested after 24 h. Total-cell extracts were subjected to IB using Ab against flagtag, RFP, VI or b-actin (top panel). IP of PML-isoforms was done using flag-specific MAbs M2. Detection of co-precipitated protein VI was done with serum against pVI or MAb against RFP. Immunoprecipitated PML proteins were detected with flag-specific MAb M2 (bottom panel). (C) H1299 cells were transfected with HA-tagged Daxx, RFP-tagged VI-wt and VI-M1 proteins. Total-cell extracts were prepared 24 h p.i. and analyzed by IB using specific Ab shown to the right. IP of protein VI was done with serum against pVI. Note that the size difference between VI-wt and VI-M1 results from fusion to mRFP (wt) or mCherry (M1). (D) HepaRG parental and HAD cells were infected with HH-Ad5-VI-wt or HH-Ad5-VI-M1 at a MOI of 50 FFU/cell. Viral particles were harvested at 24, 48 and 72 h p.i. and virus yield was determined by quantitative E2A stain. The results represent the average from three independent experiments (+/2 STD). (E) HepaRG parental (top) and HAD (bottom) cells were infected with HH-Ad5-VI-wt or HH-Ad5-VI-M1 at a MOI of 50 FFU/cell and whole-cell extracts were prepared after indicated time-points. Proteins were subjected to IB using Ab specific for viral proteins as indicated on the right. doi:10.1371/journal.ppat.1002549.g003 

Figure 4 .

 4 Figure 4. Protein VI mediates Ad transcriptional activation. (A) H1299 cells were transfected with luciferase reporter plasmids under E1A promoter-(left panel), E1B promoter-(right panel) or promoterless control and effector plasmids expressing VI-wt or VI-M1. Forty eight hours after transfection, samples were lysed, absolute luciferase activity was measured and activity of the E1 promoter alone was normalized to 100%. Mean and STD are from three independent experiments. Effects on additional viral promoters are shown in FigureS4. (B) H1299 cells were infected with HH-Ad5-VI-wt or HH-Ad5-VI-M1 at a MOI of 50 FFU/cell. Forty eight hours p.i., cells were fixed with formaldehyde and ChIP analysis was performed as described in materials and methods. The average C t -value was determined from triplicate reactions and normalized with standard curves for each primer pair. The y-axis indicates the percentage of immunoprecipitated signal from the input ( = 100%). (C) HAD cells were transfected with E1B promoter constructs and effector plasmids encoding for Daxx, VI-wt, VI-M1. Forty eight hours after transfection, samples were lysed and analyzed as in (A). Mean and STD are from three independent experiments. doi:10.1371/journal.ppat.1002549.g004 

  Daxx serves in antiviral intrinsic immunity to repress viral genomes, virion proteins are viral countermeasures. Several structural proteins from viral particles have been reported to interact with Daxx, including tegument protein pp71 [HCMV; 42,54], minor capsid protein L2 [HPV; 26], DENVC [Dengue virus; 55], p6 [HIV GAG; 56], nucleocapsid protein PUUV-N [Hantavirus; 57], Integrase [ASV, HIV; 49,53] and protein VI (Ad, this study).

  . Unlike for HCMV, degradation of Daxx [through E1B-55K; 21] during Ad infection requires early gene expression. Here we observe quantitative removal of Daxx from PML-NBs upon infection without degradation before gene expression is established. We propose that this is caused by protein VI derived from the entering capsid, which partially associates with PML-NBs during entry. Similar to what we observe early in infection, transfected protein VI also displaces Daxx from PML-NBs and translocates it into the cytoplasm. Similarly, microinjected protein VI leads to rapid exclusion of Daxx from PML-NBs and cytoplasmic accumulation suggesting active removal following protein VI nuclear import.

Figure 5 .Figure 6 .

 56 Figure 5. Nedd4 binding to the PPxY prevents cytoplasmic translocation of Daxx by protein VI. Endogenous Daxx in U2OS cells was detected following Mock transfection (A), transfection with VI-wt (B) or after cotransfection of VI-wt with Nedd 4.2 (C) or catalytical inactive Nedd 4.2-TD (D), transfection of VI-M1 (E) or VI-M1 cotransfected with Nedd 4.2. (F) as indicated to the left of each row. Daxx was stained with Ab against the endogenous protein (first column), VI was detected using the RFP signal (second column) or GFP for Nedd4 (third column). An overlay is shown in the last column showing Daxx in blue, protein VI in red, Nedd4 in green and the nucleus in grey. Phenotypes shown in representative cells were observed in all transfected cells. Colocalization of VI, Nedd4.2 and PML is shown in Figure S5. doi:10.1371/journal.ppat.1002549.g005

  . The virus mutant HH-Ad5-VI-M1 carries an altered PPxY motif in the protein VI open reading frame [PPSY = .PGAA; Fig. S1; 36]. Viruses were constructed, propagated and titrated on HEK293 cells as detailed in Figure S1.

Figure 7 .

 7 Figure 7. Microinjection of recombinant protein VI displaces Daxx from PML bodies and translocates it to the cytoplasm. (A) U2OS cells were cotransfected with PML-GFP (left in each panel) and Daxx-mCherry expression plasmids (right in each panel). One cell of two neighboring cells with similar expression levels was microinjected into the cytoplasm either with recombinant protein VI-wt (first row), recombinant protein VI-M1 (second row), recombinant protein delta54-VI (third row) or using a buffer control (fourth row). The left panel shows confocal images (midsection) of the cells prior to injection, the right panel shows those after approx. 6-8 min after injection. Injected cells are indicated by arrows. Note the cytoplasmic accumulation of Daxx (first and second rows). (B) The Coomassie stained gel shows the injected proteins used in A indicated by solid arrows. Movies of injections shown in (A, first to third row) are provided as supplemental Videos S1, S2, S3. (C) Quantification of nuclear export of Daxx following microinjection of recombinant protein VI-wt and VI-M1. Nuclear Daxx signal was monitored following cytoplasmic microinjection of recombinant proteins and the loss of nuclear fluorescence was plotted. The initial timepoint of Daxx export from .15 cells per condition was estimated and plotted as box-plots showing the median and average (red cross). doi:10.1371/journal.ppat.1002549.g007 

Figure 9 .

