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1 Abstract  

Human Adenovirus Type 5 from species C (HAdV-C5) represents a good model 
system for analyzing virus-host interaction pathways. The HAdV-C5 55 kDa gene 
product from early region 1B (E1B-55K) is a multifunctional phosphoprotein, which 
is a main factor for targeting antiviral cellular proteins for proteasomal degradation 
in cooperation with the viral early region 4 open reading frame 6 protein (E4orf6) 
and cellular components of a Cullin-5-dependent E3 Ubiquitin ligase. Many studies 
identified cellular targets of the viral E3 Ubiquitin complex, for example p53, Mre11, 
ATRX and SPOC1. Interestingly, the cellular transcription factor Daxx was identified 
as a target of a novel E1B-55K dependent degradation pathway, which is 
independent of E4orf6. To date, a new RF containing protein group called SUMO-
targeted Ubiquitin ligases (STUbL) were recently connected to proteasomal 
degradation of SUMOylated protein. To date two cellular STUbL proteins have been 
identified: RNF4 and Arkadia/RNF111. The degradation of SUMOylated proteins 
via STUbL activity is important to prevent the accumulation of SUMOylated proteins 
upon high cellular stress, including DNA damage events, oxidative- and chemically-
induced stress and cancer development.  

The main part of this work investigated the role of RNF4 in the productive 
replication cycle of HAdV-C5. Since some viral factors (Tax from HTLV-1; Rta from 
EBV) have been described as targets of RNF4, this work unravels the role of RNF4 in 
the E1B-55K mediated degradation pathway of the PML associated protein Daxx. 
First, the interaction of E1B-55K and RNF4 could be confirmed in IP analyzes. 
Furthermore, RNF4 is relocalized in the nuclear matrix of infected cells juxtaposed to 
E1B-55K containing aggregates. Results of a RNF4 depleted cell line identified RNF4 
as a positive factor for HAdV-C5 lytic replication. Interestingly, in transformation 
assays performed in primary BRK cells a negative effect of RNF4 on E1 region 
mediated transformation was observed. 

The second part of this work focused on the cellular STUbL Arkadia during HAdV-
C5 infection. Arkadia was identified as a new interaction partner of E1B-55K and a 
reduced amount of Arkadia could be detected at late time points of infection, which 
might indicate a HAdV-C5 dependent degradation of Arkadia during infection.  
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In sum, this work revealed a HAdV-C5 dependent interaction with both cellular 
STUbLs for the establishment of an efficient viral infection. More experiments are 
needed to understand the direct link between the productive infection and the 
cellular SUMO dependent Ubiquitin machinery. However, the differences between 
the cellular STUbLs RNF4 and Arkadia during infection and the involvement of 
other viral proteins are of strong interest and subject for further investigations.
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2 Introduction 

2.1 Adenoviruses 

2.1.1 Classification and pathogenesis 

Adenoviruses (AdVs) were named after the adenoid tissue from which they were 
isolated in 1956 (1). AdVs were first characterized as respiratory disease causing 
agents but it became clear that AdVs are not the major agent of common cold in the 
general population, although they primarily infect the respiratory tract (2). 

AdVs belong to the family Adenoviridae which are able to infect a wide range of 
vertebrates. Over 130 types are known and can be classified into five genera 
depending on their host specificity, the mammalian Mastadenovirus, bird 
Aviadenovirus, reptile Atadenovirus, amphibian Siadenovirus and Ichtadenovirus 
isolated from fish (3, 4) (Fig.1). 

 

  

Fig. 1 Classification of HAdV 

Simplified taxonomy illustration of the family of Adenoviridae including HAdV types 1-70 of different, 
so far investigated HAdV types. HAdV types are classified according to Davison et al. and the 
International Committee of the Taxonomy of Viruses (ICTV) (5).  
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HAdV belong to the genus Mastadenovirus and are highly prevalent in the human 
population (4). According to their agglutination properties (6, 7) and since 2007 also 
by genomic data analysis (8), HAdV have been clustered into seven species A-G and 
until now over 70 different types were identified (5, 9). Within the seven species, 
HAdV types were subgrouped according to their sequence homology (GC content), 
hemagglutination and oncogenicity in immunosuppressed rodents (Fig. 1). HAdV 
types 2 and 5 of species C belong to the most investigated types and – due to their 
non-oncogenic properties – are mostly used as prototypes for clinical relevant vector 
studies (10). Historically, HAdV type 12 was the first human pathogenic virus that 
has been shown to have oncogenic properties, including induction of malignant 
tumors in rodents (11). This initial finding led to an astounding amount of research 
in the field of HAdV mediated transformation and furthermore the classification of 
HAdV as a DNA tumor virus.  

Due to the tight host specificity, different HAdV types cause a wide range of diseases 
in humans, including pharyngitis (species B), pneumonia (species: A, E), 
gastroenteritis (specie: G), hemorrhagic cystis (species: A, B, E) or 
keratoconjunctivitis (species: D) (12-15). Especially in immunocompromised patients, 
including transplant, radiation and chemotherapy recipients, HAdV may cause life-
threatening infections with medium up to high mortality (9, 16, 17). Despite, in 
immunocompetent patients, HAdV infections are self-limiting and usually cause 
only mild and local infections. Nevertheless, there are reports of epidemic and 
systemic HAdV infections with high fever and lethal outcome even in 
immunocompetent patients (18-21).  

Until now, there is no specific treatment for HAdV infections and only general 
antiviral drugs, such as ribavirin, cidofovir and its derivative brincidofovir, are used 
to treat severe HAdV infections. Typically, this occurs in children and is usually 
associated with strong side effects (22, 23). Therefore, the basic research of AdV is 
still very crucial in order to enable a specific treatment, particularly for hospitalized 
immunocompromised patients. 
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2.1.2 Structure and genome organization 

HAdVs are non-enveloped viruses with an icosahedral capsid and an average size of 
80-110 nm in diameter. They contain a linear ds DNA genome of 26-45 kbp with 
inverted terminal repeats (ITR) at the end of the genome, ranging from 36 up to 200 
bp in size (24, 25). Additionally, the 5’ end of the genome is associated with terminal 
proteins (TP), which serve as a primer for viral DNA synthesis (5). The viral capsid is 
formed by antenna-like extensions (spikes), 240 trimeric hexons and 12 pentons, 
which are non-covalently linked to the fiber proteins (Fig. 2).  

 

  

Fig. 2 Schematic representation of HAdV 

(A) Electron micrograph of HAdV-C5 particles, showing the icosahedral capsids with the fibers 
(Technology platform: Microscopy and Image Analysis, Heinrich Pette Institute, Leibniz Institute for 
Experimental Virology, Hamburg). (B) Schematic cross section of an HAdV particle based on 
cryoelectronmicroscopic analysis (26).  

 

The HAdV core proteins can be grouped into capsid associated (pIIIa, pVI, pIII and 
pIX) (27) and genome associated proteins (pV, pVII, Mu, IVa2 and TP) (26, 28). The 
fiber proteins, especially the C-terminal fiber knob and the penton base protein, 
mediate the attachment of the virion to the host cell receptors followed by clathrin 
mediated endocytosis of the virus particle via secondary interaction with the host cell 
membrane. Besides CD46 (29), the coxsackie/adenovirus receptor (CAR) is the most 
relevant receptor for the largest group of HAdV (30, 31). Initially, the capsid-
associated proteins were thought to solely act as cement proteins for capsid 



Introduction 

 6 

stabilization. However, pVI was found to have an additional function by 
antagonizing the intrinsic antiviral cell response (32).  

The HAdV genome contains nine transcription units, which encode for 
approximately 40 different regulatory and structural proteins as well as two virus-
associated RNAs (VA RNAs). They can be divided in five early (E1A, E1B, E2, E3 and 
E4), three intermediate early (IX, IVa2 and E2 late) and one major late transcription 
unit (MLTU). During the course of infection the MLTU primary transcript is further 
processed into five late mRNAs (L1-L5) (Fig. 3). All HAdV genes are transcribed by 
the cellular RNA polymerase II, with the exception of the VA RNAs (33). Sequence 
comparison with other types show that all HAdV have a similar genome 
organization and express a conserved set of gene products (5, 10). 

 

 

Fig. 3 Genome organization of HAdV-C5 

Schematic organization of early proteins (E1A, E1B, E2, E3, E4, pIX, IVa2) and major late transcription 
unit (MLTU). Arrows indicate the direction of the transcription. The late genes (L1 to L5) are 
transcribed from a common promoter (MLP) after the onset of viral DNA replication and encode 
mainly for structural proteins of the virion. The early viral transcription units are already active before 
DNA synthesis and have regulatory functions related to DNA replication (E2), immune system 
modulation (E3), transcription, RNA processing, and cell cycle control (E1A, E1B and E4). VA RNAs: 
virus associated RNAs; TP: terminal protein; Ori: origin of replication; ITR: inverted terminal repeats 
(modified; from (34)). 

 

2.1.3 Productive replication cycle of HAdV 

HAdV types 2 and 5 have been favored for intensive virus replication studies, due to 
the fact that they can be easily propagated in cell culture. In general, all HAdV 
mainly infect different types of post mitotic resting cells of the epithelium, the 
gastrointestinal tract, the central nervous system as well as primary and 
immortalized cells, where they usually cause lytic infections (35).  
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The replication cycle of HAdV-C5 is divided into the immediate early, early and late 
phase of infection. Upon clathrin-mediated endocytosis of the virus, the uncoated 
virus particle is transported to the nucleus where the viral DNA is imported into the 
nucleus through the nuclear pore complex (NPC). Prior to DNA synthesis, 
expression of the immediate early protein E1A activates transcription of other viral 
genes from the E1- and E4-region, which are subsequently spliced in order to 
produce viral early regulatory proteins. These early regulatory proteins are necessary 
to favor an optimal environment for efficient virus replication (10). Upon these initial 
steps, the viral E2A/DBP, the viral DNA polymerase (E2B) and the precursor 
terminal protein (pTP) are expressed (10).  

After synthesis of immediate early and early proteins, the late phase of the infection 
is induced by the onset of viral DNA synthesis. The transcription of the MLTU is 
initiated by activation of the major late promoter (MLP), where the late viral mRNAs 
L1-L5 are generated by differential splicing of the 29 kb major late precursor mRNA 
(36). The current model favors the shut-off of host cell mRNAs transport and 
translation to ensure an efficient expression of viral mRNA (37). The HAdV 

replication cycle is completed by the release of up to 104 progeny virions per cell 24-
36 h p.i. by cell lysis.  

 

2.1.4 HAdV-C5 protein E1B-55K during lytic infection 

In HAdV-C5 infected cells, the E1B-55K protein is involved in several steps in the 
early and late phase of infection (38). During the early phase, E1B-55K establishes an 
optimal environment for virus replication by inducing repression of promoter 
bounded p53 and counteracting the cellular DNA damage response. In order of this, 
E1B-55K acts as a multifunctional protein, which is known to shuttle between 
nucleus and cytoplasm. This mechanism is dependent on the internal leucine-rich 
NES and a SCS at lysine 104 (39-41) (Fig. 4). As already mentioned above, E1B-55K 
also counteracts the cellular DNA damage response and antiviral factors, which are 
part of the intrinsic antiviral immune response. Therefore, E1B-55K forms an E3 
Ubiquitin ligase complex with the viral protein E4orf6 and the cellular proteins 
Elongin B and C, Cullin 5 and RING-box proteins (Rbx-1, RCO1, Hrt1) by which E1B-
55K serves as the substrate recognition factor while E4orf6 binds Elongin C via the 
BC-Box motif (42) (Fig. 4). This complex promotes the Ubiquitinylation and hence 
proteasomal degradation of several cellular proteins that are part of the DNA 
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damage response, including p53, the MRN-complex, chromatin remodeling factors 

like X-linked α-thalassaemia retardation syndrome (ATRX) and Survival-time 
associated PHD protein in ovarian cancer 1 (SPOC1) (43-47). Furthermore, DNA 
ligase IV, the α3 subunit of the cellular surface receptor protein Integrin, the 
acetyltransferase Tip60 as well as the DNA repair protein Bloom helicase (BLM) were 
identified as cellular substrates of the E1B-55K/E4orf6 E3 Ubiquitin ligase (48-50). 
Interestingly, a novel E1B-55K dependent degradation pathway for the cellular death 
domain associated factor (Daxx) was identified, which is independent of the E4orf6 
(51). The exact degradation pathway of Daxx has not been clarified to date. However, 
it is known that SUMOylated E1B-55K is necessary for the degradation of Daxx in 
HAdV-C5 infected cells (52) (Fig. 4). Daxx is constitutively associated with the PML 
nuclear bodies (PML-NBs) and plays a major role in the intrinsic antiviral immune 
response. Currently, there are numerous indications for Daxx-dependent repression 
of HAdV-C5 replication, which is reflected in a significant increase of viral gene 
expression after depletion of Daxx (46, 51). This negative effect of Daxx on viral gene 
expression is closely related to its interaction with ATRX. Both factors are capable for 
recruiting histone acetyltransferases (HDACs) to condense chromatin structure at the 
respective promoters (53, 54). This process prevents the efficient attachment of 
transcription factors to the DNA and leads to a negative regulation of HAdV-C5 gene 
expression (46). 

 

 

Fig. 4 Structural and functional domains of HAdV-C5 E1B-55K 

Schematic representation of structural and functional domains of the HAdV-C5 E1B-55K protein. NES: 
nuclear export signal; SCS: SUMO conjugation site; BC-Box: Elongin B and C-Box; C/H-rich domain: 
cysteine/histidine-rich region. 
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2.1.5 Transforming potential and oncogenicity of HAdV 

HAdV usually perform a lytic replication cycle in human cells, however in rodents, 
HAdV induces asymptomatic infections (10). The observation that HAdV-A12 is able 
to induce solid tumors in newborn hamsters, resulted in the classification of HAdVs 
as DNA tumor virus (11). Nevertheless, a HAdV dependent malignant tumor 
development in humans has never been observed (55-57), apart from the presence of 
low amounts of HAdV DNA in some pediatric brain tumors (35). So far, the HAdV 
mediated transformation of primary human cells is thought to be very inefficient 
(58). Nevertheless, some studies confirm the oncogenic potential of certain types 
(HAdV-A12, HAdV-A18, HAdV-A31) (59). However, a recent publication 
demonstrated the efficient transformation of human mesenchymal stromal cells 
(hMSC) by HAdV-C5 early region 1 oncoproteins (60). Until now, HAdVs from 
species 1-51 have been classified regarding their tumorigenic potential in non-
oncogenic, low or highly oncogenic (Fig. 5).  

 

 

Fig. 5 Oncogenicity of HAdV types in rodents 

Classification of HAdV types according to their oncogenic potential in primary rodent cells. So far, 
only HAdV types 1-51 have been tested. Red = highly oncogenic, yellow = low oncogenic, green = 
non-oncogenic. 

 

Most HAdV transformed cell lines are characterized by the chromosomally 
integrated viral DNA of E1A and E1B, which simultaneously leads to the stable 
expression of corresponding viral proteins (59). Interestingly, several single AS 
exchange mutations in both proteins can alter the transformation potential (61). 
Overall, HAdV mediated transformation follows the classical concept of viral 
oncogenesis, where the viral genes persist within the transformed cells and maintain 
the oncogenic phenotype. The expression of the E1 region is almost invariably 
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detectable in all transformed cells and underscores the importance of the encoded 
proteins (61). E1A interacts with E2F transcription factors, thereby deregulating the 
cell cycle and pushing the cell into S-phase, while preventing p53 mediated G1-arrest 
(61). Particularly, E1B blocks the onset of apoptosis to favor an optimal milieu for 
viral replication. In primary rodent cells however, the same events promote 
oncogenic transformation. Although a lot of studies carried out the molecular 
mechanism of this process, it still remains elusive why primary rodent cells can be 
efficiently transformed, whereas transformation of primary human cells is rather 
inefficient (62, 63). Besides E1 proteins, E4 gene products are also associated with 
transformation of primary rodent cells (64, 65). The E4 proteins act through a 
complex network of protein-protein interactions with cellular factors involved in 
apoptosis, cell cycle control, DNA repair mechanisms and the integrity of PML-NBs. 

 

2.1.6 Role of HAdV-C5 E1B-55K protein during transformation 

Upon infection, E1A induces p53 dependent apoptosis, which is counteracted by 
E1B-55K and E1B-19K through interaction with apoptosis regulating proteins to keep 
the cell in the S-phase for optimal virus replication (66, 67). The E1B-55K protein 
directly interacts with p53 and triggers proteasomal degradation of p53 by the viral 
E3 Ubiquitin ligase complex, thus inhibiting activation of p53 regulated genes and in 
consequence also induction of apoptosis (68, 69). A further mechanism of p53-
inhibition is the E1B-55K mediated relocalization of p53, due to the shuttling-
properties of E1B and the E1B dependent alteration of p53 PTM, like SUMOylation 
and acetylation (41, 70-74) (Fig. 5). Besides, E1B-55K mediates transformation 
through several other different functions, including the interaction with several 
cellular proteins involved in DNA repair, apoptosis and transcription. Interestingly, 
it was shown that the E1B-55K dependent Daxx degradation is important for the 
transformation potential of HAdV-C5 E1 gene products. Additionally, the interaction 
of E1B-55K and Daxx also seems to play an important role for the HAdV-C5 
E1A/E1B mediated transformation (Fig. 4), since E1B-55K mutants that are not able 
to degrade Daxx show no focus forming potential (52). 
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2.2 The cellular PTM machinery 

2.2.1 General pathways of cellular PTM 

PTM of proteins is the main mechanism of the cell to regulate several processes, 
including cell cycle progression, cell growth, signal transduction, protein stability 
and control, the DNA damage response but also viral infections (75-77). The best-
known protein for PTM is Ubiquitin, the founding member of the Ubiquitin-like (Ub) 
modifier superfamily. Ubiquitin is essential in most organisms and plays a central 
role in targeting proteins for proteolytic degradation by the 26S proteasome. Despite 
that, regulation of protein localization and/or activity as well as crucial steps in the 
cell cycle can also be regulated by covalent attachment of Ubiquitin to proteins. 
Additionally, in 1996 the small-Ubiquitin-related modifier (SUMO) was identified 
and has been shown to covalently modify several proteins upon cellular stress to 
maintain chromatin structure and/or genome stability in the same way as Ubiquitin 
(78). Upon identification, the SUMOylation system was not thought to be related to 
the Ubiquitin system. Rather, both Ubs were supposed to be part in competitive 
functions by targeting identical lysine residues within the protein sequence (78). 
However, it soon became clear that both systems were linked in a very specific 
manner, first and foremost in the process of SUMO dependent Ubiquitinylation (79). 
This very specific modification of proteins with SUMO and Ubiquitin plays an 
important role in UV irradiation-induced DNA damage as well as genome and 
protein stability (80-83).  

The Ubiquitin and SUMO conjugation pathway is a three-step enzymatic cascade 
that shares a lot of similarities. Upon PTM stimulation, the SUMO/Ub-activating 
enzyme (E1) leads to an ATP dependent activation of the Ub C-terminus. Thereby, 
the active site cysteine in the E1 protein is forming a high energy thiolester bond with 
the C-terminus of the Ub, releasing adenosinmonophosphat (AMP) (84). The 
activated Ub is then transferred to a cysteine in the SUMO/Ub conjugating enzyme 
(E2), where it forms an Ub/E2 thiolester intermediate (85). With the help of a 
SUMO/Ub protein ligase (E3), the Ub gets transferred from the E2 protein to the 
substrate, where it is conjugated to a specific lysine residue in the target protein 
sequence (Fig. 6). 
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Fig. 6 Pathway of the cellular SUMO/Ubiquitin machinery  

Intersection of the SUMO/Ubiquitin pathway, which shows the similarities of the three-step 
enzymatic cascade of SUMO (Su) and Ubiquitin (Ub) conjugation. Adapted from Garza et al. (86). 

 

Ubiquitinylation and SUMOylation are both covalent protein modifications. They are 
attached to the protein via an isopeptide bond between a C-terminal glycine in the 
Ub and a lysine residue in the substrate. For SUMO, the consensus motif 
ψ(I/V/L)KX(D/E) was identified, where ψ represents a hydrophobic AS and K is the 
main lysine residue for SUMO conjugation (87). Noteworthy, the SUMO consensus 
motif harbors a direct binding site for the SUMO-conjugating enzyme Ubiquitin 
carrier protein 9 (Ubc9), which is the only known E3 SUMO ligase so far (78). Many 
studies from the last years conclude that almost half of the known SUMO substrates 
are modified at a minimal KxE motif. However, upon cellular stress, lysine residues 
in non-SCS are also used for modification (88). So far, five different isoforms of 
SUMO, SUMO-1-5, were identified. However, SUMO-1-3 are the most studied 
SUMO isoforms so far and are expressed in all human tissues. Interestingly, SUMO-1 
and SUMO-2/3 share a 97% sequence identity, but only 50% sequence homology and 
seem to be expressed in all tissues (89) (Fig. 7). NMR studies have shown that 
SUMO-1 and Ubiquitin have a similar 3D-structure, although charge distribution on 
the protein surface differs a lot despite sharing 18% sequence identity (90) (Fig. 7). 
Both SUMO and Ubiquitin are reversible PTMs and can be removed by enzymes of 
the Ubiquitin cleavage protease (Ulp) family by cleaving Ubs from the substrate (78, 
91). Ubiquitin is able to form polymeric chains by covalent attachment to one 
another. Further Lys 48-linked poly-Ubiquitinylation is strongly linked to 
proteasomal degradation of the targeted protein (92). In contrast, SUMO was initially 
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thought to function as a monomer, however SUMO-2 and 3 harbor an internal SCS at 
lysine 11 and both proteins are able to form polymeric chains (93) (Fig. 7). The 
function of this SUMO chains are not fully understood so far, but there are strong 
indications that they might be essential for degradation of SUMO- and 
Ubiquitinylated proteins upon cellular stress. SUMO-1 conjugation to cellular or viral 
substrates mainly causes an altered affinity to other proteins, which affects 
localization and/or activity. 