 9 Figure 9. HCMV tegument protein pp71 and HPV minor capsid protein L2 can substitute transcriptional activation of the Ad genome. (A) H1299 cells were transfected with control vector, VI-wt, VI-M1 or VI-delta54 expression vector and subsequently infected with HH-Ad5-VI-wt or HH-Ad5-VI-M1 at a MOI of 50 FFU/cell. Viral particles were harvested 24, 48 and 72 h p.i. and virus yield was determined using quantitative E2A stain. (B) Experimental setup as in A including the use of the same empty vector control except that cells were transfected with expression vector for the HCMV tegument protein pp71 or the HPV small capsid protein L2. Results are from three independent experiments. (C) U2OS cells were transfected with control vectors or expression vectors for VI-wt or VI-M1 as indicated in the legend together with control expression vectors for Renilla luciferase. Twenty four hours after transfection, cells were infected with MCMV encoding a firefly luciferase gene controlled by the HCMV immediate early promoter. Two hours after infection cells were lysed and firefly luciferase levels were measured and normalized for renilla luciferase expression by a dual luciferase assay. Expression levels were set to 100% for empty vectors. Results are the mean of two independent experiments performed in six technical repeats. Error bars represent the STD. doi:10.1371/journal.ppat.1002549.g009

Figure 8

 8 Figure 8. HCMV tegument protein pp71 and HPV minor capsid protein L2 stimulate E1A promoter activation. (A) H1299 cells were transfected with luciferase reporter plasmids coding for E1A promoter and effector plasmids encoding for VI-wt, VI-M1, VI-delta54, HCMV pp71, HPV L2 or an empty vector as negative control. Forty eight hours after transfection, samples were lysed and luciferase activity was measured as described before. Mean and standard deviation are from three independent experiments. (B) H1299 cells were co-transfected with plasmids containing the Ad5 E1-region (pPG-S3) and expression vector for VI-wt, VI-M1, VI-delta54, pp71 or L2. Total-cell extracts were prepared 48 h after transfection and proteins were subjected to IB using Ab against RFP (pVI), pp71 or b-actin as indicated on the right. Note that several splice variants of E1A are recognized depicted by the vertical bar. (C) Cells were transfected as in B and indicated in the legend to C. Forty eight hours after transfection total RNA was prepared from cell lysates and reverse transcribed using oligo-dT primers. E1A mRNA levels were determined using qPCR with E1A specific, exon-spanning primers. Values correspond to the mean of two experiments done in triplicates and the error bar indicates the STD. doi:10.1371/journal.ppat.1002549.g008 

Human Daxx CAG33366. 1 ,

 1 Protein VI AAA96411.1, Human Adenovirus Type 5 HY339865, PML-I AAG50180, PML-II AF230410, PML-III S50913, PML-IV AAG50185, PML-V AAG50181, PML-VI AAG50184, HCMV pp71 ACZ79993.1, humanized HPV L2 (HPV16).

Figure

  Figure S1 Construction of virus mutant HH-Ad5-VI-M1 by site directed mutagenesis. (A) For the construction of the replication competent virus mutant HH-Ad5-VI-M1, the Ad5 wild type genome in HH-Ad5-VI-wt [H5pg4100; 67] was inserted into the PacI site of the bacterial cloning vector pPG-S2 [67]. It lacks nucleotides (nt) 28593 to 30471 (encompassing most of E3) and contains an additional unique endonuclease restriction site at nt 30955 (BstBI) (nucleotide numbering is according to the published Ad5 sequence from GenBank, accession no. AY339865). In vitro

Figure

  Figure S2 Quantification of viral genomes in fractionated cells. (A) U2OS cells were synchronously infected with replication competent HH-Ad5-wt or HH-Ad5-M1 virus at 200, 10 or 1 physical particles per cell (pp/cell) as virus input -A-. Forty five min after infection, the cytoplasmic -B-and nuclear -Cfractions were separated using nucleo-cytoplasmic fractionation according to the manufacturer's protocol (Pierce). Each fraction was subjected to extraction of the adenoviral genomes using the high pure viral nucleic extraction kit (Roche) according to the manufacturer's instructions. The viral genomes were quantified in -A-, -B-and -C-by qPCR using AQ1 and AQ2 oligonlucleotides to amplify part of the hexon gene [described in 70]. Serial dilutions of a pcDNA3.1 plasmid coding for the Ad5 hexon were used to obtain the standard curve for quantification. The copy number of viral genomes of each fraction was calculated from the C t -values obtained for each sample. Values were used to determine the cellassociated viral genomes and expressed as percentage of virus input (1 = 1006(B+C/A) reflecting cell binding and virus entry capacity. The percentage of nuclear-associated genomes was calculated and expressed as percentage of total cell-associated genomes (2 = 1006(C/B+C) This value represents viral genomes associated with the nuclear fraction after transport towards the nucleus. To identify how many genomes initiate replication, cells were infected in parallel and stained for replication centers at 24 h p.i. using E2A specific Ab. E2A positive cells were counted and the

Figure 10 .

 10 Figure 10. Model for genome activation of DNA viruses through structural proteins of the virion. A schematic representation of Daxx restriction mediated by human adenovirus capsid protein VI (A), HCMV tegument protein pp71 (B) and HPV minor capsid protein L2 (C). Daxx repressive complexes (containing the two transcriptional repressor Daxx and ATRX) assemble at PML-NBs and/or on viral genomes. Transcriptional activation of the viral genome requires removal of Daxx repressive complexes and/or the prevention of their assembly possibly involving PML-NBs.(A) The adenoviral E1A promoter is activated through targeting of Daxx by the adenoviral capsid protein VI and presumably Nedd4 ligases. This requires an N-terminal amphipathic helix and a conserved PPxY motif on protein VI. The latter is required for binding and nuclear targeting of Nedd4 ligases. As a consequence Daxx is not degraded but likely is displaced from the viral genome and PML-NBs thereby removing and preventing assembly of new Daxx repressive complexes on the viral genome. The fate of the removed complexes including ATRX is currently not clear. (B) For HCMV the major immediate early promoter (MIEP) is activated through tegument protein pp71, which binds to Daxx and mediates its proteasomal degradation thus removing ATRX and preventing Daxx repressive complexes on the viral genome. (C) The major HPV promoter is repressed by Daxx related mechanisms although very little is currently known. Daxx is targeted by the minor capsid protein L2, which also modulates PML-NBs. However, a formal role in Daxx de-repression of the viral promoter or a role for ATRX has not been established. Nevertheless, we show in this report the cross-activation of the adenoviral E1A promoter by pp71 and L2 and the activation of the MIEP by protein VI suggesting a common principle of genome activation. doi:10.1371/journal.ppat.1002549.g010 