 

  

Fig. 7 Ubiquitin and SUMO protein structures and alignment  

(A) AS sequence alignments of Ubiquitin and SUMO-1, SUMO-2 and SUMO-3. Identities are indicated 
in red. A SCS for polymeric chain elongation present in SUMO-2 and SUMO-3 is boxed in red. (B) 
Schematic protein structures with data obtained from the protein data bank (PDB; (94)) highlight the 
similarities (alignment) of the three-dimensional structures from Ubiquitin, SUMO-1 and SUMO-2. 
PBD-IDs: Ubiquitin, green: 1ubq; SUMO-1, blue: 1a5r; SUMO-2, red: 1wm3. Graphics and alignment 
were generated with the CLC main workbench 7. 
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2.2.2 Modulation of the cellular Ubiquitin and SUMO machinery in HAdV-C5 
infected cells 

PML-NBs are multi-protein complexes, which are present in nearly all cell types and 
can perform diverse functions depending on their composition (95). To date, more 
than 80 proteins are known to transiently localize to PML-NBs (96-99). Previous 
studies show that the cellular factors promyelocytic leukemia protein (PML), Daxx, 
ATRX, speckled protein 100kDa (Sp100) and SUMO-1 are the main components of 
PML-NBs. A direct interaction with PML has so far only been confirmed for a very 
small number of proteins, such as p53, Daxx, Sp100, Ubc9 as well as SUMO-1 (100, 
101). It is known that all components of the core structures can be conjugated to 
SUMO-1, which is necessary for assembling the PML-NBs (102-104). In HAdV-C5 
infected cells, viral proteins target the PML-NBs to directly prevent the intrinsic 
antiviral immune response mediated by PML-NB components. An interaction of 
E1B-55K with PML-NB key components, like Daxx and Sp100A was already 
observed in HAdV-C5 infected cells (51, 105, 106). This interaction leads to 
proteasomal degradation of cellular proteins, triggered by the viral E1B-55K/E4orf6 
E3 Ubiquitin ligase complex. In the same moment, E4orf3 relocalizes key components 
of the PML-NB into track-like structures (107, 108), making antiviral factors such as 
Daxx accessible for degradation. Interestingly, it could be shown that the repressive 
properties of Daxx are inhibited as long as the protein can be detected in the PML-
NBs (109). In sum, the multifunctional transforming properties of E1B-55K depend 
on several factors, however most of all on the direct SUMO modification of E1B-55K 
(110).  

 

2.2.3 HAdV-C5 E1B-55K protein and the cellular PTM machinery 

A strong interplay between E1B-55K and the cellular PTM machinery has been first 
observed by the interaction of E1B-55K with Ubc9 (111). Furthermore an E3 SUMO 
ligase activity towards p53 of a PML-NB associated E1B-55K was also described in 
2008 (72, 73, 112). Additionally, Härtl and coworkers identified a putative cysteine 
and histidine rich RING (really interesting new group of proteins) motif in E1B-55K 
(113) (Fig. 4). RING motifs are important for Ubiquitin ligase activity of E3 Ubiquitin 
ligases (114) and are essential for the cellular Ubiquitinylation pathway (115, 116). 
Moreover, the RING motif enables a putative interaction/dimerization of E1B-55K 
with other Ubiquitin ligases, which reinforces the hypothesis of an influence of E1B-
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55K on the cellular PTM machinery. Nevertheless, the exact function of the RING 
motif in E1B-55K is still unknown and needs to be further investigated (113). 

Additionally, it has been shown that E1B-55K itself undergoes SUMO-1 conjugation 
at a SCS at lysine 104 (40), which is directly linked to its Phosphorylation at the C-
terminus mediated by casein kinase 2 (CK2) (117) (Fig. 4). In latest findings show that 
E1B-55K can be modified by SUMO-2 and SUMO-3 in addition to SUMO-1. The 
extent of this PTM is also closely related to the degree of Phosphorylation of E1B-55K 
(111). Inactivation of these PTM leads to a strong impact on E1B-55K functions, 
including impaired nucleo-cytoplasmic shuttling, inefficient repression of p53, 
inability of Daxx degradation and, as already described before, diminished focus 
forming properties of primary mammalian cells (52, 111, 118). Finally, 
overexpression of SUMO-1 leads to an accumulation of E1B-55K at characteristic 
nuclear structures, presumably PML-NBs, at least observed in HAdV-C5 E1A7E1B 
transformed rodent cells (110).  

As mentioned above, it has been shown that E1B-55K is able to posttranslationally 
modify Daxx, which subsequently causes proteasomal degradation in the absence of 
E4orf6 (119). Further, some reports indicate that cellular stress or treatment with 

arsenic trioxide (AS2O3) also result in an increased recruitment of Daxx to PML-NBs. 
In line with this, it could be observed that Daxx becomes SUMOylated and recruited 
to PML-NBs upon UV-induced apoptosis (120, 121). This supports the assumption 
that the nuclear localization of Daxx to PML-NBs and thus the interaction of 
SUMOylated Daxx with PML are crucial for the repression of HAdV5-replication. 
Therefore, HAdV-C5 might target SUMOylated Daxx for proteasomal degradation 
with the help of the recently identified SUMO-targeted Ubiquitin ligase protein 
family.
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2.3 Cellular SUMO-targeted Ubiquitin ligases  

2.3.1 Human RING-finger protein 4 (RNF4; SNURF) 

SUMO-targeted Ubiquitin ligases (STUbL) or E3 Ubiquitin ligases for SUMOylated 
proteins (ULS) represent a new class of Ubiquitin ligases, which link SUMO 
modification to the Ubiquitin/proteasome system. 

Non-covalent SUMO/SIM interactions between the SUMOylated target and the 
STUbL mediates the Ubiquitinylation of SUMOylated proteins for proteasomal 
degradation (122) (Fig. 8). So far, only two human STUbLs are identified, the RF 
protein 4 (RNF4, Small nuclear finger protein; SNURF) and the RF protein 111 
(RNF111, Arkadia) (122, 123). At least for RNF4, the SIM motifs 2, 3 and 4 are 
supposed to form β-strand confirmation upon SUMO interaction and bind to SUMO 
between the second β-strand and the following α-helix (124). In this process, SUMO-
1 and SUMO-2/3 are preferred similarly, although chains of at least three SUMO 
forms are favored (125). 

 

 

Fig. 8 STUbL mediated Ubiquitinylation of SUMOylated proteins. 

Schematic representation of STUbL/RNF4 triggered proteasomal degradation of SUMO modified 
proteins via Ubiquitinylation. Adapted from J. L. Staudinger (126). 
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To date, RNF4 is the most studied STUbL and represents the smallest characterized 
STUbL with a size of only 190 AS. Originally, RNF4 was discovered as a coactivator 
of a steroid receptor (127). For the first time, in 2004, an E3 Ubiquitin ligase activity 
was detected for RNF4 (128). By analysis of RNF4 levels in human tissues, a high 
expression of RNF4 mRNA was detected in testis, although low levels of RNF4 
mRNA were examined in all other human tissues (129). RNF4 comprises four 
consensus sequences for SIM domains (SIM1-SIM4; between AS 36 and 110) and a 
RING domain at the C-terminus (125, 130) (Fig. 9). Additionally, a contiguous 
hydrophobic region connecting the SIM4 and the RING domain was identified via 
NMR spectroscopy (124). Mutational analysis of this putative SIM showed no effect 
on the interaction with SUMO-2 chains and thus SIM5 is unlikely to be a bona fide 
SIM domain (124). RNF4 acts as a homodimer, which gets activated via dimerization 
of the RING domain. This is essential for the ligase function of the protein and thus 
for the Ubiquitinylation of SUMOylated proteins (131). For the transfer of Ubiquitin 
to the SUMOylated target protein, RNF4 binds the E2 charged Ubiquitin and thereby 
activates this bond for catalysis (114, 132, 133). Moreover, it was recently published 
that RNF4 also binds to phosphorylated proteins via an ARM, leading to 
proteasomal degradation of these proteins (134) (Fig. 9). Additionally, in silico 
sequence analysis identified a putative nuclear localization signal (NLS) at the N-
terminus of the protein (Fig. 9). 

 

 

Fig. 9 Structural and functional domains of RNF4 

Schematic representation of structural and functional domains of RNF4. NLS: nuclear localization 
signal; SIM: SUMO interaction motif; ARM: Arginine rich motif; RING domain: Really Interesting 
New Group of proteins domain. 
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The degradation of SUMOylated proteins via STUbL activity is important to prevent 
the accumulation of SUMOylated proteins inside the cell upon high cellular stress, 
including DNA damaging events, oxidative and chemically induced stress and 
cancer development. Therefore, it is not surprising that PML and the oncogenic 
fusion PML/RARα (retino acid receptor α) proteins were identified as the first 
targets of RNF4 (135). Previously, it was shown that RNF4 is recruited to the PML-
NBs via SUMO-1 modification (136). RNF4 was shown to bind SUMO-1 non-
covalently and in this course localizes to NBs containing PML and SUMO-1. SUMO-1 
overexpression markedly enhances colocalization between PML and RNF4, but the 
direct SUMO-1 modification of both proteins is not crucial for this interaction (136). 
RNF4 binds to polySUMOylated PML via a non-covalent SUMO/SIM interaction 
and consequently leads to proteasomal degradation of PML (137). Interestingly, 

As2O3 triggers the RNF4-dependent proteasomal degradation of PML. In this context, 

patients with APL are treated with As2O3 to activate the SUMO/RNF4/Ubiquitin 
mediated signaling pathway. APL is characterized by a PML/RARα fusion protein 

with altered functions, which are required for development of leukemia. As2O3 

induces a SUMO-2/3 modification of PML, which then leads to RNF4 mediated 
Ubiquitinylation and thus induces the proteasomal degradation of PML/RARα 
isoforms I-VII (80, 138).  

So far, over 300 potential RNF4 target proteins were identified via a non-denaturing 
affinity pull down approach (139). Some of them where directly linked to the DNA 
damage checkpoints, DNA repair pathways and other important regulatory 
metabolic pathways. Work from Kuo and coworkers revealed a 
phosphor/SUMO/RNF4 interaction for the transcriptional corepressor and 
chromatin remodeling protein transcription intermediary factors 1-beta (KAP1) via 
the RNF4-ARM region. Upon DSB, KAP1 undergoes multiple PTMs leading to 
proteasomal degradation via RNF4 recruitment (134). Besides KAP1, RNF4 also 
targets other proteins of the DNA repair complex for degradation. DSB are detected 
by the Mre11/Rad50/Nbs1 (MRN) complex, which keeps the fractional ends of the 
DNA in close proximity and recruits the serine protein kinase (ATM). This process 
also activates E3 Ubiquitin ligases, which lead to Ubiquitinylation of chromatin 
components (140). The recruitment of RNF4 in response to DSB depends on the 
functional domains of the protein as well as other factors like DNA repair and 
telomere maintenance protein (Nbs1), RF protein 8 (RNF8) and breast cancer type 1 
susceptibility protein (BRCA1) (141, 142). A very recent publication showed that the 
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PTM dependent recruitment of RNF4 to KAP1 regulates the tenancy of BRCA1 at 
DSB sites in a cell cycle dependent manner. Interestingly, irradiation induced DSBs 
lead to enhanced RNF4 levels during S-/G2-phase, whereas RNF4 expression was 
suppressed in the G0-/G1-phase (143).  

 

2.3.2 Role of RNF4 during virus infections 

Apart from its function in cellular processes, it has been shown recently that RNF4 
also plays an important role in viral infections. For HTLV-1 infection, the exact 
function of the viral oncoprotein Tax is still unknown, but the nuclear localization is 
dependent on the SUMOylation status of the protein (144). Recently, it could be 
shown that RNF4 binds to Tax and regulates the nucleocytoplasmic localization of 
the viral protein. It was further shown that an RNF4-induced modification of Tax 
leads to a relocalization of the oncoprotein from the nucleus into the cytoplasm (145). 

This relocalization leads to an increased NF-κB response, which might support Tax 

induced cell transformation (145). Furthermore, Dassouki and coworkers observed a 

RNF4 dependent degradation of PML-NB located Tax protein upon As2O3 treatment 
of ATL-cells (146). The STUbL dependent degradation of Tax during HTLV-1 
infection could have an immense therapeutic value on degradation of SUMOylated 
pathogenic proteins. Furthermore, it was shown in EBV infected mammalian cells 
that the SUMO-2 conjugated viral transcription factor Rta is Ubiquitinylated via a 
SUMO/SIM by directly interacting with RNF4. In contrast, EBV infections are 
promoted in RNF4 depleted cells (147). Very recently it could be observed that a viral 
microRNA (miR-BHRF-1) is essential for the down regulation of RNF4 during 
productive EBV infection, which leads to an accumulation of SUMO proteins and 
interestingly induces an increased viral progeny production (148). 
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2.3.3 Human RING-finger protein 111 (RNF111; Arkadia)  

The cellular E3 Ubiquitin ligase Arkadia was identified through a string search 
approach identifying novel polySUMO-binding proteins to associate via an internal 
SIM/SUMO interaction to SUMOylated substrate proteins (149). Arkadia harbors 
three SIM domains (between AS 300 and 392) and a RING domain at the C-terminus 
(between AS 933 and 978; Fig. 10).  

 

Fig. 10 Structural and functional domains of Arkadia 

Schematic overview of structural and functional domains of Arkadia. SIM: SUMO interaction motif; 
RING domain: Really Interesting New Group of proteins domain. 

 

In the current literature it is intensively discussed whether the STUbL activity of 
Arkadia is essential for the degradation of cellular substrates. A recent study showed 
that Arkadia induces activation of the transforming growth factor β (TGF-β) 
signaling pathway by degradation of regulator proteins (150), which consequently 
leads to an increased transcription of target genes. However, Erker and coworkers 
have shown that the STUbL function of Arkadia is on the one hand essential for the 

degradation of polySUMOylated PML upon As2O3 treatment, but on the other hand 
the STUbL characteristic SIM domains are not necessary for the degradation of TGF-
β regulators (123). However, Sun and coworkers claimed that the specific role of 
Arkadia in the TGF-β pathway is attributable to SUMO binding and RING domain 
mediated Ubiquitin ligase activity of Arkadia (149). Nevertheless, Arkadia seems to 
be involved in the cellular DNA damage recognition (151). For example, xenoderma 
pigmentosum C (XPC) protein, an important regulator of nucleotide excision repair 
(NER), gets polySUMOylated and further Ubiquitinylated upon UV irradiation, 
which triggers the Arkadia mediated recruitment of XPC to UV damaged DNA. 
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3 Material 

3.1 Cells 

3.1.1 Bacterial Strains 

Strain Genotype 

DH5α supE44, ΔlacU169, (φ80dlacZΔM15), hsdR17, recA1, endA1, 
gyrA96, thi-1, relA1 (152).  

 

3.1.2 Mammalian cell lines 

Cell line Genotype 

H1299  Human lung carcinoma cell line, p53 negative (153). 
H1299 
shscramble H1299 cell line with non-target mammalian shRNA. 

H1299 shRNF4 
H1299 cell line with shRNA against RNF4;  
5’CCGGACGTATATGTGACTACCCATACTCGAGTATGGGT
AGTCACATATACGTTTTTTG -3’ (NM_002938.3-650s21c1). 

HeLa Human cervix carcinoma cell line, p16 negative (154). 

HeLa-Su2 HeLa cell line stably expressing His-SUMO-2 (155). 

HEK 293 HAdV-C5 transformed human embryonic kidney cell line 
stably expressing HAdV-C5 E1 region gene products (62). 

HEK 293T HEK 293 cell line stably expressing large T antigen from SV40. 

pBRK Freshly isolated primary BRK. 

 

3.2 Viruses 

# Adenovirus Characteristics 

100 H5pg4100 
WT HAdV-C5 containing an 1863 bp deletion  
(nt 28602-30465) in the E3 region (156). 

149 H5pm4149 
HAdV-C5 E1B-55K null mutant containing four stop 
codons at the AS position 3, 8, 86 and 88 of the  
E1B-55K sequence (156). 

154 H5pm4154 
HAdV-C5 E4orf6 null mutant containing a stop codon 
at AS 66 within the E4orf6 sequence (157). 
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3.3 Nucleic acids 

3.3.1 Oligonucleotides 

The following oligonucleotides were used for sequencing, PCR, RT-PCR and site-
directed mutagenesis. All nucleotides were ordered from Metabion and numbered 
according to the internal group Filemaker Pro database.  

 

# Name Sequence Purpose 

635 pcDNA3-fwd ATGTCGCGCTAACAACTC Sequencing 

782 E1B-central CAAGGATAATTGCGCTAATGAGC Sequencing 

1319 E1B-C-Terminus GGACATGCTCTCGGGCTCAAG Sequencing 

110 E1B 361-389 rev CGGTGTCTGGTCATTAAGCTAAAA RT-PCR 

64 E1B bp 2043 fwd CGCGGGATCCATGGAGCGAAGAAAC
CCATCTGAGC RT-PCR 

1441 Hexon-qPCR-fwd CGCTGGACATGACTTTTGAG RT-PCR 

1442 Hexon-qPCR-rev GAACGGTGTGCGCAGGTA RT-PCR 

1573 E1A-qPCR-fwd GGTAGGTCTTGCAGGCTCCG RT-PCR 

1574 E1A-qPCR-rev ATGAGGACCTGTGGCATGTTTG RT-PCR 

1371 18S rRNA fwd CGGCTACCACATCCAAGGAA RT-PCR 

1372 18S rRNA rev GCTGGAATTACCGCGGCT RT-PCR 

2917 RNF4 rev >143 GCTCTAAAGATTCACAAGTGAGG Sequencing 

2918 RNF4 fwd >460 GCGGCCATGTCTTCTGTAGCC Sequencing 

2919 RNF4 fwd > 54 CGAACTCGGGAAGCAACCTCC Sequencing 

2965 RNF4 fwd K18R CAAGCTCAGAGGCGAACTCGG site-directed 
mutagenesis 
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2966 RNF4 rev K18R CCGAGTTCGCCTCTGAGCTTG site-directed 
mutagenesis 

2978 RNF4 fwd 
RTR192021AAA 

CAAGCTCAGAAGGCAGCGGCGGAA
GCAACCTCC 

site-directed 
mutagenesis 

2979 RNF4 rev 
RTR192021AAA 

GGAGGTTGCTTCCGCCGCTGCCTTCT
GAGCTTG 

site-directed 
mutagenesis 

3070 RNF4 fwd K5R GCTCCATGAGTACAAGAAGGCGTCG
TGG 

site-directed 
mutagenesis 

3071 RNF4 rev K5R CCACGACGCCTTCTTGTACTCATGGA
GC 

site-directed 
mutagenesis  

3263 Daxx fwd K142R GCCA AAAAGAGGCT GAACTTGG site-directed 
mutagenesis  

3264 Daxx rev K142R CCAAGTTCAGCCTCTTTTTGGC site-directed 
mutagenesis 

3265 Daxx fwd K277R GCTCATCAAC AGGCCAGGGCC site-directed 
mutagenesis  

3266 Daxx rev K277R GGCCCTGGCCTGTTGATGAGC site-directed 
mutagenesis  

3267 Daxx fwd K634R CCCTGCAAAAAATCTCG 
GAGAGAGAAG AAGC 

site-directed 
mutagenesis 
 

3268 Daxx rev K634R GCTTCTTCTCTCTCCGAGATTTTTTGC
AGGG 

site-directed 
mutagenesis 

3279 Daxx n’term GGAGTTCTGCAACATCCTCTCTAGG Sequencing 

3280 Daxx central GGATTCTGGTGAGGGCCCTA Sequencing 

3289 RNF4 fwd 
C132/135S 

GGTACTGTCAGTTCTCCCATCTCCAT
GGACGG 

site-directed 
mutagenesis 

3290 RNF4 rev 
C132/135S 

CCGTCCATGGAGATGGGAGAACTGA
CAGTACC 

site-directed 
mutagenesis 

3356 RNF4-qPCR fwd GGTGGAGCAATAAATTCTAGACAAG
C RT-PCR 

3357 RNF4-qPCR rev CCACCACAGGCTCTAAAGATTCACA
AGTGAGG RT-PCR 
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3.3.2 Recombinant plasmids 

The following recombinant plasmids were used for cloning and transfection  
experiments. All vectors are numbered according to the database.  

 

# Name Vector Insert Reference 

608 pCX-15 pXC15 HAdV-C5 E1 region (1-
5790). Group database 

737 pE1A pML HAdV-C5 E1A. Group database 

1319 pcDNA-E1B-
55K pcDNA3 HAdV-C5 E1B-55K 

Promoter. Group database 

1022 E1B-55K-SCS pcDNA3 HAdV-C5 E1B-55K-
K104R. Group database 

1023 E1B-55K-NES pcDNA3 HAdV-C5 E1B-55K-
L83/87/91A. Group database 

1276 E1B-55K-RF1 pcDNA3 HAdV-C5 E1B-55K-
C283SC288S. Group database 

1277 E1B-55K-RF2 pcDNA3 HAdV-C5 E1B-55K-
H344LC348S. Group database 

1280 E1B-55K-RF4 pcDNA3 HAdV-C5 E1B-55K-
H373LH377L. Group database 

1281 E1B-55K-RF5 pcDNA3 HAdV-C5 E1B-55K-
C393SH396L. Group database 

1282 E1B-55K-RF6 pcDNA3 HAdV-C5 E1B-55K-
C454SC456S. Group database 

1521 E1B-55KDa-
delP pcDNA3 HAdV-C5 E1B-55K-

S490/91A, T495A. Group database 

2068 E1B-55K-pM pcDNA3 HAdV-C5 E1B-55K-
S490/91D, T495D. Group database 

2193 E1B-55K-RTR pcDNA3 HAdV-C5 E1B-55K-
R448/449/450AAA. Group database 

1968 pCMV-VSV-G pCMV Core protein G (VSV-G) 
from SV40. (158) 

1969 pRSV-Rev pRSV HIV-Rev. (159) 

1970 pMDLg/pRRE pMDL HIV-1 Gag, HIV-1 Pol. (159) 

2058 Flag-PML-IV pLKO Flag-tagged human 
PML-IV isoform. R. Everett 

2894 6His-Ubiquitin pMT107 6His-tagged human 
Ubiquitin 8 copies. R. Hay (M.Treier) 

3201 shRNF4 pLKO 

shRNA against human 
RNF4 protein 
NM_002938.3-650s21c1, 
TRCN0000272669. 