  Durant l'infection et après leur entrée par endocytose, les Adénovirus sont transportés au noyau pour initier l'expression du génome viral. Dans l'endosome, les capsides virales subissent un désassemblage partiel et libèrent le facteur viral lytique, la protéine VI (pVI). Au niveau de la membrane de l'endosome, cette protéine va alors induire sa rupture permettant ainsi le relargage des virions au sein du cytoplasme grâce à son hélice amphipatique N-terminale. Par la suite, pVI est transportée vers des structures nucléaires appelées PML nuclear bodies (PML-NB), associée une ubiquitine ligase cytoplasmique, la Nedd4.2. Les PML-NB sont des complexes nucléaires multiprotéiques qui ont des propriétés antivirales. Celles-ci impliquent le recrutement de facteurs de transcription répressifs comme par exemple la protéine anti apoptotique Daxx ou encore le suppresseur de tumeur p53, impliqué dans la régulation du cycle cellulaire. Il a été montré que la protéine pVI en complexe avec Nedd4.2 induit la relocalisation de Daxx des PML-NB dans le cytoplasme, ce qui permet une expression efficace du génome viral. Du fait de son pouvoir de régulation de la réponse antivirale au sein des PML-NB, de cette localisation particulière et de son impact sur Daxx, régulateur de p53, nous pouvons supposer que la protéine VI puisse aussi jouer un rôle dans la modulation du cycle cellulaire. Dans un premier temps nous avons étudié si la protéine VI induisait une modulation de l'expression des gènes régulateurs du cycle cellulaire. Après transfection de la protéine de capside adénovirale pVI dans les cellules HepaRG et grâce à la quantification par qRT-PCR, nous avons observé que l'expression de gènes inhibiteurs du cycle cellulaire comme p15, p16, p21 était modifiée. De plus durant l'infection des cellules HepaRG avec le virus sauvage HAdV-5 et toujours par qRT-PCR, nous avons observé que le gène inhibiteur du cycle cellulaire p14 et p16 étaient modulés et que p16 subissait une baisse de son expression parmi les deux premières heures de l'infection. Or p14, p15, p16 ainsi que p21 sont des gènes dont l'expression est étroitement liée au suppresseur de tumeur p53. Ainsi ces expériences de qRT-PCR montrent que l'expression des gènes liés à p53 est modulée parmi les premières heures de l'infection et que la protéine VI pourrait être en partie responsable de cet effet. Afin de confirmé le possible rôle de la protéine VI dans la modulation des gènes liés à p53 nous avons procédé à des expériences utilisant le gène rapporteur de la luciférase. Nous avons donc suivi l'activation de gènes au niveau protéique en quantifiant le niveau de protéine de luciférase quand ce gène était placé sous le contrôle d'un promoteur dépendant de p53. Ces expériences ont été réalisée dans des cellules H1299 (p53-/-) en transfectant p53 et les constructions des luciférases. Nous avons observé que l'ajout la protéine VI par transfection à notre système de gènes rapporteurs induit l'augmentation d'expression de la luciférase sous la dépendance des promoteurs requérant p53, comme le promoteur de p21 ou celui de la cycline G. De plus il semblerait que l'effet d'activation de la pVI sur les gènes requérant p53 soit dose dépendant. Cependant l'augmentation d'expression de Mdm2, principale ubiquitine ligase de p53 nécessaire à sa dégradation, n'a pas été observée. Ces expériences de gènes rapporteurs montrent que la protéine VI est capable d'induire sélectivement l'activation de gènes dépendant de p53. Toutefois l'activation des gènes dépendant de p53 nécessite des modifications post-traductionnelles (MPT) du suppresseur de tumeur p53. Ainsi nous avons étudié si p53 présente des MPT liées à l'activation de gènes lors de la transfection d'un plasmide codant pour la protéine VI des Adénovirus. Dans des cellules H1299, nous avons observé que la co-transfection de p53 et pVI génère des bandes additionnelles sur le profil d'analyse en western blot de la protéine p53 par rapport à la transfection seule de p53. De plus ces bandes additionnelles sont dépendantes de la quantité de pVI transfectée. Aussi ces MPT sont aussi observables sur le profil d'analyse en western blot de la protéine p53 à partir des deux première heures de l'infection pour les cellules HepaRG et U2OS. Ceci suggère que l'expression de la protéine VI induit des MPT sur p53 mais leur nature n'a pas été déterminée. Par la suite nous nous sommes demandé si pVI était capable d'interagir avec la protéine p53 pour induire ces MPT. Par microscopie confocale et immunofluorescence nous avons pu observer que pVI ne colocalise pas spécifiquement avec p53 mais n'est pas non plus exclu des zones où est présente la protéine p53. Toutefois pour étudier la possible interaction entre pVI et p53 nous avons procédé à des expériences de GST pulldown en utilisant des troncations de p53 fusionnés à la GST et des lysats cellulaires exprimant la protéine VI. Après l'incubation conjointe de ces réactifs et par analyse par western blot, aucune interaction n'a pu être observée. Ce résultat montrant une absence d'interaction entre p53 et pVI a été confirmé par co immuno-précipitation en utilisant le système GFP-trap® avec des constructions de p53 et pVI fusionnées à la GFP. Dans une seconde partie de la thèse, nous avons choisi de créer une ligne cellulaire stable exprimant constitutivement la pVI afin de s'affranchir des possibles biais engendrés par la transfection vis-à-vis de l'activation de l'arrêt du cycle cellulaire via p53, d'utiliser la protéine VI sous forme mature et surtout pour étudier plus particulièrement l'impact de la protéine VI des Adénovirus sur le cycle cellulaire. Pour cela des cellules U2OS ont été transduites par des lentivirus codant pour la protéine VI, ou la GFP comme contrôle. Après sélection et vérification de l'expression des protéines respectives par western blot et immunofluorescence, les lignées cellulaires obtenues ont été appelées U2OSGFP et U2OSpVI. Nous avons observé que la lignée U2OSpVI présentait un phénotype particulier. Les cellules U2OSpVI ont une morphologie proche des fibroblastes avec un petit cytoplasme comparées aux cellules contrôles U2OS et U2OSGFP. Ces cellules exprimant la protéine VI présentent une prolifération accélérée qui a été confirmée par courbe de croissance effectuée sur cinq jours et par dilution de CFSE analysée par FACS. Après marquage au DAPI et analyse par FACS, il semble que la phase G1 du cycle cellulaire est prédominante dans les cellules U2OSpVI. Cette modification du cycle cellulaire suggère que la protéine VI joue un rôle dans la modulation du cycle cellulaire qui est principalement régulé par les cyclines et les kinases dépendantes des cyclines (Cdk). Ainsi pour déterminer quelles cyclines ou Cdk ont été impactées par l'expression de la protéine VI nous avons étudié l'expression de ces différentes protéines par western blot dans les différentes lignées U2OS, U2OSGFP et U2OSpVI. Nous avons pu observer dans les cellules U2OSpVI une légère réduction d'expression de cycline B1 et une très forte augmentation d'expression des Cdk 4 et Cdk 6, toutes trois étant des protéines étroitement liées à la phase G1 du cycle cellulaire. Comme la progression du cycle cellulaire est inhibée par les suppresseurs de tumeurs p53 et pRb, nous avons aussi étudié leur profil par western blot dans les différentes lignées et avons pu observer une importante réduction de ces deux protéines dans les cellules U2OSpVI. Par immunofluorescence et microscopie confocale, nous avons pu voir que p53 et pRb sont distribuées dans tout le cytoplasme dans les cellules U2OSpVI et ne sont plus restreintes seulement au noyau comme dans les cellules contrôles U2OS et U2OSGFP. Nos observations ont aussi montré une perte importante des PML-NB dans les cellules U2OSpVI. De plus pour confirmer ces résultats nous avons utilisé des techniques de micro-injection de protéine VI purifiées dans des cellules U2OS dans lesquelles nous avons observé la dégradation des protéines p53 et pRb. Aussi par l'utilisation de l'inhibiteur MG132, nous avons observé que p53 et pRB sont ciblés vers le protéasome et dégradés lors de la surexpression de pVI. Toutefois, comme l'ont confirmé nos résultats de GFP-trap® avec une construction de pRb fusionné à la GFP, les protéines pRb et pVI n'interagissent pas. Dans un souci de contribution pour de futures études sur la protéine de capside adénovirale pVI, nous avons en parallèle développé un système de cellules U2OS exprimant la protéine VI de façon inductible grâce à la doxycycline. Nous avons montré que ce système inductible fonctionnait et avons débuté la caractérisation de ce dernier en déterminant les concentrations et temps d'induction idéaux. Par microscopie confocale nous avons aussi sélectionné des clones présentant une homogénéité dans l'induction d'expression de la protéine VI. Dans un dernier temps comme nous avons pu montrer que la surexpression de la protéine VI dans les U2OS entrainait la dégradation de p53 et pRb, cela suggérait que la protéine VI puisse avoir un pouvoir oncogénique. Ainsi, en collaboration avec l'équipe de Richard Iggo de l'institut Bergonié, nous avons voulu tester le pouvoir onconénique de la protéine de capside adénovirale pVI dans un système in vivo murin. Sur la base du modèle d'oncogénèse de cellules mammaires de Mr Iggo nous avons infecté des cellules PI3K avec des lentivirus codant pour la protéine VI. Puis ces cellules ont été injectées dans les glandes mammaires de souris NSG et l'apparition de tumeur a été analysée par immunohistochimie sur les glandes durant six semaines. Cependant en raison d'un faux contrôle négatif, cette expérience n'a pas pu être concluante.

  

  

  

  

. Protein analysis 3.1.1. Bradford quantification of protein concentrations

  5 mL tubes containing a 1/100 dilution of the cDNA template, 10 pmol/µl of each synthetic oligonucleotide primer and 12.5 µl/sample Power SYBR Green PCR Master Mix (Applied Biosystems). The PCR program used is the following: 10 min at 95°C, 40 cycles of 30 s at 95°C, 30 s at 55 to 62°C and 30 s at 72°C. The average Ct value was determined from triplicate reactions and levels of mRNA relative to cellular 18S rRNA were calculated.

	3. Biochemistry
	3.1Protein quantification is done with colorimetric Bradford test using a concentration range of BSA
	(Bovine Serum Albumin) from 1 to 32 µg/mL to generate a standard curve. Using a spectrophotometer
	curve one µL of protein lysate is diluted in 800 µL of 1X PBS. 200 µL of 5X Bradford reactive (Biorad)
	is added to the cuve and the solution is mixed by inversion. The absorbance of the solution is measured
	at 595 nm in a spectrophotometer. The protein concentration of the sample is calculated against the BSA
	standard curve.	
	3.1.2. SDS-PAGE	
	a) Primer list	
	Name	Sequence
	18S Fw	CGGCTACCACATCCAAGGAA
	18S Rv	GCTGGAATTACCGCGGCT
	E1A Fw	GGT AGG TCT TGC AGG CTC CG
	E1A Rv	ATG AGG ACC TGT GGC ATG TTT G
	p14 Fw	CGCCGTGTCCAGATGTCG
	p14 Rv	TGAATGTCAGTTTTGAACTAAAAGCCG
	p15 Fw	GGAACCTAGATCGCCGATGTAG
	p15 Rv	TGTTTTACGCGTGGAATGCAC
	p16 Fw	CGACTTCAGGGGTGCCACATTC
	p16 Rv	TCTTTCCAGGCAAGGGGACGC
	p21 Fw	GACTCTCAGGGTCGAAAACG
	p21 Rv	GGATTAGGGCTTCCTCTTGG
	BAX Fw	GCTGGACATTGGACTTCCTC
	BAX Rv	GGCGTCCCAAAGTAGGAGAG

a) Samples preparation

Protein containing solutions (e.g. cell or bacterial lysates) are analyzed by gel electrophoresis under denaturing conditions. To denature the proteins samples are boiled for 10 min at 100°C with 4X Laemmli buffer (8% SDS, 40% glycerol, 0,01% bromophenol blue, 10% β-mercaptoethanol, 200 mM Tris pH6,8) diluted to . 1X final concentration. For proteins bound to GFP-trap® beads (see below) 2X

  antibodies are diluted in IF buffer and coverslips are incubated with them in humid chamber at 37°C for 1 h. Then after a quick wash soaking coverslips in 1X PBS, they are washed 15 min in 1X PBS with gentle shaking. Second antibodies are diluted in IF buffer and coverslips are incubated with them in a humid chamber at 37°C for at least 45 min followed by washing as for the first antibody.

	Mdm2	Mouse mAb SMP14 sc-965 Santa Cruz	1/500	1/200
	Nedd4.1	Rabbit mAb C5F5 #3607 CST	1/1000	
	Nedd4.2	Rabbit pAb ab46251 Abcam	1/1000	
	Daxx	Rabbit mAb ab9091 Abcam	1/1000	
	Ubc9	Goat pAb sc-5231 Santa Cruz	1/500	1/50
	PML	Rabbit pAb NB100-59787 Novus	1/1000	
	Sp100	Rabbit pAb Sp100 (GH3)	1/100	
	GFP	Rat mAb 3H9 chromotek	1/2000	
	RFP	Rabbit pAb ab62341 Abcam	1/1000	
	Secondary antibody for IF		
	Protein	Antibody		Dilution
	Anti-Rabbit IgG Goat anti-Rabbit Atto 647 N #40839 Sigma		1/1000
	Antibody list			
	Protein	Antibody (source)	WB Dilution	IF dilution
	Actin	Rabbit pAb A2103 Sigma	1/4000	
	GAPDH	Mouse mAb 6C5 HyTest	1/1000	
	p53	Mouse mAb DO-1 sc-126 Santa Cruz	1/1000	1/300
	pRb	Mouse mAb 4H1 #9309 CST	1/2000	1/200
	pVI	Rabbit pAb high affinity purified (personal)	1/2000	1/200
	pVI	Mouse mAb 9F10 B2 (personal)		1/50
	Cyclin A	Rabbit pAb H-432 sc-751 Santa Cruz	1/1000	
	Cyclin B1	Mouse mAb GNS1 sc-245 Santa Cruz	1/1000	
	Cyclin D1	Mouse mAb DCS-6 sc-20044 Santa Cruz	1/500	
	Cyclin E	Mouse mAb HE12 sc-247 Santa Cruz	1/1000	1/300
	Cdk 1	Rabbit pAb #9112 CST	1/1000	
	Cdk 2	Rabbit mAb 78B2 #2546 CST	1/1000	
	Cdk 4	Mouse mAb DCS156 #2906 CST	1/1000	
	Cdk 6	Mouse mAb DCS83 #3136 CST	1/1000	
	Cdk 7	Mouse mAb MO1 #2916 CST	1/2000	
	Cdk 9	Rabbit mAb C12F7 #2316 CST	1/1000	1/100

Anti-mouse IgG Donkey anti-mouse Alexa 488 # A-21202 Life Technology 1/500

3.3.5. Coverslips embedding/ DAPI staining

Coverslips are washed rinsing them for 5 seconds in three successive Becher containing 1X PBS, distilled water and pure ethanol. After every rinse, remaining liquid is removed using absorbing paper.

Then coverslips are airdried for 10 min and embedded in mounting medium (Fluorescence Mounting Medium, #S3023 Dako) containing 1 µg/mL DAPI (4',6-diamidino-2-phenylindole, #D9542 Sigma) on cover glasses.

  technique from Mittereder et al is used to determine the quantity of physical particles per µL (pp/mL) 233 . Viruses are diluted at 1/10 or 1/100 in lysis buffer (0.1 % SDS, 10 mM Tris/HCl pH 7.4, 1mM EDTA) and incubated 10 min at 56°C. Then free adenoviral DNA (genomes) is measured at 260 nm to obtain particle quantity referring to the standard of 1.16x10 12 pp/mL per optical density.