Sigma-Aldrich 

3011 SFB-RNF4-WT unknown N-terminal flag-tagged 
human RNF4-WT. Dr. Junjie Chen 
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3012 SFB-RNF4-
K18R unknown 

N-terminal flag-tagged 
human RNF4-K18R 
mutant. 

this work 

3013 
SFB-RNF4-
RTR192021AA
A 

unknown 
N-terminal flag-tagged 
human RNF4-RTR 
mutant. 

this work 

3113 SFB-RNF4-SIM unknown 
N-terminal flag-tagged 
human RNF4-SIM 
mutant. 

Dr. Junjie Chen 

3114 SFB-RNF4-
ARM unknown 

N-terminal flag-tagged 
human RNF4-ARM 
mutant. 

Dr. Junjie Chen 

3115 SFB-RNF4-
SIM/ARM unknown 

N-terminal flag-tagged 
human RNF4-SIM/ARM 
double mutant. 

Dr. Junjie Chen 

3116 SFB-RNF4-
K5R unknown 

N-terminal flag-tagged 
human RNF4-K5R 
mutant. 

this work 

3117 SFB-RNF4-
K5/18R unknown 

N-terminal flag-tagged 
human RNF4-K5/18R 
double mutant. 
 

this work 

3248 SFB-RNF4-
C132/135S unknown 

N-terminal flag-tagged 
human RNF4 C132/135S 
mutant. 

this work 

3209 Flag-Daxx-WT pRK5 N-terminal flag-tagged 
human Daxx-WT. 

Xiaolu Yang 
(addgene # 27974) 

3210 Flag-Daxx-
K142R pRK5 

N-terminal flag-tagged 
human Daxx-K142R 
(SUMO-mutant). 

this work 

3211 Flag-Daxx-
K277R pRK5 

N-terminal flag-tagged 
human Daxx-K277R 
(SUMO-mutant). 

this work 

3212 Flag-Daxx-
K634R pRK5 

N-terminal flag-tagged 
human Daxx-K634R 
(SUMO-mutant). 

this work 

 

3.4 Antibodies 

3.4.1 Primary antibodies 

 

# Name Properties 

131 M73 Monoclonal mouse Ab against E1A-proteins (E1A-12S,  
E1A-13S) of HAdV-C5 (160). 

1 2A6 Monoclonal mouse Ab against N-terminal E1B-55K of 
HAdV-C5 (161). 
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113 B6-8 Monoclonal mouse Ab against E2A/DBP of HAdV-C5 
(162). 

94 RSA3 Monoclonal mouse Ab against E4orf6 (E4orf6/7) of 
HAdV-C5 (163). 

275 6B10 Monoclonal rat Ab against L4-100K of HAdV-C5 (164). 
88 α-actin (AC-15) Monoclonal mouse Ab against β-actin (Sigma, Catalog 

number: A5441). 
551 α-6His Monoclonal mouse Ab against 6xHis-tag (Clontech) 

155 α-Ubiquitin Monoclonal mouse Ab against Ubiquitinylated proteins 
(Affiniti Research; Catalog number: PW8810, clone FK2) 

247 α-Mre11 Polyclonal rabbit Ab against human Mre11 (Novus 
Biologicals, Inc, Catalog number: pNB 100-142). 

62 α-p53 (DO-1) 
Monoclonal mouse Ab against the N-terminal AS 1-25 of 
human p53 (Santa Cruz Biotechnology, Catalog number: 
sc126) (165). 

624 α-pVI Polyclonal antiserum against purified pVI (166). 

536 α-RNF4 (A01) Polyclonal mouse Ab against human RNF4 (Abnova, 
catalog number: H00006047-A01). 

598 α-RNF4 Monoclonal mouse Ab against human RNF4 (kindly 
provided by Mr. Takeshi Urano). 

370 α-Daxx Polyclonal rabbit Ab against human and rat Daxx 
(Upstate/Millipore, Catalog number: 0747). 

566 α-PML Polyclonal rabbit Ab against human PML (Novus 
Biologicals, Inc., pAB NB100-59787). 

452 α-Capsid Rabbit antiserum against HAdV-C5 capsid, L133. 

158 α-Flag Monoclonal mouse Ab against the flag-tag (Sigma-
Aldrich, Inc., mAB Flag-). 

621 α-proteasome Polyclonal rabbit Ab against human proteasome 19S 
S5A subunit (Novus, NBP2-19952). 

533 
α-Arkadia (H-

16) 
Polyclonal goat Ab against human Arkadia (Santa Cruz, 
sc-21588). 

535 
α-Arkadia 

/RNF111 
Monoclonal mouse Ab against human RNF111/Arkadia 
(Abcam, ab88535). 

405 α-CK2α Polyclonal rabbit Ab against human CK2α (Abcam, 
ab13410). 

 
 



Material 

 27 

3.4.2 Secondary antibodies 

3.4.2.1 Antibodies for Western Blot analysis 

Product Properties 
HRP-anti-mouse IgG HRP-coupled, sheep anti-mouse (Jackson) 

HRP-anti-rat IgG HRP-coupled, sheep anti-rat (Jackson) 

HRP-anti-rabbit IgG HRP-coupled, sheep anti-rabbit (Jackson) 

HRP-anti-goat IgG HRP-coupled, sheep anti-goat (Jackson) 
HRP-anti-mouse IgG 
(light chain specific) HRP-coupled, sheep anti-mouse (Jackson) 

HRP-anti-rabbit IgG 
(light chain specific) HRP-coupled, sheep anti-rabbit (Jackson) 

 

3.4.2.2 Antibodies for immunofluorescence staining 

Product Properties 

Cy3 anti-mouse 
IgG 

Affinity purified, Cy3-coupled, donkey anti-mouse 
(H+L; Dianova)  

Cy3 anti-rabbit 
IgG 

Affinity purified, Cy3-coupled, donkey anti-rabbit  
(H+L; Dianova) 

Cy3 anti-rat IgG Affinity purified, Cy3-coupled, donkey anti-rat  
(H+L; Dianova) 

Cy3 anti-goat 
IgG 

Affinity purified, Cy3-coupled, donkey anti-goat  
(H+L; Dianova) 

AlexaTM 488 anti-
mouse IgG 

Alexa 488 goat anti-mouse (H+L, F(ab’)s Fragment, Invitrogen) 

AlexaTM 488 anti-
rabbit IgG 

Alexa 488 goat anti-rabbit (H+L, F(ab’)s Fragment, Invitrogen) 

 

3.5 Commercial systems 
Product Company 
Plasmid Purification Mini, Midi, Maxi 
Kit Qiagen 
SuperSignal® West Pico 
Chemiluminescent Substrate Pierce 

ProFection-Kit  Promega; Catalog number: E1200 
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3.6 Chemicals, enzymes, reagents, equipment 

Chemicals, enzymes and reagents used in this study were obtained from AppliChem, 
Biomol, Hartenstein, Invitrogen, New England Biolabs, Merck, Roche and Sigma 
Aldrich. Cell culture materials, general plastic material as well as equipment were 
supplied by PAA, Pan, BioRad, Biozym, Brand, Eppendorf GmbH, Sarstedt, 
Whatman and VWR. 

 

3.7 Standards and markers 

Product Company 

1 kb/ 100bp DNA ladder New England Biolabs 
PageRuler Plus Prestained Protein 
Ladder Pierce 

 

3.8 Software and Databases 

Software Purpose Source 

Acrobat 9 Pro PDF data processing Adobe 
CLC Main 
Workbench 

Sequence data and protein 
structure processing  CLC bio 

Endnote X7 Reference management Thomson 

Filemaker Pro 14 Database management FileMaker, Inc. 

Illustrator CS5 Layout processing Adobe 

Photoshop CS5 Layout processing Adobe 

Word 2011 Text processing Microsoft 

PowerPoint Layout processing Microsoft 

PubMed Literature database open sequence,  
analysis software 

Open Software (provided 
by NCBI) 

Fiji Image processing (167) 
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3.9 Experimental animals 

Classical transformation experiments (4.2.5) were performed in primary BRK cells. 
Therefore, the kidneys were taken from three to five days old Sprague Dawley 
(Crl:CD (SD) rats (Charles River; Kißlegg). 
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4 Methods 

4.1 Bacteria 

4.1.1 Culture and storage 

For liquid E.coli bacteria cultures, sterile LB was inoculated with a single bacteria 
colony. With the appropriate antibiotic (100 μg/ml ampicillin) the culture was 
incubated over night at 30 °C/37 °C at 200 rpm in an Inova 4000 Incubator (New 
Brunswick). For solid cultures, bacteria were plated on an LB medium containing 
dish with the appropriate antibiotic (100 μg/ml ampicillin) and incubated over night 
at 30 °C/37 °C. If necessary, bacteria concentrations were determined by measuring 
the optical density (OD) at 600 nm (SmartSpec Plus; BioRad) against plain medium. 

Solid cultures can be stored at 4 °C sealed with Parafilm (Pechiney Plastic Packaging). 
For long-term storage, liquid cultures were centrifuged at 4000 rpm for 5 min 
(Multifuge 5417 R, Eppendorf GmbH) at RT. The pellet was resuspended in 0.5 ml LB 
medium containing and 0.5 ml sterile glycerol, transferred into CryoTubes™ 
(Sarstedt) and stored at -80 °C for several years. 

 

LB Medium Trypton 
Yeast extract 
NaCl 
*Autoclaved 

10 g/l 
  5 g/l 
  5 g/l 

Antibiotic solution Ampicillin (500x) 
*Sterile filtered 
*Stored at -20 °C 

50 mg/ml in H2Obid 

 

4.1.2 Chemical transformation of E.coli 

For transformation of E.coli, 100 μl of chemically competent DH5α bacterial cells 
were transferred into a 15 ml Falcon 2059 tube together with 1-10 μl diluted DNA 
(~200 ng). After 30 min on ice, a heat shock was performed by incubating the bacteria 
in a water bath at 42 °C for 45 s. The cells were immediately chilled on ice for 2 min 
before addition of 1 ml LB medium without antibiotics, followed by incubation for 
1 hour at 37 °C and 220 rpm in an Inova 4000 Incubator (New Brunswick). The bacteria 
were pelleted (4000 rpm, 3 min; Cryo centrifuge 5417R, Eppendorf), resuspended in 
100 μl LB, plated on LB agar containing appropriate antibiotics and incubated at 
30 °C/37 °C over night.  
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4.2 Mammalian Cells 

4.2.1 Cultivation and determination of cell number 

Adhesive mammalian cells were grown as monolayers on polystyrene cell culture 
dishes (6-well/100 mm/150 mm tissue culture dishes; Sarstedt/Falcon) in DMEM 
(Sigma) containing 0.11 g/l sodium pyruvate, 10% FCS (PAN) and 1% of 
penicillin/streptomycin solution (1000 U/ml penicillin & 10 mg/ml streptomycin in 
0.9% NaCl; PAN). For cultivation of human cervix carcinoma cell lines (HeLa), the 
medium was additionally supplemented with puromycin (1 μg/ml). The cells were 
incubated at 37 °C in Heraeus incubators with 5% CO2 atmosphere. To split confluent 
cells, the medium was removed, cells were washed with sterile PBS and incubated 
with trypsin/EDTA (PAA) for 3-5 min at 37 °C. Trypsin activity was inactivated by 
adding standard culture medium and detached cells were transferred to a 50 ml tube 
following 3 min centrifugation at 1500 rpm (Multifuge 3S-R; Heraeus). The 
supernatant was removed and cells were resuspended in an appropriate amount of 
culture medium. Depending on the experimental conditions, cells were counted and 
seeded in a definite amount for further experiments or split in an appropriate ratio. 
For counting, cells were trypsinized, pelleted and resuspended in an appropriate 
volume of fresh medium (4.2.1). 50 μl cell suspension were mixed with 50 μl Trypan 
Blue solution and placed in a Neubauer hemocytometer (Marienfeld). After 
determination of the mean number of cells in 16 small squares using a Leica DMIL 
light microscope, the total number of viable cells was calculated by applying the 
following formula: 

 

cell number/ml = counted cell × 2 (dilution factor) x 104 

 

PBS (pH 7.3) NaCl 
KCL 
Na2HPO4  

KH2PO4 in H2O 
*Autoclaved 

 140 mM 
     3 mM 
     4 mM 
  1.5 mM 

Trypan Blue solution Trypan Blue 
NaCl 

0.15% 
0.85% 
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4.2.2 Storage 

For long-time storage of mammalian cell lines, subconfluent cultures were 
trypsinized and pelleted as described previously (4.2.1). The cells were resuspended 
in pure FCS with 10% DMSO and transferred to CryoTubes (Nunc). The samples were 
frozen slowly using a Mr. Frosty freezing container (Nalgene Labware) before storage 
in liquid nitrogen. For re-cultivation, cells were rapidly thawed in a water bath at 
37 °C and immediately resuspended in pre-warmed culture medium. Cells were 
pelleted once by centrifugation to remove the DMSO containing medium, 
resuspended in 1 ml of fresh culture medium, seeded in an appropriate cell culture 
dish and incubated at standard conditions (4.2.1).  

 

4.2.3 Transfection of mammalian cells 

4.2.3.1 Transfection with Polyethylenimine 

For stable transfection of mammalian cells, PEI (Polysciences) was dissolved in 
ddH2O at a concentration of 1 mg/ml, neutralized with 0.1 M HCl (pH of 7.2), sterile 
filtered (0.2 μm pore size), aliquoted and stored at -80 °C. Cells were seeded in 6-well 
or 100 mm tissue culture dishes 24 h before transfection. The transfection solution 
composed of a mixture of DNA, PEI and pre-warmed culture medium without 
supplements in a ratio of 1:10:100 was vortexed and incubated for 20 min at RT. The 
culture medium of the cells was replaced by fresh culture medium without 
supplements before application of the transfection solution. After incubation of the 
cells for 4-6 h at standard conditions, transfection mixture was replaced by standard 
culture medium, since PEI is toxic to mammalian cells. Transfected cells were 
harvested 24-72 h p.t.  

 

4.2.3.2 Transfection with calcium phosphate  

pBRK cells were seeded in 100 mm tissue culture dishes for transfection 48 hours 
after isolation (ProFection-Kit; Promega). DNA mixture was covered with calcium 
phosphate, which would be absorbed by cells via endocytosis. For this, DNA was 
first diluted with deionized water to a final volume of 300 μl/500 μl after adding 

37 μl/62 μl 2M CaCl2. Additionally, 300 μl/500 μl of 2xHBS was prepared in a 15 ml 
conical centrifuge tube. Prepared DNA solution was added slowly to the tube with 
2xHBS while it was vortexed continuously. The transfection solution was incubated 
30 min before it was added to seeded cells. 
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4.2.4 Cell harvesting 

Harvesting of transfected or infected adherent mammalian cells was performed with 
cell scrapers before transfer into 15 ml tubes and centrifugation at 2000 rpm for 3 min 
at RT (Multifuge 3 S-R; Heraeus). After removing the supernatant, the cell pellet was 
washed once with PBS and stored at -20 °C for following experiments.  

 

4.2.5 Stable knock-down cells 

4.2.5.1 Generation of recombinant lentiviral pseudo-particles 

For the generation of stable knock.down cells, lentiviral pseudo-particles were used 
for the integration of genetically modified matrial into the target cell. For this, 
replication incompetent lentiviral pseudo-particles were produced in the helper cell 
line HEK 293T, which was cotransfected with scrambled shRNF4 or shRNF4 and the 
packaging plasmids pCMV-VSV-G, pMDLg/pRRE and pRSV-Rev. Approximately 6-
12 hours after transfection, the medium was replaced by 8 ml culture medium 
supplemented with 10% FBS. Supernatant containing viral particles was collected 24 
h and 48 h post transfection. Therefore, supernatant was harvested with a syringe 
and sterile filtered (0.45 μm) into 2 ml reaction tubes. Virus particle containing 
supernatant was quickly frozen in liquid nitrogen and stored at -80 °C (168). 

 

4.2.5.2 Transduction of mammalian cells with lentiviral pseudo-particles 

For transduction with lentiviral pseudo-particles, appropriate cells were grown to a 
confluence of 50-70% in 100 mm culture plates. Media was replaced by culture 
medium without supplements and 100 μl lentiviral particles were added drop-wise 
to the cells. After 1-2 hours post transduction, standard DMEM supplemented with 
10% FBS was added. 48 h p.t., puromycin (1 μg/ml) was added for selection of 
depleted cells. Cells were cultured and propagated under these conditions and 
knockdown efficiency was examined via Western Blot analysis. 
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4.2.6 Transformation of pBRK cells  

For transformation assays with HAdV-C5 oncoproteins, pBRK cells were cultured 
and seeded in 100 mm tissue culture dishes 48 h before transfection in standard 
culture medium. The cells were transfected as described (4.2.3.2). After three weeks, 
most non-transfected cells died, whereas cells transfected with adenoviral gene 
products were considered transformed, resulting in multi-layered cell colonies (foci). 
These could be stained with a crystal violet staining solution and counted 
afterwards. The number of foci is a measure of the efficiency with which cellular and 
viral oncogenes can initiate the transformation process. 

 

Crystal Violet Staining 
Solution 

Crystal Violet 

Methanol 

* in H2Obid. 

  1% (w/v) 

25% (v/v) 

 

4.3 Adenovirus 

4.3.1 Infection with adenovirus 

Mammalian cells were infected at a confluency of 50-70%. Prior to infection, cells 
were washed in PBS and medium without supplements was applied to the cells. 
Virus dilutions were prepared in an appropriate volume of culture medium without 
supplements and added to the cells. Following formula was used for determination 
of the volume of virus stock solution:  

 

volume virus stock solution !l = 

total-cell number
virus titer (FFU/!l) ×MOI 

 

After an incubation of 2 h at standard culture conditions, the infection medium was 
replaced with standard culture medium. The infected cells were harvested at desired 
time points post infection according to the experimental setup described in (4.2.4). 
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4.3.2 Determination of virus progeny production 

To determine the virus progeny production of infected cells, cells were infected as 
described (4.3.1) and harvested 24, 48 and 72 h p.i. as described (4.2.4). The harvested 
cells were resuspended in 300-500 μl culture medium without supplements and 
stored at -80 °C. Cells were lysed by three freeze and thaw cycles and afterwards 
centrifuged for 10 min (4500 rpm, 10 min; Multifuge 3S-R, Thermo) at RT. Virus 
containing supernatant was transferred into a sterile 1.5 ml tube (Eppendorf) and 
stored at -4 °C. The number of infectious particles in the supernatant could be 
determined as indicated (4.3.3) and the number of progeny viruses was calculated 
taking into account the dilution and number of cells. 

 

4.3.3 Titration of virus stocks 

Virus titer determination is based on the number of ffu after immunofluorescence 
staining of the adenoviral E2A/DBP. Therefore, each virus stock was diluted with 

DMEM by a factor of 1.0, 0.1, 0.01 to infect 4x10
5 HEK-293 cells/6-well with each 

virus dilution. 24 h p.i., the cells were washed once with PBS and fixed by applying 
ice-cold methanol for 15 min at -20 °C. The methanol was then removed, the cells 
were air dried at RT and non-specific-Ab binding sites were blocked with TBS-BG for 
1 h at RT. Each well was incubated for 2 h with an Ab solution containing the 
E2A/DBP specific-Ab B6-8 (1:10 in TBS-BG), washed three times for 10 min with 
TBS-BG before adding Alexa Fluor 488 coupled secondary Ab (Invitrogen; 1:500 in 
TBS-BG) for 2 h at RT. Finally, the secondary Ab was removed, each well was 
washed three times for 10 min with TBS-BG and infected cells were counted using a 
fluorescence microscope (DMIL, Leica). The total number of infectious particles was 
calculated as the mean value of at least three independent countings, taking into 
account the infected cell numbers, virus dilutions and microscope magnification.  

 

TBS-BG Tris/HCL, pH 7.6 
NaCl 
KCl 
MgCl2 
Tween-20 
Sodium-Azide 
Glycine 
BSA 

   20 mM 
 137 mM 
     3 mM 
  1.5 mM 
0.05% (v/v) 
0.05% (w/v) 
     5% (w/v) 
     5% (w/v) 
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4.4 DNA techniques 

4.4.1 Preparation of plasmid DNA from E.coli 

For preparative isolation of Plasmid-DNA from E.coli, a liquid bacterial culture was 
used. For this, 0.5 l of LB medium supplemented with the appropriate antibiotics was 
inoculated with 200-500 μl of a pre-culture derived from a single bacteria colony. 
After incubation for 16-20 h at 30 °C/37 °C (Inova 4000 Incubator; New Brunswick), 
the bacteria were pelleted at 6000 rpm for 10 min (Avanti J-E; Beckman & Coulter). 
Plasmid DNA was extracted according to the manufacturer’s protocol using a 
plasmid extraction kit (MaxiKit, Qiagen). 

 

4.4.2 Quantitative determination of nucleic acid concentrations 

For determination of DNA/RNA concentrations a NanoDrop 1000 spectrophotometer 
(PEQLAB) was used at a wavelength of 260 nm. In the case of ds DNA, absorption of 
1.0 corresponds to an absorption maximum of 260 nm at a concentration of 
50 μg/ml. For single-stranded oligonucleotides, the approximation is 1.0 OD260 = 
33 μg/ml. In case of RNA, absorption of 1.0 corresponds to an absorption maximum 
of 260 nm at a concentration of 40 μg/ml. DNA purity was assessed by calculation of 
the OD260/OD280 ratio, which should be located at 1.8 for highly pure DNA and at 
2.0 for highly pure RNA.  