4.2. Lentivirus

DNA constructs are cloned in the laboratory (see plasmid section) and lentiviral production is realized by vectorology platform in TransBioMed federative research structure (http://www.transbiomed.u-bordeaux2.fr/pages/vectorologie.html) using established protocols and safety standards.

  arf , p15 INK4b , p16 INK4a , p21 Cip1 ; ENTREZ gene: 1029, 1030, 1029 and 1026 respectively) 236 and in apoptosis (BAX, ENTREZ gene: 581) 237 . 24h
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Abbreviation list

Supporting this idea, firstly pVI was shown to bind DNA and its specific localization in PML-NB could interfere with transcription regulation pathways. Secondly, by displacing Daxx, pVI could modulate p53 activity. It is known that like Daxx, the p53 protein is found in PML-NBs at least under DNA damage stress stimuli 222 . Moreover inside PML-NB the Daxx protein, which plays a role in Mdm2 stability, was shown to bind p53 and to be involved in p53-dependent apoptosis 223,224 . Finally indirectly by targeting the ubiquitin ligase Nedd4.2 towards PML-NBs, pVI could mediate ubiquitination of others PML associated components like p53 or pRb inside PML-NB. Indeed Nedd4.2 belongs to the HECT-family of ubiquitin ligase, which possess a HECT domain (Homologous to E6-AP C-terminus) 225 . This domain was first described in E6-AP (human papilloma virus E6 associated protein) and was shown to permit p53 binding followed by E6-AP mediated ubiquitination 226 . Thus, in analogy to the Daxx regulation, it was reasonable to hypothesize that p53 could represent a novel pVI regulated target as it is investigated in this thesis.

Results

Discussion

Further evidence that protein VI contributes to p53 PTM comes also from our transfection assays. We could show that in protein VI transfected cells PTM of p53 is apparent (Figure 24). These p53 modifications are pVI dose dependent and seem to not require the Nedd4 ubiquitin ligase that is bound by wild type protein VI. Indeed at least on western blots, a pVI mutant (M1) that doesn't bind Nedd4 induces p53 PTM with the same efficiency as the wild type (Figure 24). Interestingly Daxx is shown to be involved in p53 repression thus it was reasonable to think that Daxx relocalization by pVI-Nedd4 complex induces derepression of p53 and p53-dependent gene activation. Because the M1 mutant cannot translocate Nedd4.2 into the nucleus and contribute to the induction PTM of p53 suggests that another mechanism than Daxx relocalization is probably involved.

Protein VI impairs the cell cycle regulators p53 and pRb

Several parallels between protein VI and E1A suggest that protein VI could play a role as E1A surrogate in displacing pRb from E2F transcription factors to bridge the gap until viral gene expression is established. This idea was further supported by the observation that high amounts of pVI protein induce pRb degradation. Interestingly the tumor suppressor p53 appear to be also degraded upon high pVI expression avoiding p53 negative effect through cell cycle arrest and apoptosis. We observed the pRb degradation upon protein VI expression using two technically independent experimental approaches. In the first approach we used microinjection of purified recombinant protein VI in cells expressing either GFP-p53 or GFP-pRb cells and followed their fate in living cells using real-time imaging. For both proteins (p53/pRb) we noticed a rapid nuclear exit and overall signal decline upon injection of wild type protein VI. The p53 signal reached half intensity (50%) in 1.5 to 3.5 minutes and was even faster for pRb were 50% fluorescence decrease is reached in 45 seconds to 3.5 minutes. In contrast, injection of a control protein lacking the first 54 AA reduced the kinetic of nuclear exit and did not affect the overall protein level suggesting absence of protein degradation. The first 54 AA encode the amphipathic helix of protein VI, which is necessary to penetrate the endosomal membrane. Here we show that it is also necessary for the degradation of pRb and p53. This suggests that for both GFP-p53 and GFP-pRb, degradation is mediated by the amphipathic helix integrity. One possibility to explain these data is that pVI amphipathic helix is important for protein-protein interaction with cellular proteins and disrupting this helix would reduce or alleviate such interaction with cellular proteins 279 . Alternatively again indirect effects exerted by the amphipathic helix such as membrane damage could trigger signalling pathways leading to p53/pRb degradation In the second approach we generated a cell line expressing constitutively high levels of protein VI (U2OSpVI, Figure 30). In U2OSpVI both tumor suppressor p53 and pRb are degraded when compared to control cells as shown by western blots and confirmed by immunofluorescence (Figure 36).

Furthermore the remaining p53 signal is found diffuse in the cell cytoplasm compared to strict nuclear localization in parental U2OS cells, which is reminiscent of the results obtained with microinjection of wild type protein VI into GFP-p53 expressing cells. For pRb, the signal appears also to be diffuse 

Author Summary

To initiate infection, DNA viruses deliver their genome to the nucleus and express viral genes required for genome replication. Efficient transport is achieved by packing the viral genome as a condensed, transcriptionally inactive nucleo-protein complex. However, for most DNA viruses, including Adenoviruses (Ads), it remains unclear how the viral genome is decondensed and how transcription is initiated inside the nucleus. Cells control unwanted gene expression by chromatin modification mediated through transcriptionally repressive complexes. A key factor in repressive complex assemblies is the transcriptional repressor Daxx. The Ad structural capsid protein VI is required for endosomal escape and nuclear transport. Here we show that protein VI also activates the Ad E1A promoter to initiate Ad gene expression. This is achieved through the removal of Daxx repression from the E1A promoter, which requires a conserved ubiquitin ligase interacting motif (PPxY-motif) in protein VI. We further show that capsid proteins from other unrelated DNA viruses also activate the Ad E1A promoter and support Ad replication by counteracting Daxx repression, functionally replacing protein VI. Our data suggest that reversal of Daxx repression by virion proteins is a widespread mechanism among DNA viruses that is not restricted to a single virus family.

percentage of E2A positive cells was calculated -D-. In order to discriminate between a viral expression defect and a decrease in virus nuclear transport and accumulation that could account for a loss of expression, the percentage of E2A positive cells was normalized with the percentage of nuclear-associated genome (3 = D/2). To quantify the M1 defects, both the cell-and nuclearassociated genomes of the mutant and the E2A expression were compared to the wt values and presented as percentage of wt. (B) Quantification of intracellular viral genomes and genome replication as in A. Cell-associated genomes are the sum of nuclear and cytoplasmic fractions normalized for total viral input while nuclear-associated genomes were normalized to cell-associated genomes. Twenty four hours p.i., the expression of the E2A marking viral replication was quantified in parallel infected cells and the percentage of E2A positive cells was normalized for nuclear-associated genomes. All data for M1 are expressed as percentage of the HH-Ad5-pVI-wt virus ( = 100%). * mean value (+/2 STD) from independent experiments at 200, 10 and 1 pp/ cell (each done in triplicates). Note that differences are MOI independent except for E2A expression. Reduction of M1 virus in the cell associated fractions was likely due to post-endosomolytic degradation because previous work showed equal efficiency for both viruses in membrane lysis [36]. The additional reduction of the M1 virus in the nucleus-associated fraction was independent of the pp/cell ratio and reflects nuclear accumulation defects, as observed for the M1 non-replicative virus in our previous study [36]. The reduced initiation of replication for the M1 virus at low, but not high MOIs, explains why production yields and virus amplification of the M1 mutant virus is unaffected at high pp/cell ratios while up to 20-fold reduced infection rates can be observed at low pp/cell ratios [Fig. 1 in the amphipathic helix (e) and the same construct as full length version (f). This analysis confirmed that protein VI is targeted to PML-NBs and localized in close proximity to PML. Association of protein VI with PML-NBs was not affected when the PPxY motif was mutated (c) or when processed protein VI, as it is present in the entering virus, was used (b). However, mutating or deleting the amphipathic helix of protein VI changes its distribution from a dot-like pattern towards a partial or complete diffuse, predominant nuclear localization and with loss of its PML-NBs association (d, e, f). These data indicate that the amphipathic helix was a major determinant in targeting protein VI towards PML-NBs. Note that clustering of endogenous PML-NBs in the transfected cells still occurs when the amphipathic helix is mutated or deleted. (TIF)

Figure S4 Protein VI mediates adenovirus transcriptional activation of all Ad promoters. Subconfluent H1299 cells were transfected with luciferase reporter plasmids encoding for the E1A-, E1B-, pIX-, E2early-, E2late-, E3-, E4-promoters and the major late promoter (MLP) and effector plasmids expressing VI-wt, VI-M1. Fortyeight hours after transfection, samples were lysed and absolute luciferase activity was measured as described by the manufacturer (dual luciferase kit/Promega). The luciferase activity of each individual promoter was normalized to 100%. The means are presented for three independent experiments. Error bars represent STD. The results show that protein VI stimulates all adenoviral promoters between ,1.5 to ,4 fold independent of any other adenoviral protein. Most stimulation is achieved by protein VI-wt compared to protein VI-M1. This is an indication that Daxx repressive mechanisms largely control adenoviral gene expression and that protein VI is an important transactivator that requires the PPxY motif to be fully active. (TIF)

Figure S5 Protein VI targets Nedd4 ligases to PML-NBs via the PPxY motif. U2OS cells were transfected with expression constructs for GFP-tagged Nedd4 ligases and RFP-tagged expression constructs for protein VI-wt or VI-M1 and stained for endogenous PML, as indicted to the left of each row. From top to bottom; Nedd4.1-GFP was cotransfected with VI-wt (a) or VI-M1 (b), Nedd4.2 was cotransfected with VI-wt (c) or VI-M1 (d) or VI-wt was cotransfected with a catalytical inactive mutant of Nedd4.2 (TD, e). An overlay of endogenous PML (grey, first column), Nedd4 (green, second column) and VI (red, third column) is shown in the fourth column. The small inset in each panel shows a magnification of the grey box in the overlay, highlighting colocalization of the three proteins at PML-NBs. Please note that only VI-wt, but not VI-M1, targets Nedd4 ubiquitin ligases to PML-NBs irrespective of the ligase activity. This analysis shows that Nedd4 ligases can be efficiently imported into the nucleus and targeted to PML-NBs, by binding to the PPxY motif of protein VI. We were unable to show that during Ad entry Nedd4 is also translocated into the nucleus or towards PML-NBs due to the bad quality of existing Nedd4 Ab. The observation that transfected protein VI can translocate transfected Nedd4 into the nucleus raises the possibility that incoming particles could also relocate Nedd4 ligases towards the nucleus through association with capsid associated protein VI and alter physiological functions and/or exploit Nedd4 family members to initiate and promote viral replication. (TIF) (b, c) or with reduced (d) Daxx colocalization or at pp71 induced nuclear structures recruiting Daxx and PML (f). This analysis shows that protein VI (wt and M1) alone is capable of displacing Daxx from PML-NBs and support that protein VI is responsible for the observations made in Figure 6, which show that adenovirus infection results in displacement of Daxx from PML-NBs prior to gene expression. Using different cell lines further supports that protein VI mediated displacement of Daxx from PML-NBs is a genuin property of protein VI. We observed that PML-NB displacement and cytoplasmic accumulation of Daxx was most efficient in H1299 cells while in U2OS cells Daxx was less prominently associated with PML-NBs at steady-state and also less prominently translocated to the cytoplasm upon VI-wt expression. In contrast, expression of VI-M1 let to very efficient Daxx translocation and cytoplasmic colocalization in all three cell lines tested. The observed clustering of PML following transfection is reminiscent of the induced mobility and fusion observed for transfected PML after Daxx displacement in cells microinjected with protein VI as it is shown in Figure 7 and Videos S1 and S2. (TIF)