 

4.4.3 Agarose gel electrophoresis 

Agarose gels were prepared by dissolving agarose (Biozym) in 1xTBE buffer to a 
final concentration of 0.6-1.2%, melting the agarose solution in a microwave 
(Siemens) and finally adding ethidium bromide to a final concentration of 0.5 μg/ml 
before pouring the liquid agarose solution in a gel tray. DNA samples were mixed 
with 6x loading dye and subjected to agarose gel electrophoresis at a voltage of 5-10 
V/cm gel length. DNA was visualized by applying UV light at 312 nm using the 
G:BOX transilluminator system (SynGene). For DNA extraction, the gel was sliced and 
after centrifugation at 20000 rpm for 2 h (RC 5B Plus; Sorvall), the DNA was 
precipitated from the obtained supernatant with isopropanol, washed, dried and 
rehydrated as described for plasmid DNA. To minimize harmful UV irradiation for 
preparative purposes, agarose gels were supplemented with 1 mM guanosine.  
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5 x TBE Tris (pH 7.8) 
Boric acid 
EDTA 

0.45 M 
0.45 M 
   10 mM 

6x Loading Dye Bromphenol Blue 
Xylencyanol 
Glycerol 
50 x TAE 

0.25% (w/v) 
0.25% (w/v) 
   50% (v/v) 
     2% (v/v) 

Ethidium Bromide- 
Stock Solution 

Ethidium Bromide 
*Storage at 4 °C 

   10 mg/ml 

 

4.4.4 PCR 

The PCR is a method for amplification of a defined nucleic acid sequence in vitro 
(169). For standard amplification of a DNA template, a 50 μl PCR reaction was 
prepared by mixing 50-100 ng DNA template, 0.2 μM forward primer, 0.2 μM 
reverse primer, 1 μl dNTP mixture (dATP, dTTP, dCTP, dGTP; each 1 mM; New 
England Biolabs), 5 μl 10 x PCR reaction buffer (Omnilab) and 5 U Taq-polymerase 
(Roche) in a 0.2 ml PCR tube. Following PCR program was performed using a 
thermocycler (Flexcycler; Analytic Jena):  

 

DNA denaturation   1 min  95 °C 

Primer annealing 45 s  55-70 °C 

Extension   1 min/kb  72 °C (27-33 cycles) 

Final extension 10 min  72 °C 

Storage ∞    4 °C 

 

To determine PCR efficiency, 5 μl PCR reaction was analyzed by gel electrophoresis 
(4.4.3). The fragment size and yield was examined under UV light with the G:BOX 
transilluminator system (SynGene).  
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4.4.5 Site-directed mutagenesis 

Plasmid mutations were inserted using the In vitro QuikChange Site-Directed 
Mutagenesis Kit (Agilent) according to the manufacturer’s instructions. Forward and 
reverse primers were designed with the desired mutations and ordered from 
Metabion (Munich). Depending on the introduced mutation, the PCR program was 
as followed:  

 

DNA denaturation   1 min  95 °C 

Primer annealing 45 s  55 °C 

Extension   1 min/kb  68 °C (15-17 cycles) 

Final extension 10 min  68 °C 

Storage ∞    4 °C 

 

To determine PCR efficiency, 10 μl PCR reaction were analyzed by gel 
electrophoresis (4.4.3). The remaining 40 μl of PCR product were incubated with 1 μl 
restriction enzyme DpnI (New England Biolabs) for 1 h at 37 °C to remove 
methylated template DNA. 10 μl were transformed into chemical competent DH5α 
(4.1.2), single clones were picked, cultured in 5-10 ml LB medium and prepared 
plasmid DNA (4.4.1) was analyzed by sequencing (4.4.6). 

 

4.4.6 DNA sequencing 

For DNA sequencing 0.5-1.0 μg of DNA and 20 pmol of sequencing primer were 

mixed with ddH2O in a total volume of 7 μl and sent to Seqlab (Göttingen).  

 

4.5 RNA techniques 

4.5.1 Preparation of total RNA from mammalian cells 

For isolation of RNA from mammalian cells, previously seeded cells were harvested 
and lysed in 100 μl RIPA buffer. Cells were then incubated for 2 min on ice before 
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centrifugation at 500 rcf for 5 min (5417R, Eppendorf) at 4 °C. The pellet was 
resuspended in 1 ml Trizol reagent (Invitrogen) and incubated for 5 min at RT. 
Afterwards, 200 μl Chloroform (Sigma) was added to the remaining pellet, vortexed 
shortly, incubated for another 2-3 min at RT and centrifuged at 12000 rcf for 15 min 
(5417R, Eppendorf) at 4 °C, in order to discard the cell debris. The RNA containing 
supernatant was transferred into a new 1.5 ml reaction tube and RNA was 
precipitated with 600 μl isopropanol at 12000 rcf for 15 min (5417R, Eppendorf) at 
4 °C. The RNA pellet was washed once with 1 ml 75% (v/v) EtOH (7500 rcf, 15 min, 

4 °C; 5417R, Eppendorf) air-dried and re-hydrated in 20 μl DEPC treated H2O at 
55 °C for 10 min. The amount of total RNA was determined with the NanoDrop 
spectrophotometer (PEQLAB; 4.4.2). RNA was stored at -20 °C or subjected to 
reverse transcription for quantitative RT-PCR (4.5.2).  

 

4.5.2 Quantitative reverse transcription RT-PCR 

For investigation of the mRNA synthesis, 1 μg of RNA was reverse transcribed using 
the Transcriptor High Fidelity cDNA Synthesis Sample Kit (Promega). Quantitative 
reverse transcription (RT)-PCR was performed with a Rotor-Gene 6000 (Corbett Life 
Sciences, Sydney, Australia) in a 0.5 ml reaction tube with cDNA template (diluted 

1:50), 10 μM of each primer and 5 μl 2x Sensi MixTM SYBR-Green (Bioline). The PCR 
conditions were as followed: 

 

DNA denaturation 10 min  95 °C 

Primer annealing 30 s  95 °C 

Hybridization 30 s  60 °C (40 cycles) 

Polymerization 30 s  72 °C 

Storage ∞    4 °C 

 

The average Ct-value was determined from triplicate reactions and levels of viral 
mRNA relative to cellular 18S rRNA were calculated. The identities of the products 
obtained were confirmed by melting curve analysis. 
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4.6 Protein techniques 

4.6.1 Preparation of total-cell lysates 

The lysis of cells was performed using a highly stringent RIPA lysis buffer 
supplemented with protease inhibitors (PMSF 1 mM, aprotinin 10 U/ml, leupeptin 
1 μg/ml and pepstatin A 1 μg/ml). Depending on the pellet size, cells were 
resuspended in 100-500 μl ice-cold RIPA lysis buffer and incubated for 30 min on ice 
while vortexed every 10 mins. RIPA lysis buffer ensured a proper solubilisation of 
matrix associated proteins, such as E1B-55K and eliminated unspecific or weak 
protein interactions. To ensure efficient cell disruption, lysates were sonified (output 
0.8 Impulse/s; Branson Sonifier 450) for 30 s at 4°C. Cell debris and insoluble 
components were centrifuged (14000 rpm, 5 min; 5417R, Eppendorf) at 4 °C and the 
protein concentration of the supernatant was determined by spectrophotometry 
(4.6.2). Finally, proteins were denatured by addition of 5x SDS sample buffer and 
subsequent boiling at 95 °C for 3 min. Protein lysates were stored at -20 °C until 
analysis by SDS-PAGE/Western Blot (4.6.3; 4.6.4). For analysis of Ubiquitinylated 
proteins, cells were treated with N-ethylmaleimide (25 mM; Sigma Aldrich) and  
MG-132 (10 mM; Merck) 4 h before harvest to accumulate and stabilize 
ubiqitinylated proteins. Afterwards, cells were lysed and Ubiquitinylated proteins 
were isolated and analyzed as described (4.6.3; 4.6.5). 

 

RIPA 
(highly stringent) 

Tris/HCL, pH 8.0 
NaCl 
EDTA 
Nonidet P-40 
Sodium deoxycholat 
Protease inhibitors 

   50 mM 
 150 mM 
     5 mM 
0.15% (v/v) 
0.50% (v/v) 
freshly added 

5x SDS sample buffer 
(Laemmli) 

Tris/HCL, pH 6.8 
Glycerol 
SDS 
Bromphenol blue 

 100 mM 
   20% (v/v) 
   10% (w/v) 
 200 mM 

 

4.6.2 Quantitative determination of protein concentrations 

Protein concentrations of total-cell lysates were determined by measuring the 
absorption of protein bound chromogenic substrate at 595 nm using the Bradford 
based BioRad Protein-Assay (170). For each sample, 1 μl protein lysate was mixed with 

800 μl ddH2O and 200 μl Bradford Reagent (BioRad), incubated for 5 min at RT and 
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measured in a SmartSpec Plus spectrophotometer (BioRad) at 595 nm against a blank. 
Protein concentrations were determined by interpolation from a standard curve with 
BSA (concentrations of 1-16 μg/μl; New England Biolabs).  

 

4.6.3 SDS polyacrylamide gel electrophoresis (SDS-PAGE) 

Protein samples were separated according to their molecular weights by SDS-PAGE 
(Biometra). The negatively charged SDS accumulates at constant weight ratios to the 
proteins and thus compensates for their positive charge. In this way, the rate of 
migration of the proteins to the anode is determined solely by its size. The quality of 
the protein separation is increased by the use of a discontinuous stacking gel. The 
proteins concentrate in the low percentage concentration gel and migrate from there 
into the separating gel (171). Polyacrylamide gels were made using 
30% acrylamide/bisacrylamide solution (37,5:1 Rotiphorese Gel 30; Roth), diluted to a 
final concentration of 8-15% with ddH20. The gels were run at 20 mA/gel in TGS-
buffer. The PageRuler Prestained Protein Ladder Plus (Fermentas) was used for protein 
weight comparison.  

 

Acrylamide Stock Solution 
(30%) 

Acrylamid N, 
N’Methylenbisacrylamid 

   29% (w/v) 
     1% (w/v) 

Stacking Gel (5%) Acrylamide stock solution 
Tris/HCL, pH 6.8 
SDS 
APS 
Temed 

   17% (v/v) 
 120 mM 
  0.1% (w/v) 
  0.1% (w/v) 
  0.1% (v/v) 

Separating Gel (10%) Acrylamide stock solution 
Tris/HCL, pH 8.8 
SDS 
APS 
Temed 

   34% (v/v) 
 250 mM 
  0.1% (w/v) 
  0.1% (w/v) 
0.04% (v/v) 

TGS Buffer Tris 
Glycine 
SDS 

   25 mM 
 200 mM 
  0.1% (w/v) 
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4.6.4 Western Blot analysis 

A wet procedure for the transfer of separated proteins from a polyacrylamide 
separation gel to a nitrocellulose membrane (Millipore Immobilon NC pure, Merck-
Millipore) was performed using a Trans-Blot® Electrophoretic Transfer Cell (BioRad) 
according to the manufacturer at a current intensity of 400 mM for 90 min in Towbin 
buffer. The denatured proteins migrate in the direction of the anode, corresponding 
to their negative charge and are then immobilized on the nitrocellulose membrane. 

 

PBS-Tween Tween-20 
* in 1x PBS 

  0.1% (v/v) 
 200 mM 

Towbin Buffer Tris/HCL, pH 8.3 
Glycine 
SDS 
Methanol 

   25 mM 
 200 mM 
0.05% (w/v) 
   20% (v/v) 

 

To saturate non-specific-Ab binding sites, the membranes were incubated for 2 h at 
RT or over night at 4 °C in PBS-Tween containing 5% (w/v) non-fat dry milk powder 
(Frema). Afterwards, the blocking solution was discarded, membranes were washed 
briefly to remove remaining blocking solution and incubated for 2 h at RT with the 
primary Ab diluted in PBS-Tween. The primary Ab dilutions were established for 
each individual Ab. After primary Ab incubation, the membranes were washed three 
times for 5 min and incubated for 2 h at 4 °C in PBS-Tween with the HRP-coupled 
secondary Ab (1:10000; Amersham) containing 3% (w/v) non-fat dry milk powder 
(Frema) before three final washes in PBS-Tween for 5 min each. Protein bands were 
visualized by enhanced chemiluminescence using SuperSignal West Pico 
Chemiluminescent Substrate (Pierce) according to the manufacturer’s instructions and 
detected by X-ray films (RP New Medical X-Ray Film; CEA) using a GBX Developer 
(Kodak). X-ray films were scanned, cropped using Photoshop CS5 (Adobe) and figures 
were prepared using PowerPoint (Microsoft) and Illustrator CS5 (Adobe).  
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4.6.5 IP 

Equal amounts of total-cell lysates (0.5-1 mg) were used to investigate direct 
interaction between proteins via IP. The lysates were precleared by addition of 
pansorbin for 2 h at 4 °C in a rotator (GFL) to reduce unspecific binding. 
Simultaneously, appropriate amounts of Ab were coupled to 3 mg of sepharose/IP 
for 2 h at 4 °C in a rotator (GFL). Ab-coupled sepharose beads were washed three 
times with 1.0 ml of RIPA lysis buffer and added to the precleared protein lysate in a 
1.5 ml reaction tube after removing the pansorbin by centrifugation (600 rcf, 5 min, 
4 °C; 5417R, Eppendorf). IP was performed at 4 °C in a rotator (GFL) for 2 h. 
Sepharose beads with precipitated protein complexes were pelleted (600 rcf, 5 min; 
5417R, Eppendorf) at 4 °C before washing three times with 1.0 ml RIPA lysis buffer. 
Finally, 15 μl 2x SDS sample buffer was added to the samples before boiling them at 95 
°C for 5 min. Eluted protein samples were stored at -20 °C for further Western Blot 
analysis (4.6.4). 

 

2 x SDS Sample Buffer 
(Laemmli) 

Tris/HCL, pH 6.8 
SDS 
DTT 
Bromphenol Blue 
Glycerol 

100 mM 
    4% (w/v) 
200 mM 
 0.2% (w/v) 
  20% (v/ v) 

 

4.6.6 Subcellular fractionation 

For subcellular fractionation, cells were freshly harvested and resuspended in 500 μl 
isotonic buffer (IB) and lysed by the addition of 33.33 μl 10% NP-40. 5 min after 
incubation, the crude nuclei were centrifuged (100 rpm, 3 min) at 4 °C and the 
supernatant was transferred to a new 1.5 ml reaction tube as the cytoplasmic fraction 
(F1). Next, the cell nuclei containing pellet was resuspended in F2 buffer (IB buffer, 
10 % NP-40, 10 % SDC), gently vortexed and centrifuged (1000 rpm, 3 min) at 4 °C. 
The supernatant was transferred into a new 1.5 ml reaction tube as the soluble 
nuclear fraction (F2) (172). The remaining pellet was resuspended in 0.5 ml RSB 
buffer and 5 μl 10 mg/ml RNase-free DNase I was added. After 30 min incubation, 
the pellet was centrifuged as before and the supernatant was transferred into a new 
reaction tube as the nuclear membrane fraction (F3). To digest the chromatin from 
the nuclei, the pellet was resuspended in 2 ml RSB and 0.25 ml 5 M NaCl was added 
(173, 174). The chromatin-depleted nuclei were centrifuged (2000 rpm, 5 min) at 4 °C 
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and the supernatant was collected in a new tube as the chromatin fraction (F4). The 
remaining pellet was solubilized in isotonic buffer by adding 0.2% SDS and 10 mM 
EDTA, to isolate the nuclear matrix fraction (F5). Appropriate 5x SDS sample buffer 
was added to the samples before boiling them at 95 °C for 3 min. Eluted protein 
samples were stored at -20 °C for further Western Blot analysis (4.6.4). 

 

IB 
 

Tris/HCL, pH 7.5 (1M) 
NaCl (5M) 

  10 mM 
150 mM 

RSB Tris/HCL, pH 7.5 (1M) 
NaCl (5M) 
MgCl2 (1M) 

  10 mM 
  10 mM 
    3 mM 

F5B EDTA (250mM) 
SDS 
IB buffer 

  10 mM 
 0.2% 
*ad 15 ml 

NP-40   10% in ddH2O 

SDC   10% in ddH2O 

 

4.6.7 Denaturing-purification and analysis of conjugates 

HeLa cells stably expressing 6His-SUMO-2 (155) were infected/transfected according 
to the experimental setup. After infection/transfection cells were harvested, washed 
once with 1x PBS and lysed in 5 ml Guanidinium Hydrochloride containing lysis 
buffer. 10% of the cells were lysed with RIPA Buffer for total protein analysis (4.6.1). 
Lysates in Guanidinium buffer were incubated over night at 4 °C with 25 μl Ni-NTA 
agarose (Qiagen) prewashed with lysis buffer. The beads/protein solution was 
washed once with lysis buffer, then once with each wash buffer pH 8.0/pH 6.3. 6His-
SUMO conjugates were eluted with 40 μl elution buffer and afterwards boiled at 
95 °C for 5 min. Eluted protein samples were stored at -20 °C for further Western Blot 
analysis (4.6.4).  
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Guanidinium Lysis Buffer Guanidinium-HCL 
Na2HPO4 

NaH2PO4 
Tris/HCL, pH 8.0 
Imidazol 
β-mercaptoethanol 

      6 M 
   0.1 M 
   0.1 M 
   10 mM 
   20 mM 
     5 mM 

Wash Buffer pH 8.0 Urea 
Na2HPO4 

NaH2PO4 
Tris/HCL, pH 8.0 
Imidazol 
ß-mercaptoethanol 

     8 mM 
  0.1 mM 
  0.1 mM 
   10 mM 
   20 mM 
     5 mM 

Wash Buffer pH 6.3 Urea 
Na2HPO4 

NaH2PO4 
Tris/HCL, pH 6.3 
Imidazol 
β-mercaptoethanol 

     8 mM 
  0.1 mM 
  0.1 mM 
   10 mM 
   20 mM 
     5 mM 

Elution Buffer Imidazol 
SDS 
Tris/HCL, pH 6.3 
Glycerol 
β-Mercaptoethanol 
Bromphenol Blue 

 200 mM 
  0.1% (w/v) 
 150 nM 
   30% (v/v) 
 720 mM 
0.01% (w/v) 

 

4.6.8 Immunofluorescence analysis 

For immunofluorescence analysis, mammalian cells were grown on coverslips in 6-
well plates and transfected or infected depending on the experimental setup. 
Afterwards, cells were fixed in ice-cold methanol at -20 °C for 10 min, or with 4% 
PFA at 4 °C for 20 min followed by permeabilization with PBS containing 
0.5% Triton X-100 for 5 min at RT. After 15 min blocking in TBS-BG buffer (4.3.5), 
coverslips were treated for 30 min with the primary Ab diluted in PBS and washed 
three times with TBS-BG buffer. Subsequent, coverslips were incubated with the 
corresponding Fluor-Alexa488 (Invitrogen) or Cy3-conjugated (Dianova) secondary 
antibodies for 20 min at RT. Coverslips were washed twice with TBS-BG buffer and 
chromatin was stained with 1:2000 DAPI. Finally, coverslips were washed once with 
PBS and mounted in Glow medium. Digital images were acquired with a confocal 
laser-scanning microscope (Nikon-C2). Images were sampled according to Nyquist-
sampling theorem and analyzed using Fiji (167). 
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5 Results 

5.1 RNF4 is a novel interaction partner of HAdV-C5 E1B-55K 

5.1.1 RNF4 levels are modulated during HAdV-C5 productive infection 

HAdV-C5 has been shown to represent a suitable model for analyzing the intrinsic 
immune response during the very early infection with DNA viruses. Although the 
viral response on cellular antiviral strategies is still not completely understood, 
HAdV-C5 provides very good insight in the molecular mechanisms to counteract 
cellular antiviral proteins such as Mre11, Rad50, Nbs1 and Daxx by using the cellular 
Ubiquitin-, and SUMO machineries (45, 51).  

The viral protein E1B-55K is known as a multifunctional protein that regulates the 
productive replication and oncogenic transformation in non-permissive mammalian 
cells. These functions depend on E1B-55K’s PTM and its binding to E4orf6. Both early 
viral proteins recruit specific host factors to form an E3 Ubiquitin ligase complex by 
which E1B-55K serves as the substrate recognition factor while E4orf6 binds Elongin 
C via the BC-Box motif (157). Recently it was reported that the PML-NB-associated 
transcription factor Daxx, which represses efficient HAdV-C5 productive infection, 
was proteasomally degraded via a SUMO-E1B-55K dependent, E4orf6 independent 
pathway (119). Recently, two cellular STUbLs were identified, both targeting 
Ubiquitinylated proteins for proteasomal degradation (122, 151, 175). Since it has 
been shown that RNF4 also plays an important role in viral infections, this work 
mainly focused on RNF4 and its function during HAdV-C5 life cycle, especially on 
the E1B-55K dependent Daxx degradation.  

To analyze the protein function of RNF4 in HAdV-C5 infected cells, RNF4 protein 
levels were analyzed by Western Blot analysis. H1299 were infected with WT virus 
or E1B-55K mutant virus, and cells were harvested at the indicated time points (Fig. 
11). Consistent with published results, Daxx and Mre11 were degraded at late time 
points only in the presence of E1B-55K (Fig. 11A and Fig. 11B; lanes 4-6) (45, 51). 
Interestingly, RNF4 levels were also decreased upon 48 h p.i. with WT virus 
(Fig. 11A; lanes 5-6), whereas E1B-55K protein levels started to increase at this time 
points (Fig. 11A; lanes 5-6). No reduction of RNF4 protein levels were observed in 
the E1B-55K mutant virus (Fig. 11B; lanes 1-6), which raised the question whether 
E1B-55K might use RNF4 STUbL functions in HAdV-C5 infected cells for its own 
benefit. 
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Fig. 11 RNF4 levels are modulated during HAdV-C5 productive infection  

H1299 cells were infected with WT virus (H5pg4100) or E1B-55K mutant virus (H5pm4149) at a MOI of 
50 and harvested at the indicated time points post infection. Total-cell extracts were prepared, 
separated by SDS-PAGE and subjected to immunoblotting using RNF4 mouse mAb, Daxx rabbit pAb, 
E1B-55K mouse mAb, E4orf6 mouse mAb (163), HAdV-C5 rabbit polyclonal serum (40), Mre11 rabbit 
pAb and β-actin mAb as loading controls. Molecular weights in kDa are indicated on the left, relevant 
proteins on the right. These blots represent the result of several repeated experiments. 