Figure S7 Protein VI-wt activates the CMV promoter of E1-deleted Ad vector particles with M1 mutated protein VI. U2OS cells were transduced with 1 physical particle per cell (pp/cell) of E1-deleted viral vector BxAd5-VI-M1-mCherry (expressing mCherry under CMV promoter control and M1 mutated protein VI) and different amounts of viral vector BxAd5-VI-wt-GFP (expressing GFP under CMV promoter control and wt protein VI). The ratios of M1-to wt-virus are indicated on the xaxes (values in pp/cell). Transduction levels were determined by FACS and are shown separately for M1 (mCherry, light grey bars) and wt (GFP, dark grey bars). The dotted lines indicate wt transduction levels at 1 pp/cell or M1 transduction levels at 1 pp/ cell as indicated to the right of the graphic. The increased transduction levels with the M1-virus co-incided with cotransduction of wt-vectors (data not shown). The data show that expression of (CMV-promoter-driven) mCherry from the genome of the E1-deleted Ad vector that encodes protein VI with the M1 mutation is restored when the same cell is also transduced with wtvector particles that contain protein VI-wt. This observation supports a role for protein VI in activating the CMV promoter and shows that an adenoviral protein (capsid protein VI) can activate the early promoter of a non-related DNA virus (immediate early promoter of HCMV). Because Daxx represses the CMV promoter [45], transactivation by protein VI presumably occurs through removal of Daxx repression. (TIF)

Text S1 The supporting information contains a list of all antibodies used in this study (Protocol S1), a detailed protocol for the co-immunoprecipitation assays (Protocol S2) and additional references used in Figures S1, S2, S3, S4, S5, S6, S7.

(DOC)

Video S1 Microinjection of recombinant protein VI-wt displaces Daxx from PML bodies to the cytoplasm. U2OS cells were cotransfected with Daxx-mCherry (left panel) and PML-GFP (middle panel) expression plasmids (superimposed signal on the right) and cultivated at 37uC on a heated stage in CO 2 stabilized medium attached to a SP5 confocal microscope equipped with a microinjection device (Eppendorf). The left cell of two cotransfected cells with equal expression levels of both proteins was then microinjected into the cytoplasm using recombinant protein VI at a final concentration of 0.3 mg/ml. Prior to injection, cells were imaged using the SP5 confocal microscope at 20 s intervals for 10 frames at a single optical section with pinhole setting of two using a 206 magnification and maximum resolution. Injection was performed manually under optical control in DIC mode and immediately after images were taken at 20 s intervals for further 40 frames without changing the optical setting to minimize the time between injection and imaging (time delay ,1-2 min). Note the cytoplasmic accumulation of the Daxx signal following injection. (AVI) Video S2 Microinjection of recombinant protein VI-M1 displaces Daxx from PML bodies to the cytoplasm. U2OS cells were cotransfected with Daxx-mCherry (left panel) and PML-GFP (middle panel) expression plasmids (superimposed signal on the right) and cultivated at 37uC on a heated stage in CO 2 stabilized medium attached to a SP5 confocal microscope equipped with a microinjection device (Eppendorf). The left cell of two cotransfected cells with similar expression levels of both proteins was then microinjected into the cytoplasm using recombinant bacterially expressed and purified protein VI-M1 at a final concentration of 0.3 mg/ml. Prior to injection, cells were imaged using the SP5 confocal microscope at 20 s intervals for 10 frames at a single optical section with pinhole setting of two using a 206 magnification and maximum resolution. Injection was performed manually under optical control in DIC mode and immediately after images were taken at 20 s intervals for further 40 frames without changing the optical setting to minimize the time between injection and imaging (time delay ,1-2 min). Please note the increase of PML intranuclear dynamics in the injected cell that starts as soon as the Daxx signal diminishes. This dynamic was seen in all cells injected with VI-wt or with VI-M1 but never in buffer injected control cells. (AVI) Video S3 Microinjection of recombinant protein VI-delta54 transiently displaces Daxx from PML bodies but fails to export Daxx to the cytoplasm. U2OS cells were cotransfected with Daxx-mCherry (left panel) and PML-GFP (middle panel) expression plasmids (superimposed signal on the right) and cultivated at 37uC on a heated stage in CO 2 stabilized medium attached to a SP5 confocal microscope equipped with a microinjection device (Eppendorf). The left cell of two cotransfected cells with similar expression levels of both proteins was then microinjected into the cytoplasm using recombinant bacterially expressed and purified protein VI-delta54 at a final concentration of 0.3 mg/ml. Prior to injection, cells were imaged using the SP5 confocal microscope at 20 s intervals for 10 frames at a single optical section with pinhole setting of two using a 206 magnification and maximum resolution. Injection was performed manually under optical control in DIC mode and immediately after images were taken at 20 s intervals for further 40 frames without changing the optical setting to minimize the time between injection and imaging (time delay ,1-2 min). Please note that Daxx temporarily is displaced from PML-NBs (,0-3 min post-injection) followed by a return to PML-NBs. During Daxx displacement please also note the increase of PML intranuclear dynamics in the injected cell that diminishes with the return of Daxx to the PML-NBs. (AVI) 
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