 

5.1.2 RNF4 is relocalized into the insoluble nuclear matrix fraction during HAdV-
C5 infection 

In the next experiment fractionation assays were performed to analyze the RNF4 
protein localization in HAdV-C5 infected cells, since decreased RNF4 protein levels 
were observed at late time points of infection. Cell lysates from WT virus and E1B-
55K mutant virus infected cells were separated into a cytoplasmic fraction (Fig. 12A; 
lanes 1-3, Fig. 12B; lanes 1-2) and an insoluble nuclear matrix fraction (Fig. 12A; lanes 
4-6, Fig. 12B; lanes 3-4). The data show that RNF4 is mainly localized in the 
cytoplasmic fractions in uninfected cells and 8 h p.i. (Fig. 12A; lanes 1, 2, 4 and 5), 
whereas at late time points of infection RNF4 was relocalized into the insoluble 
nuclear matrix fraction (Fig. 12A; lanes 3 and 6). E1B-55K was detected in the nucleus 
and modified forms of E1B-55K were mainly detected in the insoluble nuclear matrix 
fraction (Fig. 12A; lane 6). As expected, no relocalization of RNF4 into the insoluble 
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matrix fraction was observed during E1B-55K mutant virus infection compared to 
WT virus (Fig. 12B; lanes 3-4). In accordance with earlier results (176), Daxx was also 
observed in the insoluble matrix fraction. Additionally, a decrease of Daxx protein 
levels at 72 h p.i. could only be detected in the presence of E1B-55K (Fig. 12A; lane 6, 
Fig. 12B; lanes 3-4), which is consistent with published data illustrating Daxx 
degradation in HAdV-C5 infected cells in an E1B-55K dependent manner (46, 51). 
Many studies revealed that adenoviral proteins counteract host cell factors, such as 
PML and PML-associated proteins, to establish a favorable environment for 
productive viral replication. It is therefore not surprising that viral proteins often 
localize in the vicinity of nuclear matrix bound protein complexes, such as PML-NBs 
(108). In HAdV-C5 infected cells, antiviral proteins are furthermore known to 
relocalize into HAdV-C5 protein containing aggregates to block their antiviral 
activities (177). 

  

Fig. 12 RNF4 is relocalized into the insoluble nuclear matrix fraction dependent on virus infection  

(A) H1299 cells were infected with WT virus (H5pg4100) at a multiplicity of 50 FFU/cell and harvested 
at the indicated time points post infection. (B) H1299 cells were infected with WT virus (H5pg4100) 
and E1B-55K mutant virus (H5pm4149) and harvested at 48 h p.i. Cell extracts from both experiments 
were fractionated into cytoplasmic, soluble nuclear, nuclear membrane, chromatin and insoluble 
nuclear factions, separated by SDS-PAGE and subjected to immunoblotting using the Ab indicated. α-
histone 3 rabbit mAb and coomassie staining serve as loading controls. Molecular weights in kDa are 
indicated on the left, relevant proteins on the right. These blots represent the result of several repeated 
experiments. 
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5.1.3 E1B-55K localizes juxtaposed to RNF4 during HAdV-C5 infection 

For further analysis of the HAdV-C5 dependency on nuclear RNF4 relocalization, 
immunofluorescence analyzes were performed to visualize the localization of RNF4. 
Unfortunately, no RNF4 specific-Ab is commercial available for detection of 
endogenous RNF4 in immunofluorescence, therefore exogenous Flag-tagged RNF4 
were used for all immunofluorescence analyzes. 

Plasmid coding for Flag-RNF4-WT was overexpressed in H1299 HAdV-C5 infected 
cells  and were subsequently stained after fixation 48 h p.i. Uninfected cells were 
used as a control. As expected, no E1B-55K staining was observed in the mock cells, 
whereas RNF4 exhibited a characteristic punctate nuclear staining (Fig. 13; panels b 
and c). This was to be expected, since it has been shown that upon cellular stress, 
RNF4 is recruited to the PML-NBs, inducing the proteasomal degradation of 
SUMOylated PML via Ubiquitinylation (178, 179). Interestingly, in the majority of 
HAdV-C5 infected cells, RNF4 is relocalized from its punctate nuclear form into 
larger round-shaped structures (Fig. 13; panels f, g and i). The E1B-55K localization is 
also worth mentioning, since E1B-55K seems to localize juxtapose to the RNF4 
structures during HAdV-C5 infection (Fig. 13; panels h and i). 
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Fig. 13 E1B-55K localizes juxtaposed to RNF4 during HAdV-C5 infection  

H1299 cells were transfected with a Flag-RNF4 coding plasmid and were infected 24 h p.t. with WT 
virus (H5pg4100) at a MOI of 20. Cells fixed with 4% PFA 24 h p.i/48 h p.t. Cells were labeled with α-
Flag mouse mAb, detected with Alexa488 (α-Flag; green) conjugated secondary Ab and E1B-55K 
mouse mAb, detected with Cy3 (α-E1B-55K; red) conjugated secondary Ab. Nuclei were labeled with 
DAPI. α-Flag (green; Ab, Af), α-E1B-55K (red; Ac, Ag), DAPI (blue; Aa, Ae) staining patterns, overlay 
of the single images (merge; Ad, Ah) and enlarged overlay (merge; Ai) are shown (magnification x 
7600). The represented phenotypes were observed in the major amount of analyzed cells from 
repeated experiments. 

 

5.1.4 RNF4 interacts with E1B-55K protein in transient transfection and during 
infection 

To investigate whether RNF4 is interacting with E1B-55K in HAdV-C5 infected cells, 
IP experiments in infected and transfected cells were performed (Fig. 14A). H1299 
cells were infected with WT virus or transfected with a plasmid encoding the E1B-
55K WT protein. As anticipated, in infected cells IP experiments with E1B-55K and 
RNF4 revealing an interaction between both factors (Fig. 14A, lane 6). No E1B-55K 
signal was observed in the corresponding negative control (Fig. 14A, lane 5). In line 
with the data obtained in infected cells, a RNF4 binding to E1B-55K in the absence of 
any viral background could be detected (Fig. 14A, lane 8). By using 
immunofluorescence analysis, a timely coordinated and E1B-55K concentration 
dependent relocalization of RNF4 into E1B-55K containing aggregates was 
additionally detectable (Fig. 14B; panels Bd, Bh, Bl, Bp, Bt and Bx). 

    



Results 

 51 

 

Fig. 13 RNF4 interacts with E1B-55K protein in transient transfection and infection 

(A) H1299 cells were transfected with an empty vector control or a plasmid encoding E1B-55K and 
harvested 48 h p.t., or were infected with WT virus (H5pg4100) at a MOI of 50, harvested 24 h p.i. and 
total-cell extracts were prepared. IP of endogenous RNF4 was performed using RNF4 mouse pAb. 
Proteins were separated by SDS-PAGE and subjected to immunoblotting. Input levels of total-cell 
lysates and IP proteins were detected using E1B-55K mouse mAb, RNF4 mouse pAb and β-actin 
mouse mAb as loading controls. Note that heavy chains (IgG) were detected at 55 kDa and light 
chains (IgG) were detected at 25 kDa. Molecular weights in kDa are indicated on the left, relevant 
proteins on the right. These blots represent the result of several repeated experiments. (B) H1299 cells 
were cotransfected with 2 µg Flag-RNF4-WT and 2 µg pE1B-55K. 48 h p.t., cells were fixed with ice-
cold methanol and labeled with α-Flag mouse mAb, detected with Alexa488 (α-Flag; green) conjugated 
secondary Ab and E1B-55K mouse mAb, detected with Cy3 (α-E1B-55K; red) conjugated secondary 
Ab. Nuclei are labeled with DAPI. α-Flag (green; Bb. Bf, Bj, Bn, Br, Bv), α-E1B-55K (red; Bc, Bg, Bk, Bo, 
Bs, Bw), DAPI (blue; Ba, Be, Bi, Bm, Bq, Bu) staining patterns and overlays of the single images 
(merge; Bd, Bh, Bl, Bp, Bt, Bx) are shown (magnification x 7600). The represented phenotypes were 
observed in the major amount of analyzed cells from repeated experiments. 
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5.1.5 RNF4 interaction and relocalization is independent on SUMOylation of E1B-
55K 

Previous published data illustrate that SUMOylation can regulate the intranuclear 
targeting and nuclear export of E1B-55K (40). In order to investigate the importance 
of E1B-55K SUMOylation on RNF4 relocalization, complex formation between both 
proteins was analyzed with the E1B-55K SCS mutant. In addition, the E1B-55K NES 
mutant was also tested in IP and fractionation assays since inactivation of the E1B-
55K NES results in higher SUMOylation of lysine 104 (40) (Fig. 15A+B). H1299 cells 
were cotransfected with plasmids encoding E1B-55K-WT, -SCS or -NES as well as 
Flag-RNF4. Binding of RNF4 to E1B-55K WT and E1B-55K NES was observed (Fig. 
15A; lower panel, lanes 6 and 8). Weaker binding to E1B-55K was seen in the E1B-
55K SCS mutant likely due to the lower steady state concentrations of the viral 
mutant protein (Fig. 15A, lower level, lane 7). Likewise, no SCS dependent 
relocalization of RNF4 into the nuclear matrix could be detected (Fig. 15B, lanes 2-4). 
In sum, these data suggest that RNF4 binds to E1B-55K in a SUMO independent 
manner. 
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Fig. 15 RNF4 interaction and relocalization is independent on SUMOylation of E1B-55K 

(A) H1299 cells were cotransfected with 2 µg Flag-RNF4-WT and 2 µg pE1B-55K-WT, -SCS or -NES 
NES and harvested 48 h p.t. and total-cell extracts were prepared. IP of Flag-RNF4 was performed 
using α-Flag mouse mAb, proteins were separated by SDS-PAGE and subjected to immunoblotting. 
Input levels of total-cell lysates and IP proteins were detected using the Ab indicated in (Fig. 18A). (B) 
H1299 cells were transfected with pE1B-55K-WT, -SCS or -NES and harvested 48 h p.t. Cell extracts 
were fractionated into cytoplasm, soluble nuclear, nuclear membrane, chromatin and insoluble 
nuclear factions, separated by SDS-PAGE and subjected to immunoblotting using the Ab indicated in 
(Fig. 12). Protein levels in the insoluble nuclear faction are shown. Molecular weights in kDa are 
indicated on the left, relevant proteins on the right. These blots represent the result of several repeated 
experiments.  
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 5.1.6 RF domain of E1B-55K is not necessary for RNF4 interaction  

Recently, it was published that the RF domain of RNF4 is necessary for the 
dimerization of the protein and consequently for its Ubiquitin ligase activity (114, 
180). E1B-55K itself exhibits a putative RF domain as well (113). To investigate a 
possible interaction of the two proteins via their RF domains, E1B-55K RF domain 
mutants were examined for their RNF4 binding in a first step. For this, H1299 cells 
were transfected with plasmids encoding for E1B-55K-WT or E1B-55K-RF1 to –RF6. 
After precipitating endogenously expressed RNF4 and subsequent staining for E1B-
55K, interactions with all tested E1B-55K mutants could be observed (Fig. 16). Note 
that the extra higher migrating bands in the E1B-55K IP blot are most likely non-
specific-Ab signals (Fig. 16; lane 2-5). 

   

Fig. 16 Putative RF domain of E1B-55K is not necessary for interaction with RNF4 

H1299 cells were transfected with an empty vector control or a plasmid encoding pE1B-55K-WT Flag-
RNF4-RF1 to -RF6 and harvested 48 h p.t. and total-cell extracts were prepared. IP of endogenous 
RNF4 was performed using RNF4 mouse pAb, proteins were separated by SDS-PAGE and subjected 
to immunoblotting. Input levels of total-cell lysates and IP proteins were detected using E1B-55K 
mouse mAb, RNF4 mouse pAb and β-actin mouse mAb as loading controls. Note that light chains 
(IgG) were detected at 25 kDa. Molecular weights in kDa are indicated on the left, relevant proteins on 
the right. These blots represent the result of several repeated experiments.  
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5.1.7 RNF4 RF domain mutant interacts with E1B-55K  

As seen in Figure 16, the E1B-55K RF mutants still bind to RNF4. Consequently, the 
RF domain of E1B-55K is not necessary for the interaction with RNF4. Therefore it 
was examined, if the RF domain of RNF4 is important for the binding ability to E1B-
55K. To identify the putative E1B-55K binding site in the RNF4 protein, plasmids 
encoding for Flag-RNF4-WT and a Flag-RNF4-RF mutant were used for further 
analyzes (Fig. 17A). The Flag-RNF4-RF mutant was generated by site-directed 
mutagenesis where two cysteine residues at position 132 and 135 were replaced by 
two serines (3.3.1).  

Since the RF domain of RNF4 is important for its Ubiquitin ligase function, the 
functionality of the Flag-RNF4-RF mutant was verified by immunofluorescence 
analysis, regarding PML disruption. As expected, PML track-like structures were 
visible in the majority of RNF4-WT transfected cells (Fig. 17B; panels Ba, Bb), 
whereas punctate staining of PML was still visible in the Flag-RNF4-RF transfected 
cells (Fig. 17B; panels Bc, Bd). This result revealed that the Flag-RNF4-RF mutant 
might not be able to disrupt and degrade PML as described in the literature (114, 
180). However, precipitating Flag-tagged RNF4 and subsequently staining for E1B-
55K revealed a specific interaction between E1B-55K and both RNF4 variants (Fig. 
17C; lanes 2-4). No E1B-55K signal was observed in the corresponding negative 
control (Fig. 17C; lane 1). In sum this result indicates a RF independent interaction 
between RNF4 and E1B-55K. 

 

 

 

 

 

 

 

 



Results 

 56 

 

    

Fig. 17 RNF4 RF domain mutant interacts with E1B-55K  

(A) Schematic representation of the mutated Flag-RNF4 constructs WT and RF (mutation of 
C132/135S). (B) H1299 cells were transfected with 10 µg of Flag-RNF4-WT or Flag-RNF4-RF-mutant. 
Cells were fixed with 4% PFA 48 h p.t. and labeled with α-Flag mouse mAb detected with Alexa488 (α-
Flag; green) conjugated secondary Ab and anti-PML rabbit pAb, detected with Cy3 (α-PML; red) 
conjugated secondary Ab. Overlay of images (merge; Ba, Bc) and corresponding enlarged overlay 
(merge; Bb, Bd) staining patterns are shown (magnification x 7600). The represented phenotypes were 
observed in the major amount of analyzed cells from repeated experiments. (C) H1299 cells were 
cotransfected with a plasmid encoding E1B-55K and Flag-RNF4-WT Flag-RNF4-RF and harvested 48 h 
p.t. and total-cell extracts were prepared. IP of Flag-RNF4 was performed using α-Flag mouse mAb 
and proteins were separated by SDS-PAGE and subjected to immunoblotting. Input levels of total-cell 
lysates and IP proteins were detected using E1B-55K mouse mAb, α-Flag mouse mAb and β-actin 
mouse mAb as loading controls. Molecular weights in kDa are indicated on the left, relevant proteins 
on the right. These blots represent the result of several repeated experiments.  
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5.1.8 AS changes in the putative RNF4 NLS show an effect on RNF4 subcellular 
localization 

After previous precipitation experiments with several RNF4 and E1B-55K mutants 
could not reveal the E1B-55K binding site in the RNF4 protein, a site directed 
mutagenesis screen of RNF4 was performed. Various studies have identified RNF4 
domains with different functions. In addition to the functional SIM and RING 
domains of RNF4 (125, 130, 134, 181), a classical monopartite nuclear localization 
signal (cNLS) in RNF4 (16-AQKRTR-21) was identified by in silico analysis.  

Therefore a correlation between the putative NLS in RNF4 and its relocalization to 
the insoluble nuclear matrix fraction in HAdV-C5 infected cells was assumed. To 
address this question, RNF4-NLS mutants were generated and immunofluorescence 
analyzes were performed (Fig. 18). In the first NLS mutant, the lysine at position 18 
was replaced by an arginine (K18R) and in the second NLS mutant the RTR motif 
was replaced by a triple alanine motif (AAA) at position 19-21 (3.3.1) (Fig. 18A; AAA-
mutant named as Flag-RNF4-RTR). As anticipated, immunofluorescence analysis of 
both RNF4-NLS mutants showed a more diffuse cytoplasmic localization, compared 
to the WT (Fig, 18B; panels Bd, Bg, Bj). Especially, the RTR mutant showed a 
significantly stronger and clearer cytoplasmic localization compared to the WT (Fig. 
18B; panels Bd, Bj).  
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Fig. 18 AS changes in the putative RNF4 NLS show an effect on RNF4 subcellular localization 

(A) Schematic representation of Flag-RNF4-K18R and -RTR (3 AS mutation in the putative NLS signal 
K192021R). (B) H1299 cells were transfected with 2 µg of pFlag-empty, Flag-RNF4-WT, K18R or -RTR. 
Cells were fixed with 4% PFA 48 h p.t. and labeled with α-Flag mouse mAb detected with Alexa488 (α-
Flag; green) conjugated secondary Ab. α-Flag (green; Bb, Be, Bh, Bk), DAPI (blue; Ba, Bd, Bg, Bj) 
staining patterns and overlays of the single images (merge; Bc, Bf, Bi, Bl) are shown (magnification x 
7600). The represented phenotypes were observed in the major amount of analyzed cells from 
repeated experiments. 
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5.1.9 E1B-55K/RNF4 interaction and relocalization is independent of RNF4 
functional domains 

As described previously, SIM, ARM and RF domains are very important for RNF4 
function. RNF4 binds via its SIM domain to SUMOylated proteins by recognizing 
specific SUMO chains at the target protein (181, 182). Upon binding, RNF4 
monomers get activated by dimerization of the RF domains. This activation either 
leads to substrate Ubiquitinylation, Ubiquitinylation of the SUMO chain directly or 
RNF4 auto-Ubiquitinylation (114, 180). Interestingly Kuo et al. published, at least for 
SUMO-KAP1 that the ARM region of RNF4 enhanced the SUMO/SIM interaction of 
RNF4 and KAP1 (134). By deletion of this region a 50% loss in SUMO/SIM binding 
capacity was observed (182). Additionally, the SUMO/SIM interaction synergized 
with ARM upon target Phosphorylation (134). Since the ARM domain of RNF4 also 
seems to be involved in the SUMO/SIM binding activity of the protein, this region 
can also be important for the interaction between RNF4 and E1B-55K.  

To test whether these domains are crucial for E1B-55K interaction, H1299 cells were 
cotransfected with a plasmid encoding E1B-55K and Flag-RNF4-WT, -SIM, -ARM, -
SIM/ARM, -K5R (in silico predicted Ubiquitinylation site of RNF4), -K18R, -K5/18R 
and -RTR. Again, immunofluorescence and IP analyzes were performed (Fig. 19). In 
order to precisely determine the colocalization of RNF4 and E1B-55K and to compare 
the mutants quantifiable, colocalization was analyzed using colocthreshold and 
coloc2 in Fiji (167) and the Pearson’s correlation coefficient (R-Value) was calculated. 
Intriguingly, all RNF4 mutants showed binding to E1B-55K (Fig. 19B; lanes 2-9), 
except the RNF4-SIM/ARM mutant and RNF4-RTR mutant, which showed a weaker 
binding to E1B-55K compared to the WT (Fig. 19B, lanes 5, and 9). 
Immunofluorescence assays supported and confirmed the results obtained by IP 
analysis (Fig. 19C). The R-values of all mutants were comparable to the previous 
results (Fig. 19C; panels Ci, Cn, Cs, Cy, Cdd, Cii, Cmm), except the R-value for the 
RTR-mutant indicated an opposite result (Fig. 19B; lane 9 + Fig. 19C; panels Cnn, 
Coo, Cpp, Cqq, Crr). This can be explained by the method used for IP, by which all 
insoluble proteins were centrifuged (4.6.5) and therefore an IP with insoluble 
proteins was not observed. Especially, the RTR-mutant of RNF4 showed a dramatic 
relocalization into insoluble E1B-55K containing aggregates (Fig. 19C; panel Cqq) 
and therefore it is most likely that no immunoprecipitated RNF4-RTR and E1B-55K 
are visible. 
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Fig. 19 E1B-55K/RNF4 interaction and relocalization is independent of RNF4 functional domains  

(A) Schematic representation of the mutated Flag-RNF4 constructs SIM (deletion of SIM 1-4), ARM 
(deletion of ARM, position 73-83), SIM/ARM (deletion of SIM 1-4 and ARM), K5R and K5/18R. (B) 
H1299 cells were cotransfected with a plasmid encoding E1B-55K and Flag-RNF4-WT, -SIM, -ARM, -
SIM/ARM, -K5R, -K18R, -K5/18R or -RTR and harvested 48 h p.t. and total-cell extracts were 
prepared. IP of Flag-RNF4 was performed using α-Flag mouse mAb, proteins were separated by SDS-
PAGE and subjected to immunoblotting. Input levels of total-cell lysates and IP proteins were 
detected using E1B-55K mouse mAb, α-Flag mouse mAb and β-actin mouse mAb as loading controls. 
Molecular weights in kDa are indicated on the left, relevant proteins on the right. These blots represent 
the result of several repeated experiments.  
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(C) H1299 cells were cotransfected with 2 µg of pE1B-55K and 2 µg pFlag-empty, Flag-RNF4-WT, -
SIM, -ARM, -SIM/ARM, -K5R, -K18R, -K5/18R, -RTR Flag-RNF4-RF. Cells were fixed with 4% PFA 48 
h p.t. and labeled as indicated in (Fig. 18B). α-Flag (green; Cb, Cf, Ck, Cp, Cv, Caa, Cff, Cjj, Coo, Ctt), 
α-E1B-55K (red; Cc, Cg, Cl, Cq, Cw, Cbb, Cgg, Ckk, Cpp, Cuu), DAPI (blue; Ca, Ce, Cj, Co, Cu, Cz, 
Cee, Cii, Cnn, Css) staining patterns, overlays of the single images (merge; Cd, Ch, Cm, Cr, Cx, Ccc, 
Chh, Cll, Cqq, Cvv) and 2D intensity Histograms (Ci, Cn, Cs, Cy, Cdd, Cii, Cmm, Crr, Cww) are 
shown. Colocalization of Flag-RNF4 and E1B-55K was analyzed using colocthreshold and coloc2 in 
Fiji (167) and calculated using Pearson’s correlation coefficient (R-Value). On average, 50 positive 
transfected cells per batch were counted for calculation. The exact numbers are indicated as n=x. 

 

The fact that all E1B-55K mutants as well as all tested RNF4 mutants possess the 
ability to interact with each other supports the assumption that colocalization of E1B-
55K with RNF4 is mediated by direct or indirect interaction. 

Taken together, these data show for the first time that RNF4 is a cellular binding 
partner of HAdV-C5 E1B-55K. Moreover, they strongly support the idea that the 
STUbL may play a key role in the E1B-55K-induced degradation of Daxx and 
possibly other host cell targets during productive infection and cell transformation. 

 

5.2 RNF4 promotes the E1B-55K dependent Daxx restriction in HAdV-C5 
infected cells 

5.2.1 RNF4 is a positive regulator of HAdV-C5 infection 

5.2.1.1 Depletion of RNF4 does not affect cell growth 

The previous results identified RNF4 as a new interaction partner of E1B-55K. To 
analyze the effect of RNF4 on the E1B-55K dependent Daxx degradation during 
HAdV-C5 infection, a RNF4 depleted cell line was generated, by the usage of a 
lentivirus system to express shRNA against the human RNF4 protein (shRNF4). A 
non-targeted shRNA (shscrambled) was used as a control. In order to check the 
comparability of the RNF4 depleted cell line with the parental cell line, both cell lines 
were first characterized for cell growth, protein expression, viral mRNA synthesis 
and viral progeny production. 

In the knockdown cells, RNF4 was efficiently depleted, as shown by Western Blot 
analysis (Fig. 20A; lane 2) and quantitative RT-PCR (Fig. 20B). Additionally, the 
generation of the RNF4 knockdown did not substantially affect the growth rate of the 
cells line (Fig. 20C).  
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Fig. 20 Depletion of RNF4 does not affect cell growth  

(A) Endogenous RNF4 protein levels in H1299 shscrambled and H1299 shRNF4 cells were determined 
by preparing whole-cell extracts followed by SDS-PAGE and immunoblotting using RNF4 mouse 
mAb and mouse mAb (anti-β-actin) as loading controls. Molecular weights in kDa are indicated on 
the left, relevant proteins on the right. These blots represents the result of several repeated 
experiments. (B) H1299 shscrambled and H1299 shRNF4 cells were harvested and total RNA was 
extracted, reverse transcribed and quantified by RT-PCR analysis using primers specific for RNF4. The 
data are presented as relative RNF4 mRNA levels, compared between H1299 shRNF4 and control cells 
H1299 shscrambled and were normalized to 18S rRNA levels. (C) H1299 shscrambled and H1299 
shRNF4 were cultivated and absolute cell numbers were determined after the indicated time points. 
The mean and standard deviations are presented for three independent experiments (n=3). 
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5.2.1.2 RNF4 enhances HAdV-C5 progeny production  

To narrow down the effect of RNF4 on the virus life cycle, virus particle release, viral 
mRNA synthesis and protein expression were analyzed in the next experiments. The 
production of infectious viral particles was analyzed in parental and RNF4 depleted 
cells (Fig. 21A). Since the amount of progeny production depends on the cell line as 
well as an intact E1B-55K protein (183), it would be interesting to investigate the 
influence of RNF4 on the virus progeny production. Interestingly, the RNF4 depleted 
cell line showed a decreased viral progeny production at 48 and 72 h p.i., compared 
to the parental cell line (Fig. 21A).  

As E2A/DBP is known as a marker for viral replication centers (184), 
immunofluorescence analysis were used to investigate the formation of replication 
centers in RNF4 depleted cells. As expected, the majority of RNF4 depleted cells 
showed a different E2A/DBP staining pattern compared to the parental cell line (Fig. 
21B). Here, the replication centers were formed 48 h p.i (Fig. 21B; panels Bc, Bd), 
whereas the RNF4 depleted cell line showed a diffuse E2A/DBP staining at the 
respective time points (Fig. 21B; panels Bg, Bh). However, quantitative analysis of 
E2A/DPB staining showed a more diffuse staining of E2A/DBP in RNF4 depleted 
cells and a clear replication center staining of E2A/DBP in parental cells (Fig. 21C). 
Furthermore, a change in the PML protein staining could be observed in the RNF4 
depleted cell line. According to the literature (107), punctate nuclear PML staining in 
uninfected cells could be detected (Fig. 21B; panels Ba, Bb, Be, Bf). However, in 
HAdV-C5 infected cells, PML could be detected in nuclear filamentous structures, 
so-called “track-like-structure” (Fig. 21B; panels Bc, Bd, Bg, Bh). Yet, weaker 
expression levels of PML in the RNF4 depleted cell line were observed, compared to 
the parental cell line (Fig. 21B; panels Ba, Bb, Be, Bf)  

 



Results 

 65 

 

 



Results 

 66 

  

Fig. 21 RNF4 enhances HAdV-C5 progeny production  

(A) H1299 shscrambled and H1299 shRNF4 cells were infected with WT virus (H5pg4100) at a MOI of 
50. Viral particles were harvested 48 and 72 h p.i. and virus yield was determined by quantitative 
E2A/DBP immunofluorescence staining on HEK293 cells. The mean and standard deviation are 
presented for three independent experiments. Values are shown as a ratio shscrambled/shRNF4. (B) 
H1299 cells were infected with WT virus (H5pg4100) at a MOI of 20 and fixed with ice-cold methanol 
48 h p.i. Cells were labeled with PML pAb and E2A/DBP mouse mAb, detected with Alexa488 (α-
PML; green) and Cy3 (α-E2A/DBP; red) conjugated secondary Ab. Nuclei are labeled with DAPI. 
Overlay of images (merge; Ba, Bc, Be, Bg) and corresponding enlarged overlay (merge; Bb, Bd, Bf, Bh) 
staining patterns are shown (magnification x 7600). The represented phenotypes were observed in the 
major amount of analyzed cells from repeated experiments. and the E2A/DBP staining was quantified 
and analyzed by counting the ratio between diffuse and replication center localization in infected cells 
(C). 

 

5.2.1.3 RNF4 positively regulates mRNA synthesis of HAdV-C5 E1A and Hexon  

To examine the effect of RNF4 depletion on mRNA synthesis, the mRNA expression 
of E1A and Hexon genes were analyzed 16 and 48 h p.i (16 h p.i. data not shown). 
For this, parental and RNF4 depleted cells were analyzed by quantitative RT-PCR. 
The cellular 18S rRNA was used as an internal control. Compared to the parental cell 
line, the knockdown of RNF4 decreases E1A mRNA synthesis by 2.5 fold (Fig. 22; left 
panel) and Hexon mRNA synthesis by 10 fold at 48 h p.i. (Fig. 22; right panel). These 
results indicate a positive effect of RNF4 on the E1A and Hexon mRNA synthesis. 
Whether the RNF4 dependent regulation may take place via increased mRNA 
stability or alteration of mRNA transport has not been clarified yet and needs to be 
further investigated. 
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Fig. 22 RNF4 positively regulates mRNA synthesis of HAdV-C5 E1A and Hexon  

H1299 shscrambled and H1299 shRNF4 cells were infected with WT virus (H5pg4100) at a MOI of 20. 
The cells were harvested 16 and 48 h p.i., total RNA was extracted, reverse transcribed, and quantified 
by RT-PCR analysis using primers specific for HAdV-C5 E1A and Hexon. The data were normalized 
to 18S rRNA levels and the mean and standard deviations are presented for three independent 
experiments (n=3). 

 

5.2.1.4 RNF4 supports viral protein expression in HAdV-C5 infected cells 

To study the role of RNF4 on general protein expression levels of cellular and viral 
proteins, the expression of early and late viral proteins as well as the known HAdV-
C5 target proteins Daxx and Mre11 were analyzed (Fig. 23A). For this, parental and 
RNF4 depleted cell lines were infected with HAdV-C5 WT virus and harvested at 
indicated time points. Unfortunately, the Daxx specific-Ab used in Western Blot 
alaysis showed a high background signal (>100 kDa higher migrating bands). 
However, in previous experiments the specific Daxx protein band could be 
determined at 100 kDa. 

Compared to the parental cell line, knockdown of RNF4 affects the expression of 
viral proteins at late time points of infection (Fig. 23; lanes 5-6, 11-12). As expected 
from the previous results, E1A, E1B-55K, E2A/DBP, HAdV capsid and L4-100K 
showed a delayed expression already 16 h p.i. (Fig. 23; lanes 1-12). Interestingly, 
Daxx and Mre11 protein levels decreased substantially later in the RNF4 depleted 
cell line 48 and 72 h p.i. (Fig. 23; lanes 5-6 and lanes 11-12).  
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Fig. 23 RNF4 supports viral protein expression in HAdV-C5 infected cells 

H1299 shscrambled and H1299 shRNF4 cells were infected with WT virus (H5pg4100) at a MOI of 50 
and harvested at the indicated time points post infection. Total-cell extracts were prepared, separated 
by SDS-PAGE and subjected to immunoblotting using RNF4 mouse mAb, Daxx rabbit pAb, E1B-55K 
mouse mAb, E4orf6 mouse mAb (163), HAdV-C5 rabbit polyclonal serum (40), Mre11 rabbit pAb, 
E2A/DBP mouse mAb and β-actin mouse mAb as loading controls. Molecular weights in kDa are 
indicated on the left, relevant proteins on the right. These blots represent the result of several repeated 
experiments.  

 

Summarized, these data point to RNF4 being a positive factor for HAdV-C5 
productive replication. Additionally, the results of the RNF4 depleted cell line 
support the hypothesis that RNF4 might play a role in the HAdV-C5 dependent 
degradation of Daxx and possibly other host cell targets. On the basis of these facts, it 
was investigated whether RNF4 has an effect on Daxx degradation in HAdV-C5 
infected cells. RNF4 has been shown to influence the Daxx protein levels in HAdV-
C5 infected cells. Furthermore an interaction between E1B-55K and RNF4 could be 
observed in this work for the first time, which supports the hypothesis of an E1B-55K 
and RNF4 dependent Daxx degradation. 
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5.2.2 RNF4 colocalization with Daxx is altered in HAdV-C5 infected cells 

To determine the interplay of RNF4 with Daxx, the localization of both proteins in 
HAdV-C5 infected cells was analyzed by immunofluorescence staining. 

RNF4 colocalized with Daxx in a punctate nuclear staining in uninfected cells, most 
presumably represent PML-NBs (Fig, 24; panels Ab, Ac, Ad). Furthermore, in HAdV-
C5 infected cells, RNF4 colocalized with Daxx in track-like structures within the 
nucleus (Fig. 24; panels Af, Ag, Ah). Interestingly, a localization of Daxx similar to 
PML, consistent with the current literature on PML localization could be observed 
(107, 108).  

 

Fig. 24 RNF4 colocalization with Daxx is altered in HAdV-C5 infected cells  

H1299 cells were infected with WT virus (H5pg4100) at a MOI of 20 and fixed with 4% PFA 48 h p.i. 
Cells were labeled with α-Flag mouse mAb, detected with Alexa488 (α-Flag; green) conjugated 
secondary Ab and Daxx rabbit pAb, detected with Cy3 (α-Daxx; red) conjugated secondary Ab. Nuclei 
are labeled with DAPI. α-Flag (green; Ab, Af), α-Daxx (red; Ac, Ag), DAPI (blue; Aa, Ae) staining 
patterns and overlay of the single images (merge; Ad, Ah) are shown (magnification x 7600). The 
represented phenotypes were observed in the major amount of analyzed cells from n=2 experiments.  

 

5.2.3 HAdV-C5 infection promotes E1B-55K/RNF4/Daxx complex formation 

To evaluate the RNF4/Daxx interaction in the presence or absence of E1B-55K, IP 
experiments were performed at different time points of WT virus infection (Fig. 25A), 
as well as with either WT or an E1B-55K mutant virus 24 h p.i. (Fig. 25B). In 
uninfected cells, the endogenous RNF4 protein showed no binding to Daxx (Fig. 25A, 
lower panel, lane 4). Even 16 h p.i., no binding to Daxx was observed (Fig. 25A, lane 
lower panel, 5). After 36 h p.i., binding between Daxx and RNF4 was detectable, 
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where also high amounts of E1B-55K proteins were detectable (Fig. 25A, lane 3 and 
6). An E1B-55K dependent interaction between Daxx and RNF4 was observed by IP 
in HAdV-C5 WT and E1B-55K- lacking virus infected cells (Fig. 25B). Here, binding of 
RNF4 to Daxx was only observed in the WT virus infection in the presence of E1B-
55K (Fig. 25B, lane 2 and 5) but not in the E1B-55K mutant virus infected cells (Fig. 
25B, lane 3 and 6).  

In sum these data indicate that the binding of Daxx to RNF4 is mediated by E1B-55K 
possibly through multiple interactions in a trimeric complex. 

 

Fig. 25 HAdV-C5 infection promotes E1B-55K/RNF4/Daxx complex formation  

(A) H1299 cells were infected with WT virus (H5pg4100) at a MOI of 50, harvested 16 and 36 h p.i. and 
total-cell extracts were prepared. IP of endogenous RNF4 was performed using RNF4 mouse pAb. 
Proteins were separated by SDS-PAGE and subjected to immunoblotting. Input levels of total-cell 
lysates and IP proteins were detected using E1B-55K mouse mAb, RNF4 mouse pAb, Daxx rabbit pAb 
and ß-actin mouse mAb as loading controls. Note that light chains (IgG) were detected at 25 kDa. (B) 
H1299 cells were infected with WT virus (H5pg4100) or E1B-55K mutant virus (H5pm4149) at a MOI of 
50, harvested 24 h p.i., and total-cell extracts were prepared. IP of endogenous RNF4 was performed 
using RNF4 mouse pAb, proteins were separated by SDS-PAGE and subjected to immunoblotting. 
Input levels of total-cell lysates and IP proteins were detected using E1B-55K mouse mAb, RNF4 
mouse pAb, Daxx rabbit pAb and ß-actin mouse mAb as loading controls. Note that light chains (IgG) 
were detected at 25 kDa. Molecular weights in kDa are indicated on the left, relevant proteins on the 
right. These blots represent the result of several repeated experiments.  
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5.2.4 HAdV-C5 infection enhances Daxx SUMOylation  

Daxx is a constitutive member of the PML-NBs, which is significantly involved in the 
generation of PML-NBs (96, 104). Recently published data revealed that the assembly 
of PML-NBs, induced by oxidative stress, controls the SUMOylation of PML partner 
proteins (185). In addition, the SIM domain of Daxx is important for the association 
with PML-NBs. Even more, an irreversible fusion of Daxx with SUMO-1 or SUMO-2 
enhanced Daxx association to PML-NBs. 

It is well known that SUMO is covalently attached to a small subset of Daxx proteins 
(186, 187). Furthermore, it has been shown that viruses can alter the SUMOylation of 
Daxx upon infection. As an example, it has been published that pp71 of HCMV 
enhanced Daxx SUMOylation via a viral protein upon infection but the role of this 
enhanced modification on the virus life cycle remains unclear (188). On the basis of 
these facts and additionally that the SUMOylation of target proteins is necessary for 
a STUbL dependent degradation, the SUMOylation status of Daxx in HAdV-C5 
infected cells was investigated 

For this, a model system developed by Tatham et al. was used to purify His-SUMO-2 
conjugated proteins (Ni-NTA pulldown) (155) after HAdV-C5 WT and E1B-55K 
mutant virus infection (Fig. 26). A stronger, SUMO-2 modified form of Daxx with 
high molecular weight was detected with both viruses, irrespective of E1B-55K 
expression (Fig. 26; lanes 2-3). Similar but weaker bands were observed in the 
uninfected cells (Fig. 26; lane 1). The high molecular weight bands (Fig. 26, lanes 2-3) 
most likely present a SUMO modified Daxx protein. Furthermore, a HAdV-C5 
dependent enhanced SUMOylation of Daxx seems to be independent of E1B-55K 
expression. However, to investigate whether other viral factors can impair the Daxx 
SUMOylation, infection studies with different HAdV-C5 mutant viruses could be 
used to address this question. 
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Fig. 26 HAdV-C5 infection enhances Daxx SUMOylation  

HeLa cells stably expressing 6His-SUMO-2 were infected with WT virus (H5pg4100) or E1B-55K 
mutant virus (H5pm4149) at a MOI of 20. Whole-cell lysates were prepared with guanidine 
hydrochloride buffer 48 h p.i. and subjected to Ni-NTA purification of 6His-SUMO conjugated 
proteins. Proteins were separated by SDS-PAGE and subjected to immunoblotting. Input levels of 
total-cell lysates and Ni-NTA purified proteins were detected using Daxx rabbit pAb, His mouse 
mAb, ß-actin mouse mAb and E1B-55K mouse mAb. Molecular weights in kDa are indicated on the 
left, relevant proteins on the right. These blots represent the result of several repeated experiments.  

 

5.2.5 RNF4/E1B-55K interaction is required for Daxx Ubiquitinylation  

So far it could be shown that HAdV-C5 infection, more precisely E1B-55K, affects the 
subcellular localization of RNF4 and is important for the interaction of RNF4 with 
Daxx. This, along with the fact that Daxx gets degraded proteasomally via a novel 
E1B-55K-dependent pathway, led to the question whether binding of RNF4 to E1B-
55K induces Ubiquitinylation of Daxx. 

Daxx and Ubiquitin constructs were cotransfected with plasmids containing E1B-55K 

(Fig. 27, lanes 2 and 5) or E1B-55K plus RNF4 (Fig. 27, lanes 3 and 6). To stabilize 

Ubiquitinylated proteins and to prevent their degradation, cells were treated with 

the proteasome inhibitor MG-132. Ubiquitinylated Daxx was detected by IP using a 

HA specific-Ab, recognizing the HA-tagged Daxx protein and an Ubiquitin specific-

Ab. E1B-55K coexpressed with RNF4 significantly enhanced Ubiquitinylation of 

Daxx (Fig. 27, left panel, lane 3, asterisks), were E1B-55K alone has no influence on 

Daxx Ubiquitinylation (Fig. 27, left panel, lane 2). Altogether, these results imply that 

Daxx Ubiquitinylation by E1B-55K is supported by the presence of RNF4. 
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Fig. 27 RNF4/E1B-55K interaction is required for Daxx Ubiquitinylation  

H1299 cells were cotransfected with 5 µg of HA-Daxx, 5 µg Flag-RNF4-WT, 5 µg His-Ubiquitin and 5 
µg pE1B-55K, as indicated. Cells were harvested 24 h p.t., prior to preparation of IP assays and total-
cell extracts. IP proteins and input levels of total-cell lysates were detected using Ubiquitin mouse 
mAb, Daxx rabbit pAb, ß-actin mouse mAb, E1B-55K mouse mAb and α-Flag mouse mAb. 4 hours 
prior harvesting, transfected cells were treated with MG-132 to inhibit proteasomal degradation of 
Ubiquitinylated proteins. Molecular weights in kDa are indicated on the left, relevant proteins on the 
right. These blots represent the result of several repeated experiments.  
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5.2.6 RNF4 promotes E1B-55K dependent Daxx Ubiquitinylation 

Due to the observation that RNF4 enhances the Ubiquitinylation of Daxx together 
with E1B-55K, it was evaluated whether the enhanced Ubiquitinylation also triggers 
proteasomal degradation of Daxx (Fig, 28). To answer this question, a modified 
Ubiqitinylation assay was performed, where the cells were not treated with MG-132 
to allow proteasomal degradation of Ubiquitinylated proteins. In addition it was 
tested whether the enhanced Ubiquitinylation is dependent on both RNF4 and E1B-
55K. Because it is known that PML-IV isoform can act as a SUMO E3 ligase for p53 
(72, 73) and the E3 Ubiquitin ligase Mdm2 (189), PML-IV was used to test if 
overexpression of any additional SUMO E3 ligase leads to enhanced 
Ubiquitinylation of Daxx.  

In line with data shown in Figure 27, a reduction of Ubiquitinylated Daxx was 
observed in the presence of RNF4 and E1B-55K, independent of PML-IV (Fig. 28; lane 
3 and 5). Furthermore, neither RNF4 alone (Fig. 28; Lane 2), nor RNF4 and PML-IV 
(Fig. 28; lane 4), induced a reduction of Ubiquitinylated Daxx. A slightly decrease of 
Daxx protein levels already at 24 h p.t. (Fig. 28; lanes 8, 10) strengthens the 
hypothesis that RNF4 is an important cofactor for E1B-55K dependent reduction of 
Daxx steady-state concentrations. Interestingly, also a slightly decreased in protein 
levels of RNF4 was observed in whole cell lysates containing E1B-55K (Fig. 28; lanes 
7-8). This could be RNF4 auto-Uquitinylation and consequently proteasomal 
degradation due to RNF4 activation or E1B-55K dependent relocalization of RNF4 
into the insoluble nuclear matrix as already shown in Fig. 11.  
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Fig. 28 RNF4 promotes E1B-55K dependent Daxx Ubiquitinylation 

H1299 cells were cotransfected with 5 µg of HA-Daxx, 5 µg Flag-RNF4-WT, 5 µg His-Ubiquitin, 5 µg 
pPML-IV and 5 µg pE1B-55K, as indicated. Cells were harvested 24 h p.t., prior to preparation of IP 
assays and total-cell extracts. IP proteins and input levels of total-cell lysates were detected using mAb 
Ubiquitin, Daxx rabbit pAb, ß-actin mouse mAb, PML rabbit pAb, α-Flag mouse mAb and E1B-55K 
mouse mAb. Transfected cells were not treated with MG-132 to allow proteasomal degradation of 
Ubiquitinylated proteins. Molecular weights in kDa are indicated on the left, relevant proteins on the 
right. These blots represent the result of several repeated experiments.  
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5.2.7 Proteasome subunit 19S is relocalized into E1B-55K containing aggregates in 
HAdV-C5 infected cells 

Due to the fact that E1B-55K is the main viral protein involved in proteasomal 
degradation of proteins in HAdV-C5 infected cells, immunofluorescence analyzes 
were performed to evaluate whether changes of the proteasome localization in 
HAdV-C5 infected cells could be observed (Fig. 29). Recent reports conclude that 
changes in the distribution and general intracellular localization of proteasomes truly 
depend on the host cell cycle (190). Furthermore, it could be shown that during 
progression of the cell cycle, increased levels of proteasomes remain bound to the 
nuclear matrix (191). Since also the localization of SUMOylated E1B-55K was 
observed in the nuclear matrix fraction, it was investigated whether the proteasome 
localization is altered in the presence of E1B-55K. 

H1299 cells were infected with WT virus and stained for E1B-55K as well as 
proteasome with specific-Ab. Uninfected cells were used for control staining. No 
E1B-55K staining was observed in the uninfected cells, whereas E1B-55K exhibited 
characteristic nuclear staining in WT virus infected cells (Fig. 29; panels c and g). In 
uninfected cells, the proteasome subunit 19S showed a widely, diffuse nuclear 
staining (Fig. 29; panels b and d). Interestingly, in the majority of HAdV-C5 infected 
cells, the proteasome subunit 19S is relocalized from its diffuse nuclear staining into 
track-like structures juxtaposed to E1B-55K aggregates within the nucleus (Fig. 29; 
panels f, g, h, i). Interestingly, a similar staining could also be observed of RNF4 and 
Daxx, which supports previous results that RNF4 is involved in proteasomal 
degradation of Daxx in HAdV-C5 infected cells. 
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Fig. 29 Proteasome subunit 19S is relocalized into E1B-55K containing aggregates in HAdV-C5 
infected cells  

H1299 cells were infected with WT virus (H5pg4100) at a MOI of 20 and fixed with 4% PFA 48 h p.i. 
Cells were labeled with proteasome rabbit pAb, detected with Alexa488 (α-Flag; green) conjugated 
secondary Ab and E1B-55K mouse mAb, detected with Cy3 (α-E1B-55K; red) conjugated secondary 
Ab. Nuclei are labeled with DAPI. α-proteasome (green; Bb, Bf), α-E1B-55K (red; Bc, Bg), DAPI (blue; 
Ba, Be) staining patterns, overlay of the single images (merge; Bd, Bh) and enlarged overlay (merge; 
Bi) are shown (magnification x 7600). The represented phenotypes were observed in the major amount 
of analyzed cells from repeated experiments. 

 

Altogether, these results support published data that the host proteasome pathway is 
used in HAdV-C5 infected cell for degradation of cellular proteins (45, 46, 192). In the 
case of Daxx, this pathway seems to be dependent on E1B-55K expression and and 
RNF4 activity. Moreover, the observation that E1B-55K induced degradation of Daxx 
promotes focus-formation in pBRK cells (51, 52), suggests that the E1B-55K/RNF4 
interaction may play an important role in HAdV induced oncogenesis. Therefore the 
effect of RNF4 on HAdV-C5 E1A/E1B mediated transformation was investigated. 
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5.3 RNF4 effects HAdV-C5 E1 region mediated cell transformation 

5.3.1 RNF4 overexpression suppresses the focus-forming activity of E1A and E1B 

In classical transformation experiments, non-permissive pBRK cells start to grow in 
multilayer colonies (foci) after transduction with HAdV-C5 oncogenes. This effect can 
already be observed macroscopically 3-4 weeks after cultivation. The colony-shaped 
growth is due to the loss of contact inhibition, followed by the ability of unlimited 
cell growth (193). In contrast, primary cells are limited in growth and reach 
senescence after a certain number of divisions (194). The oncogenic properties of 
HAdV-C5 were attributed to the E1A and E1B products of the E1 region (59, 62). 
Some years later, oncogenic properties of the viral proteins E4orf3 and E4orf6 could 
additionally be observed (193, 195, 196).  

It has been well established that RNF4 has an important role in the maintenance of 
genome stability by preventing chromosome loss through the interaction with the 
cellular DNA repair machinery. Interestingly it could be observed that RNF4 is down 
regulated during cellular transformation in germ cell tumors and ectopically 
expressed RNF4 inhibits cell proliferation (197, 198). To investigate the biological 
function of RNF4 in the HAdV-C5 E1A/E1B mediated transformation of rodent cells, 
transformation assays in pBRK cells were performed. 

Human and rat RNF4-WT and RNF4-SIM mutants were cotransfected with an 
E1A/E1B encoding plasmid as indicated (Fig. 30). For quantitative analysis of focus-
formation, pBRK cells were stained as described (4.2.5) and single foci were counted 
on each plate. Later, the relative focus-formation activity was determined (Fig. 30A). 
Consistent with published data, the relative focus-formation activity was almost 25 
times lower, when E1A was transfected alone, compared to transfection of a plasmid 
encoding for both proteins (Fig. 30B) (196). Interestingly, cotransfection of RNF4, 
either human, rat, RNF4-WT or RNF4-SIM mutant, showed a reduced focus-
formation activity compared to the positive control (Fig. 30B). Over all, the highest 
reduction was observed in cells cotransfected with the SIM mutant of human and rat 
RNF4 (Fig. 30B). In this case, an almost seven fold reduction was noticed.  
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Fig. 30 RNF4 overexpression suppresses the focus-forming activity of E1A and E1B 

(A) pBRK cells were cotransfected with 1.5 µg pE1A, 6 µg pXC15, 6 µg Flag-hRNF4-WT, Flag-hRNF4-
SIM, Flag-rRNF4-WT or Flag-rRNF4-SIM as indicated. After cultivation for four weeks, cells were 
stained with a crystal violet staining solution (4.2.5). (B) The transformation activity was presented as 
relative focus-formation activity to the activity of pXC15. The mean values with standard deviation 
from three independent tests are shown (n=3). 



Results 

 80 

This experiment demonstrates that RNF4 has a negative effect on the HAdV-C5 
E1A/E1B dependent transformation of rodent cells. Moreover, in contrast to the 
binding studies with E1B-55K (Fig. 24), the SIM domain of RNF4 appears to play a 
role in counteracting E1A/E1B mediated transformation, at least in primary rodent 
cells. 

In summary, RNF4 appears to positively regulate lytic replication of HAdV-C5 but 
exhibits a negativ effect on HAdV-C5 E1A/E1B focus-forming activity. 

 

5.4 Arkadia protein expression and localization is modulated in HAdV-C5 
infected cells  

5.4.1 Arkadia protein levels are decreased during HAdV-C5 infection 

Humans are so far known to express two STUbLs, namely RNF4 and Arkadia (151, 
175). It could be shown that Arkadia interacts with polySUMOylated PML via a 
SUMO/SIM interaction and depletion of Arkadia contributes to PML accumulation 

in response to As2O3 treatment (175). Furthermore, it has been described that 
Arkadia undergoes homodimerization upon activation, but concurrently a 
heterodimerization with RNF4 could be excluded (175). While Arkadia has also been 
implicated in PML degradation, it is also shown to be involved in DNA damage 
response by Ubiquitinylation of the SUMOylated XPC, which promotes NER (151). 

To initially investigate the role of Arkadia during HAdV-C5 life cycle, H1299 cells 
were infected with WT virus and harvested at the indicated time points (Fig. 31). 
Interestingly, Arkadia protein levels were increased at 24 h p.i. (Fig. 31; lanes 1-2) 
and decreased upon 48 h p.i. with WT virus (Fig. 31; lanes 3-4), comparable to the 
data obtained for RNF4 (Fig. 11). Furthermore, Arkadia protein levels decreased, 
when E1B-55K protein levels started to increase (Fig. 31; lanes 2-4).  
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Fig. 31 Arkadia protein levels are decreased during HAdV-C5 infection 

H1299 cells were infected with WT virus (H5pg4100) at a MOI of 50 and harvested at the indicated 
time points post infection. Total-cell extracts were prepared, separated by SDS-PAGE and subjected to 
immunoblotting using Arkadia mouse mAb, E1B-55K mouse mAb, L4-100K rat mAb (164) and ß-actin 
mouse mAb as loading controls. Molecular weights in kDa are indicated on the left, relevant proteins 
on the right. These blots represent the result of several repeated experiments.  

 

5.4.2 Arkadia is relocalized in the insoluble nuclear matrix fraction in HAdV-C5 
infected cells 

Since the protein amount of Arkadia decreased at late time points of infection, it was 
investigated, whether this is due to a HAdV-C5 dependent degradation or a virus 
dependent relocalization into insoluble aggregates (Fig. 32A).  

H1299 cells were infected with WT virus and stained for Arkadia 24 and 48 h p.i. 
Interestingly, a HAdV-C5 induced relocalization of Arkadia from the cytoplasm to 
the nucleus was observed already 24 h p.i. (Fig. 32A; panels Ab, Ac, Ae and Af), 
previously seen before for the RNF4 (Fig. 13). Preliminary data show that Arkadia 
localized in a punctate staining within the nucleus in HAdV-C5 infected cells, which 
was slightly reduced 48 h p.i. (Fig. 32A; panels h and i). Still, a partial fraction of 
Arkadia was present in the cytoplasm in late time points of infection (Fig. 32A; 
panels Ah and Ai). To analyze the punctate localization of Arkadia in more detail, a 
fractionation assay was performed (Fig. 32B) as described in Figure 12. As expected, 
Arkadia protein levels were observed in the insoluble nuclear matrix fraction in 
uninfected cells and 16 h p.i. (Fig. 32B; lanes 1 and 2). Consistent with the result seen 
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before (Fig. 31), Arkadia protein levels were also reduced in the insoluble nuclear 
fraction 48 h p.i. (Fig. 32B; lane 3).  

In sum, these data indicate a HAdV-C5 dependent reduction of Arkadia upon 
infection. However, it must be mentioned here that it would be better to repeat the 
experiments with another, more Arkadia specific-Ab or overexpression of a tagged 
Arkadia construct, since high background signal were obtained with the used Ab. 

   

Fig. 32 Arkadia is relocalized in the insoluble nuclear matrix fraction in HAdV-C5 infected cells  

(A) H1299 cells were infected with WT virus (H5pg4100) at a MOI of 20 and fixed with 4% PFA 24 and 
48 h p.i. Cells were labeled with Arkadia mouse mAb detected with Cy3 (α-Arkadia; red) conjugated 
secondary Ab. Nuclei are labeled with DAPI. α-Arkadia (red; Ab, Ae, Ah) and DAPI (blue; Aa, Ad, 
Ag) staining patterns and overlay of the single images (merge; Ac, Af, Ai) are shown (magnification x 
7600). The represented phenotypes were observed in the major amount of analyzed cells from n=2 
experimets. (B) H1299 cells were infected with WT virus (H5pg4100) at a MOI of 50 and harvested at 
the indicated time points. Cell extracts were fractionated into cytoplasm, soluble nuclear, nuclear 
membrane, chromatin and insoluble nuclear factions, separated by SDS-PAGE and subjected to 
immunoblotting using the Ab indicated in (Fig. 12). Protein levels in the insoluble nuclear fraction are 
shown. Molecular weights in kDa are indicated on the left, relevant proteins on the right. These blots 
represent the result of several repeated experiments. 
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5.4.3 Arkadia is relocalized juxtaposed to E1B-55K aggregates in HAdV-C5 
infected cells 

Since Arkadia protein levels were decreased in HAdV-C5 infected cells and 
relocalized into the insoluble nuclear matrix fraction, it was tested whether Arkadia 
and E1B-55K colocalize in HAdV-C5 infected cells. Immunofluorescence analysis 
was performed to visualize the localization of Arkadia (Fig. 33). For this, cells were 
infected with HAdV-C5 WT virus and stained 48 h p.i. Uninfected cells were used to 
control the immunostaining. As expected, no E1B-55K staining was observed in the 
uninfected cells, whereas Arkadia exhibited mainly cytoplasmic localization as 
described in the literature (199, 200) (Fig. 33; panels Ab and Ac). As observed 
previously (Fig. 32A), Arkadia is relocalized from its cytoplasmic staining into a 
punctate nuclear staining 48 h p.i. (Fig. 33; panel Af). Interestingly, the punctate 
Arkadia was observed juxtaposed to E1B-55K aggregates in the nucleus 48 h p.i in 
the majority of cells. (Fig. 33A; panels h and i). Noticeably, the same localization was 
as well observed for RNF4 in HAdV-C5 infected cells (Fig. 13). 

  

Fig. 33 Arkadia is relocalized juxtaposed to E1B-55K aggregates in HAdV-C5 infected cells 

H1299 cells were infected with WT virus (H5pg4100) at a MOI of 20 and fixed with 4% PFA 48 h p.i. 
Cells were labeled with Arkadia mouse mAb, detected with Alexa488 (α-Arkadia; green) conjugated 
secondary Ab and E1B-55K mouse mAb, detected with Cy3 (α-E1B-55K; red) conjugated secondary 
Ab. Nuclei are labeled with DAPI. α-Arkadia (green; Ab, Af), α-E1B-55K (red; Ac, Ag), DAPI (blue; 
Aa, Ae) staining patterns, overlay of the single images (merge; Ad, Ah) and enlarged overlay (merge; 
Ai) are shown (magnification x 7600). The represented phenotypes were observed in the major 
amount of analyzed cells from repeated experiments. 
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5.4.4 E1B-55K PTM influences the interaction with Arkadia 

Published work from Cao et al. could identify Arkadia and Arkadia-like 1 protein 
(ARKL1) as new interaction partners of CK2, which seems to have an important role 
for EBV reactivation (201). Besides Ubiquitinylation and SUMOylation, 
Phosphorylation is the most prevalent PTM that can alter protein function, 
localization and stability of proteins. Many studies have shown that, besides 
SUMOylation, E1B-55K can also be phosphorylated at highly conserved serine and 
threonine residues at the C-terminus (202) and that the cellular CK2 kinase is 
responsible for E1B-55K Phosphorylation at a specific CK2 consensus motif (117, 
203). Furthermore, a phospho- and SUMO-E1B-55K dependency on target 
degradation (Mre11, DNA ligase IV), leading to inefficient degradation of antiviral 
targets, could be observed (117). In order to investigate whether the interaction of 
E1B-55K and Arkadia is influenced by Phosphorylation or even directly by CK2, IP 
analysis with Arkadia and E1B-55K SUMO- and Phosphorylation mutants were 
performed (Fig. 34). Surprisingly, Arkadia interacts with all transfected E1B-55K 
mutants (Fig. 34; lanes 8-12). However, a weaker binding signal was observed in 
E1B-55K-SCS and E1B-55K-delP mutant transfection (Fig. 34; lanes 9, 11). 
Comparable signals were obtained for E1B-55K-WT, -NES and -pM mutant 
transfection (Fig. 34; lanes 8, 10, 12). In sum, these data revealed a SUMO-, and 
phospho-E1B-55K dependency of binding with Arkadia.  
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Fig. 34 E1B-55K PTM influences the interaction with Arkadia  

H1299 cells were cotransfected with 6 µg pE1B-55K-WT, -SCS, -NES, -delp (phospho-mutant 
S490/91A, T495A, (202)) or -pM (phospho-mimic-mutant S490/91D, T495D, (111)) and harvested 48 h 
p.t. and total-cell extracts were prepared. IP of Arkadia was performed using Arkadia mouse mAb, 
proteins were separated by SDS-PAGE and subjected to immunoblotting. Input levels of total-cell 
lysates and IP proteins were detected using E1B-55K mouse mAb, Arkadia mouse mAb and ß-actin 
mouse mAb as loading controls. Molecular weights in kDa are indicated on the left, relevant proteins 
on the right. These blots represent the result of n=2 repeated experiments.  

 

5.4.5 CK2α is a novel interaction partner of Arkadia in HAdV-C5 infected cells 

Since Arkadia could also influence the Phosphorylation of E1B-55K, the interaction of 
Arkadia and CK2 in HAdV-C5 infected cells was investigated (Fig. 35). Preliminary 
IP analysis of CK2 with Arkadia revealed an interaction between both factors in 
HAdV-C5 infected cells (Fig. 35; lane 4). Surprisingly, no CK2 signal was observed in 
the uninfected cells (Fig. 35; lane 5). To address the question if E1B-55K mediates the 
CK2/Arkadia interaction or Arkadia directly influence CK2 mediated E1B-55K 
Phosphorylation, an E1B-55K mutant virus could be used for further experiments. 
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Fig. 35 CK2α is a novel interaction partner of Arkadia in HAdV-C5 infected cells  

H1299 cells were infected with WT virus (H5pg4100) at a MOI of 50, harvested 24 h p.i. and total-cell 
extracts were prepared. IP of endogenous Arkadia was performed using Arkadia mouse mAb, 
proteins were separated by SDS-PAGE and subjected to immunoblotting. Input levels of total-cell 
lysates and IP proteins were detected using anti-CK2α rabbit pAb, Arkadia mouse mAb, E1B-55K 
mouse mAb and ß-actin mouse mAb as loading controls. Molecular weights in kDa are indicated on 
the left, relevant proteins on the right. These blots represent the result of n=2 repeated experiments. 
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6 Discussion 

6.1 Role of STUbLs during productive infection of HAdV-C5 

RNF4 belongs to the family of SIM containing RING-finger proteins. It consists of 190 
AS, has a molecular weight of 31 kDa and is expressed in the nucleus of mammalian 
cells (129). The main function of RNF4 is the Ubiquitinylation of SUMOylated 
proteins, prior to proteasomal degradation (122, 204). A recent study characterized 
over 300 proteins as potential RNF4 substrates using a non-denaturing affinity pull 
down approach combined with mass spectrometry analysis (139). Known targets of 
RNF4 are mainly involved in the DNA damage response, transcriptional control and 
cell cycle regulation such as kinetochore assembly (145, 205, 206).  

The first substrate identified for the human STUbL RNF4 was the PML-NB name-
giving protein PML (204). RNF4 interacts with the cellular protein PML via 
SUMO/SIM binding and induces proteasomal degradation of PML. This mechanism 

is also used in the treatment of APL patients. Here, As2O3 leads to RNF4 mediated 
Ubiquitinylation and proteasomal degradation of PML (125, 204). The interaction of 
RNF4 with the SUMO modified PML protein furthermore indicates that RNF4 is 
recruited into PML-NBs (136). So far, more than 80 proteins are known, which 
localize together with PML in the PML-NBs, most of them are transiently associated 
with the PML-NBs (97-99, 108). The cellular transcription factor Daxx for instance 
was confirmed in previous studies as a direct interaction partner of PML (100, 101). 

With regard to virus infection, it is known from earlier studies that PML-NBs are 
located in the immediate vicinity of viral replication centers in many DNA and RNA 
viruses. For this reason, many viruses express gene products that reorganize or 
destroy PML-NBs in order to eliminate potential antiviral protection mechanisms. 
The role of PML-NBs in infection processes was examined a long time ago and 
turned out to be an important step to back up viral replication of different viruses 
(207, 208).  

HAdV-C5 targets the PML-NBs to directly prevent the intrinsic antiviral immune 
response mediated by PML-NB components. An interaction of E1B-55K with PML-
NB key components, like Daxx and Sp100A was already observed in HAdV-C5 
infected cells (51, 105, 106). There are numerous indications of a Daxx dependent 
repression of HAdV-C5 replication, which is reflected in a significant increase in viral 
gene expression upon degradation of Daxx (119, 192). Among others, the viral 
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structural protein pVI was identified as an interaction factor of Daxx (32). It is 
assumed that pVI subsequently mediates a relocalization of the Nedd-4 Ubiquitin 
ligase as well as Daxx to the PML-NBs in order to initiate a specific Ubiquitinylation 
of Daxx, thus ensuring the productive HAdV-C5 infection (32). Furthermore, the 
viral protein E1B-55K was identified as an interaction partner of Daxx. In infected 
cells, PML and Daxx usually provide the initiation of apoptosis in the nucleus and it 
could be shown that the repressive property of Daxx is weakened by its localization 
to the PML-NBs (109). However, the viral protein E1B-55K prevents this apoptotic 
mechanism through proteasomal degradation of Daxx during HAdV-C5 infection. 
The negative effect of Daxx on viral gene expression is moreover closely related to its 
interaction with ATRX. Both of these factors are capable of recruiting HDACs to 
amplify the chromatin structure at the respective promoter (53, 54). Apparently, this 
function is blocked in HAdV-C5 infected cells by interactions with pVI and E1B-55K 
(119, 192). 

This study investigates the role of RNF4 in the E1B-55K mediated degradation of 
Daxx and the general influence of RNF4 during HAdV-C5 infection. In first 
experiments, RNF4 could be identified as a new interaction partner of E1B-55K, 
which seems to be independent of E1B-55K PTM (Fig. 18). This is an interesting 
observation, since numerous reports suggest that important functions of E1B-55K 
rely on the PTM of the protein, including SUMOylation and Phosphorylation (39, 40, 
105, 110, 111, 202). Mutational inactivation of both PTM motifs within E1B-55K 
abrogates key functions, most notably repression of p53-stimulated transcription 
and, consequently, complete transformation of primary rodent cells. Furthermore, 
E1B-55K itself is a substrate for SUMOylation and furthermore is involved in protein 
SUMOylation as an E3 SUMO1 ligase for p53 (73).  

In HAdV-C5 infected cells, E1B-55K locates in the aggresome and sequesters other 
proteins in this compartment (113). As seen in Figure 14, RNF4 is also relocalized 
into E1B-55K containing perinuclear structures that presumably represent the 
aggresome or also called perinuclear body. The perinuclear body is known to harbor 
important proteins, among others Ubiquitin for protein degradation. In contrast to 
the model that proteasomes are distributed throughout the cyto- and nucleoplasm, 
current data show an accumulation of proteasomes upon catalytic activation in so 
called proteolysis centers. These are formed juxtaposed to the nucleus in discrete 
regions, also called aggresomes or perinuclear bodies (190). Since E1B-55K is 
involved in the degradation of proteins during HAdV-C5 infection, it can be 
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assumed that E1B-55K recruits proteins, including RNF4, into the proteasome 
containing aggregates, where they are then degraded. Supportive to the 
relocalization of RNF4, it was also shown that the proteasome subunit 19S was 
located juxtaposed to E1B-55K in HAdV-C5 infected cells (Fig. 29). 

Interaction studies performed in this work did not identify binding regions in RNF4 
or E1B-55K required for their interaction (Fig. 19). Nevertheless, some areas in both 
proteins were excluded to be involved in binding. It was demonstrated here that the 
important SIM domains of RNF4 are not essential for binding to E1B-55K. It is known 
from other studies that RNF4 binds indirectly to polySUMOylated PML via its 
multiple SIMs (125, 137, 204) and that the RNF4-SIM/PML interaction is apart 
required for RNF4 mediated Ubiquitinylation of PML. Interestingly, the initial 
binding between RNF4 and polySUMOylated PML is also a SIM independent step 
(209). This observation supports the idea that RNF4 interacts with E1B-55K indirectly 
via possible other proteins. Besides the SIM domains in RNF4, the RING domain also 
plays a significant role for the E3 Ubiquitin ligase function of RNF4. It was shown 
that the RING domain alone is responsible for the activation of the protein, where 
two monomers are combined to form a dimer. Activation of RNF4 not only leads to 
the Ubiquitinylation of SUMOylated proteins, but further to auto-Ubiquitinylation of 
RNF4. Despite that, a direct interaction between RNF4 and E1B-55K via the RING 
domain or any other functional domain could not be confirmed. After all, the exact 
binding between RNF4 and other proteins is also not fully understood. It was 
published that loss of RNF4 is associated with a global increase of DNA methylation 
and consequently higher levels of DNA damage (210). Interestingly, in the presence 
of RNF4, distinct mismatch processing enzyme activity increases, which is important 
for the correction of G:T mismatches upon demethylation, serving as a DNA repair 
process (210). It is known that these enzymes have the ability to bind to RNF4. Again, 
the interaction neither depends on the RING domain, nor on the SIM motif. How 
RNF4 regulates these enzymes in the course of DNA repair remains to be 
determined.  

Another difficulty in finding the exact binding site between E1B-55K and RNF4 can 
be the still unsolved structure of E1B-55K. E1B-55K appears to be non-globular, with 
an elongated structure and a lack of discrete structural domains (211). In contrast to 
this, the HAdV-C5 protein E1A has a limited structure and it is possible to map 
specific binding sites on E1A for partner proteins, such as Rb and p300 (212, 213). Up 
to now, only one proof has been provided to indicate the extent of the E1B-55K 
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protein structures. An intrinsic disorder in the common N-terminus of E1B-55K was 
published in 2011 (214). Observations that small deletions or insertions, scattered 
throughout the HAdV-C5 E1B-55K protein, already interfere with p53, Daxx and 
E4orf6 protein interactions suggest that binding sites are likely to consist of short 
sequences or single AS within the protein (52, 215). Although the exact binding 
between E1B-55K and RNF4 was not identified here, an E1B-55K dependent 
recruitment of RNF4 into proteasome containing aggregates could be observed. This 
finding further supports the idea of a role of RNF4 on the E1B-55K dependent Daxx 
degradation. It is known that HAdV-C5 infection leads to an altered integrity of the 
PML-NBs by which PML-NB associated proteins are relocalized into track-like 
structures (107). Since Daxx is a constitutive factor of the PML-NBs, it can be 
assumed that it is also relocalized into track-like structures in order to inhibit its 
antiviral functions. This is supported by the fact that colocalization of RNF4 and 
Daxx was observed in punctuate staining in uninfected cells whereas in HAdV-C5 
infected cells both proteins are relocalized in track-like structures (Fig. 24). Thus, it is 
likely that RNF4 regulates the proteasomal degradation of Daxx through a complex 
formation with E1B-55K. In fact, this work supported this hypothesis by an E1B-55K 
dependent complex formation between RNF4 and Daxx (Fig. 25). To further address 
this question of RNF4 influence on Daxx degradation, a RNF4 depleted cell line was 
used and interestingly, a decreased degradation of Daxx in the RNF4 depleted cell 
line in HAdV-C5 infected cells was observed (Fig. 23). According to this, a decrease 
of Ubiquitinylated Daxx protein could be detected in the presence of E1B-55K and 
RNF4 in cells, where the proteasome was not inhibited. In MG-132 treated cells 
however, Ubiquitinylated Daxx was accumulated in the presence of RNF4 and E1B-
55K. These results highly support the hypothesis of a Daxx degradation that is 
dependent on the STUbL RNF4. It is already known that Daxx gets SUMOylated in 
HAdV-C5 infected cells. Thus, Daxx SCS mutants (mutation sites personally 
discussed with R. Hay) were generated and tested for SUMOylation in HAdV-C5 
infection (Data not shown). Unfortunately, these mutants only partially inhibited the 
SUMOylation of Daxx and where therefore not suitable for internal controls in the 
Ubiquitinylation assay. A further in silico screen for possible SCS in Daxx would be 
useful to clearly show that SUMOylated Daxx is degraded in dependency of the 
STUbL RNF4 in HAdV-C5 infected cells. Nevertheless, a direct proof of an E1B-55K 
and RNF4 dependent Daxx Ubiquitinylation was only observed under cell culture 
conditions, where it cannot be excluded that other cellular proteins are involved in 
this process. An in vitro Ubiquitinylation assay with purified proteins needs to be 
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established to confirm the hypothesis of an RNF4 triggered E1B-55K dependent Daxx 
Ubiquitinylation during HAdV-C5 infection.  

Analysis of the RNF4 depleted cell line additionally revealed an effect of RNF4 on 
other HAdV-C5 viral proteins. On the one hand, a general change in PML-NB 
formation was detected via immunofluorescence analysis (Fig. 21). It is known that 
E4orf3 is important for PML disruption in HAdV-C5 infected cells (107) 
Additionally, a recent study has shown that E4orf3 can act itself as a SUMO E3 ligase 
for cellular proteins and induces proteasomal degradation of the general 
transcription factor II-I (TFII-I) in virus infected cells (216, 217). Due to these 
observations, an interesting research focus could be set to the possible interaction of 
RNF4 with E4orf3 in the lytic HAdV-C5 infection. Therefore, an E4orf3 deletion 
mutant virus or an E1B-55K/E4orf3 mutant virus could be used to examine the 
protein amount of RNF4 and moreover the HAdV-C5 dependent relocalization of 
RNF4 juxtaposed to E1B-55K aggregates. Moreover, it would be of great interest to 
investigate the E4orf3 SUMO ligase functions on RNF4 SUMO dependent 
degradation of cellular factors in HAdV-C5 infection. On the other hand, an 
influence of replication center formation was observed in the RNF4 depleted cell line. 
It is known that the establishment of HAdV-C5 replication centers primarily depends 
on the expression of E2A/DBP (162, 218). Results from this work conclude that 
depletion of RNF4 induces a decreased viral progeny production and viral protein 
expression (Figs. 21 and 23) as well as delayed formation of replication centers. Due 
to these findings, a potential interaction between RNF4 and the viral E2A/DBP is 
conceivable. An interaction between RNF4 and E2A/DBP has indeed been confirmed 
in a preliminary experiment via IP analysis of HAdV-C5 infected cells (data not 
shown). 

Finally, it is shown that HAdV-C5 might use the SUMO dependent Ubiquitinylation 
of RNF4 for degradation of proteins. In case of Daxx, this mechanism can be used to 
enhance the viral transcription and to achieve efficient viral progeny production. The 
current model proposed here indicates a crosstalk between RNF4 and E1B-55K, 
illustrating the E1B-55K dependent Daxx restriction in the early infection of HAdV-
C5 (Fig. 36). Upon RNF4 recruitment into the nucleus, it is assumed that 
SUMOylated Daxx gets Ubiquitinylated and proteasomally degraded in HAdV-C5 
infected cells. This, in turn, happens to counteract the repressive function of the 
Daxx/ATRX chromatin complex and to ensure efficient viral gene expression (Fig. 
36). 
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Fig. 36 Model of complex formation between RNF4, Daxx and E1B-55K 

Schematic representation illustrating a proposed model linking the E1B-55K dependent Daxx 
restriction and modulation by cellular factor RNF4. In HAdV-C5 infected cells, RNF4 is recruited to 
the nucleus in an E1B-55K dependent manner and antiviral factor Daxx gets Ubiquitinylated and 
proteasomally degraded to counteract the cellular chromatin complex and therefore to ensure 
enhanced viral gene expression. 
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In addition to RNF4, the cellular RING-finger protein 111, also called Arkadia, was 
identified as the second cellular STUbL binding SIM dependent to SUMOylated 
proteins (149). To date, no functions of Arkadia are known during viral infections. 
Nonetheless, a repressive function in the EBV reactivation pathway was observed for 
ARKL1 that possesses only the SIM domains of Arkadia and lacks the RING domain. 
Additionally, ARKL1 has been shown to be a restriction factor for influenza virus 
infection. Domingues and coworkers showed an increased influenza A virus titer 
upon ARKL1 depletion (219). ARKL1, as well as Arkadia, harbor a binding site for 
the CK2 KSSR binding motif. Interestingly, Epstein-Barr nuclear antigen 1 (EBNA1) 
is known to bind to the same binding motif, which is essential for EBV episome 
maintenance during latency (220).  

Furthermore, the interaction between EBNA1 and CK2 increases the Phosphorylation 
of PML proteins, thereby inducing proteasomal degradation of PML upon EBV 
infection (221). The HAdV-C5 protein E1B-55K reveals similar functions to EBNA1 
that plays a major role in transcriptional regulation and degradation of antiviral 
proteins upon EBV infection. Moreover, E1B-55K also interacts with CK2 (222), 
which leads to Phosphorylation and following SUMOylation of E1B-55K. The CK2 
dependent Phosphorylation of E1B-55K provides the basis for many E1B-55K 
dependent functions in the HAdV-C5 life cycle (111). 

Based on these findings, it was questioned whether Arkadia acts as an Ubiquitin 
ligase in the course of HAdV-C5 infection to trigger proteasomal degradation of 
HAdV-C5 dependent phosphorylated proteins. Therefore, the protein levels of 
Arkadia during HAdV-C5 infection were analyzed. An increased amount of protein 
could be observed, which decreased in the course of infection (Fig. 31).  

These findings suggest a HAdV-C5 dependent activation of Arkadia, resulting in 
increased steady-state levels early in infection. To evaluate the decrease of Arkadia in 
late time points of infection, fractionation assays were performed. Notably, a 
reduction of Arkadia protein levels was also detected in the insoluble nuclear matrix 
fraction, which indicates a degradation of the protein (Fig. 32B). Similar to RNF4, a 
reduction of the protein could also be detected in the late phase of HAdV-C5 
infection in whole cell lysates (Fig. 11). However in contrast, fractionation 
experiments showed that RNF4 has not been degraded upon infection but has been 
completely localized into the insoluble nuclear matrix fraction (Fig. 12).  
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Interaction studies could identify E1B-55K as a new interaction partner for Arkadia 
and moreover, a weaker binding between Arkadia and a non-SUMOylated E1B-55K 
as well as a non-phosphorylated E1B-55K was observed (Fig. 34). Interestingly, an 
interaction between Arkadia and CK2 was only observed in HAdV-C5 infected cells 
(Fig. 35), pointing to an influence of Arkadia on the viral infection in a still unknown 
way. It is possible that the influence of Arkadia on the CK2 dependent 
Phosphorylation of E1B-55K is directly prevented via degradation of the protein in 
HAdV-C5 infected cells, which could explain the reduced amount of the Arkadia 
protein levels in HAdV-C5 infected cells. 

 

6.2 Role of RNF4 during HAdV-C5 E1A/E1B mediated cell transformation  

In addition to the STUbL function of RNF4, the protein is involved in the cellular 
DNA repair machinery by preventing chromosome loss and in the maintenance of 
genome stability. These activities play an important role in the induction of 
oncogenic processes (82, 130, 141, 223). Interestingly, RNF4 is down regulated during 
cellular transformation in vitro and in germ cell tumors and ectopically expressed 
RNF4 inhibits cell proliferation (197, 198). Data from Hakli et al. indicate that RNF4 
and PML can cooperate in the regulation of transcription and cell growth (136).  

Cell transformation by HAdV from species A, B and C is a multistep process, which 
is mediated by the viral oncoproteins E1A (E1A-12S and E1A-13S) and E1B (E1B-19K 
and E1B-55K) and two proteins from E4, E4orf6 and E4orf3 (59, 65, 193, 224, 225). The 
additive functions of E1B-55K and E1B-19K against E1A-induced anti-proliferative 
mechanisms in order to maintain a transformed phenotype and progression were 
intensively examined and are fairly well understood. Additionally, the interaction of 
E1B-55K with PML-NB associated proteins p53, Mre11 and Daxx is known to directly 
influence the E1A/E1B mediated cell transformation (52, 110, 113, 226). Previous 
studies have shown that the E1B-55K dependent degradation of Daxx indeed plays a 
decisive role in the E1A/E1B mediated transformation of pBRKs. Despite of the 
positive effect on lytic replication, it has been shown that E1B-55K mutants unable to 
degrade Daxx exhibit substantially reduced focus-forming activity (52). 

The SUMO-E1B-55K dependent interaction of RNF4 and Daxx shown in this work 
suggests that RNF4 is used in HAdV-C5 infected cells to promote viral replication 
through the E1B-55K triggered Daxx degradation. In the context of viral 
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transformation, the E1B-55K dependent inhibition of RNF4 functions in DNA repair 
provides another possible use from the interaction of both proteins. To investigate 
the role of RNF4 in the context of HAdV-C5 mediated cell transformation, focus-
forming assays in pBRK were performed (Fig. 30). The results from these studies 
showed a decreased focus-formation activity by overexpression of both human and 
rat wild type RNF4 (Fig. 33). Interestingly, a further reduction of foci was observed 
by overexpression of the RNF4-SIM mutants, indicating that the RNF4 SIM domain 
may regulate the interaction of RNF4 and E1B-55K in primary rat cells. Apparently, 
this result is in contrast to the interaction of both proteins observed in productively 
infected human tumor cell lines. Here, the interaction seems to be SIM independent.  

Since some data reveal a down regulation of RNF4 during cellular transformation 
and in germ cell tumors (198), it would be interesting to perform transformation 
assays again in RNF4 depleted pBRK. Further, it would be interesting to check RNF4 
protein levels in different HAdV-C5 transformed rodent cells to investigate the role 
of E1B-55K on RNF4 in HAdV-C5 mediated cell transformation. 

Another interesting function of RNF4 linked to transformation is the RNF4 
dependent oncogene activation through protein Phosphorylation dependent atypical 
Ubiquitinylation (227). Thomas et al. highlighted that RNF4 is essential for epithelial 
cancer cell survival triggered by atypical Ubiquitinylation of oncogenes and high 
levels of RNF4 are correlated with a poor survival rate in patients. Based on this 
function, it would be very interesting to investigate whether Ubiquitinylation of 
known oncogenes occurs during the course of HAdV-C5 E1A/E1B mediated 
transformation. In first experiments, a PTM dependent effect of RNF4 on 
Ubiquitinylation of E1B-55K was already observed (Data not shown). This raised the 
question if SUMOylation or even Phosphorylation of E1B-55K might regulate 
Ubiquitinylation or vice versa. Ubiquitinylation assays with E1B-55K SUMO-, NES- 
or phosphor-mutants would be interesting to answer these questions. Encouraging 
this idea, it was shown that RNF4 impairs the cellular oncogene activation machinery 
by phosphor dependent Ubiquitinylation of oncogenes directly via the ARM-motif. 
RNF4 binds to phosphorylated β-catenin, c-Jun and c-myc, and enhances the activity 
as well as stability of these oncogenes, which seem to be essential for cancer cell 
survival at least in distinct subsets of human cancers (227, 228). To provide further 
insight into this issue, it would be interesting to investigate the role of the RNF4-
ARM mutant in Ubiquitinylation assays as well as transformation assays in pBRKs. 
Overall, it is possible that RNF4 is directly involved in the stabilization of the HAdV-
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C5 oncogenes. Further investigation in this direction could help to analyze the exact 
mechanism of the E1A/E1B cell transformation in more detail.  

In sum, the data from this work indicate that HAdV-C5 efficiently uses the cellular 
STUbL machinery to establish a productive viral infection. On the one hand, the best 
studied STUbL RNF4 seems to represent a positive factor for HAdV-C5 infection due 
to interaction with E1B-55K, supporting its functions in protein degradation. On the 
other hand, HAdV-C5 infection induces protein reduction of the second cellular 
STUbL Arkadia. In this work, it could be shown for the first time that the viral 
protein E1B-55K is a new interaction partner of RNF4 and Arkadia. Furthermore, this 
interaction triggers an important role of RNF4 in HAdV-C5 infection, as depletion of 
the protein shows a negative effect not only on the protein expression but also on 
viral progeny production. Nevertheless, more experiments are needed to understand 
the direct link between the productive infection and the cellular SUMO dependent 
Ubiquitin machinery. 

Transformation based assays in this work investigated a negative effect of RNF4 on 
the HAdV-C5 E1A/E1B mediated focus-forming activity. These different findings of 
RNF4 on HAdV-C5 infection and transformation provide the basis to find out how 
exactly HAdV-C5 oncogenes could use the functions of cellular proteins. This could 
be either to support productive infection by protein-protein interaction, or to inhibit 
cellular proteins, to promote cell transformation. 

However, the differences between the cellular STUbLs RNF4 and Arkadia and the 
involvement of other viral proteins are very interesting subjects for further 
investigations. Especially the possible interactions between the two STUbLs and 
E4orf3 and E2A/DBP might be helpful in understanding how exactly HAdVs use the 
cellular PTM machinery to ensure an efficient lytic infection and mediate cell 
transformation.
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8 Abstract (German) 

HAdV-C5 repräsentiert ein hervorragendes Modellsystem zur Analyse von Virus-
Wirts Interaktionswegen. E1B-55K ist ein multifunktionales virales Protein, das 
zusammen mit dem viralen Protein E4orf6 und zellulären Komponenten, einen 
wichtigen Faktor für den Abbau antiviraler zellulärer Proteine durch einen E3 
Ubiquitin-Ligase Komplex darstellt. Viele zelluläre Zielproteine es viralen E3 
Ubiquitin-Ligase Komplexes wurden bereits identifiziert, wie z.B. p53, Mre11, ATRX 
und SPOC1. Darüber hinaus wurde der zelluläre Transkriptionsfaktor Daxx als 
Zielprotein eines E1B-55K induzierten Abbauweges identifiziert, der 
interessanterweise unabhängig von E4orf6 ist.  

In diesem Zusammenhang wurde vor kurzem eine neue Gruppe von Proteinen 
beschrieben, die den proteasomalen Abbau von SUMOylierten Proteinen vermitteln 
und dementspechend als SUMO-targeted Ubiquitin ligases (STUbLs) bezeichnet 
werden. Zwei zelluläre STUbL Proteine wurden bisher identifiziert: RNF4 und 
Arkadia. Soweit bekannt, ist die STUbL Aktivität von RNF4 für die Homöostase von 
zentraler Bedeutung, um die Akkumulation von SUMOylierten Proteinen innerhalb 
der Zelle nach zellulärem Stress, einschließlich UV-induzierter DNA Schäden zu 
verhindern. 

Im Hauptteil dieser Arbeit wurde die Rolle von RNF4 im produktiven 
Replikationszyklus von HAdV-C5 untersucht. Zuerst konnte die Interaktion 
zwischen E1B-55K und RNF4 in IPs bestätigt werden. Weiterhin konnte gezeigt 
werden, dass RNF4 in die Kernmatrix von infizierten Zellen, benachbart zu E1B-55K 
enthaltenden punktförmigen Aggregaten, lokalisiert wird. Die Ergebnisse RNF4 
depletierter Zellen zeigen, dass RNF4 ein positiver Faktor für die lytische Replikation 
von HAdVC-5 ist. Dagegen weisen Transformationsversuche, auf einen negativen, 
inhibitorischen Effekt von RNF4 auf die HAdV-C5 E1A/E1B abhängige 
Transformation primärer Rattenzellen hin. 

Der zweite Teil dieser Arbeit befasste sich mit Analysen zur Rolle der zellulären 
STUbL Arkadia während der produktiven HAdV-C5 Infektion. Arkadia wurde, wie 
auch RNF4, als neuer Interaktionspartner von E1B-55K identifiziert. Zusätzlich 
konnte eine Reduktion der Arkadia Proteinmengen während der HAdV-C5 Infektion 
gezeigt werden, was einen HAdV-C5 abhängigen Abbau von Arkadia während der 
Infektion vermuten lässt. 
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Zusammenfassend zeigt diese Arbeit erstmalig eine Interaktion zwischen E1B-55K 
und beiden STUbLs, die im Falle von RNF4 den produktiven Infektionsverlauf von 
HAdV-C5 fördert. Um die direkte Verbindung zwischen der produktiven Infektion 
und der zellulären SUMO-abhängigen Ubiquitin-Maschinerie zu verstehen sind noch 
weitere Experimente notwendig. Allerdings sind die Unterschiede zwischen den 
zellulären STUbLs RNF4 und Arkadia während der Infektion sehr interessant und 
werden die Grundlage für weitere wichtige Untersuchungen sein. 
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