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Abstract 

 
Human Adenoviruses (HAdV) employ various strategies to interfere with the 
innate and the adaptive host immune response. Therefore, they encode multiple 
proteins especially the early proteins, which are capable to inhibit the 
expression of interferon-stimulated genes (E1A, VA-RNA), certain pro-
inflammatory cytokines such as IL-6 (E1A) and down-regulation of MHC class I 
molecules (E3). The complexity of regulation by adenoviruses is obvious in 
regard to TNFα. The early HAdV-C5 protein E1A sensitizes cells to TNFα 
induced apoptosis, which is in turn counteracted by products of the E3 region 
and E1B-19K. Further, many publications applying adenovirus vectors show 
cell line-dependent activation of different subsets of cytokines, which are 
activated by NF-κB. However, the mechanism of NF-κB pathway modulation in 
lytic infection is yet unknown and hence was investigated in the present study.  
The results presented here show for the first time that HAdV-C5 infection 
inhibits TNFα mediated NF-κB activation in human non-small cell lung 
carcinoma cells (H1299) during the late phase of infection. This is presumably 
mediated by attenuated IκB kinase (IKK) complex formation comprising the 
proteins IKKα, IKKβ and NEMO upon adenoviral infection. Furthermore, E1B-
55K interacts with IKKα of the IKK complex that is relocalized into the nucleus 
juxtaposed to viral replication centers in an E1B-55K-independent manner. 
However, NEMO is relocalized into viral replication centers and counteracts 
E1B-55K expression levels. Results presented here show that both host factors 
IKKα and NEMO promote efficient adenoviral gene expression and replication 
representing proviral factors of the IKK complex.  
Taken together, data obtained during this thesis show that HAdV-C5 is able to 
inhibit TNFα-mediated NF-κB activation and that the virus benefits from 
processes sequestering NEMO and IKKα into the nucleus in order to promote 
viral life cycle. 
 



Zusammenfassung 

 
Humane Adenoviren (HAdV) haben im Laufe der Evolution vielfältige 
Strategien entwickelt, um sowohl die angeborene als auch die erworbene 
Immunantwort auf molekularer Ebene zu modulieren. Dafür sind vor allem 
virale Proteine zuständig, die in der frühen Phase der Infektion exprimiert 
werden und Interferon-stimulierte Gene (E1A, VA-RNA), bestimmte pro-
inflammatorische Zytokine wie z. B. IL-6 (E1A) inhibieren, sowiedie Expression 
von MHC Klasse I Antigenen (E3) reprimieren. Die Modulation der zellulären 
Immunantwort durch HAdV wird im Falle der TNFα Regulation besonders 
deutlich. Das frühe virale E1A Protein sensibilisiert Zellen für die TNFα-
induzierte Apoptose, welche durch das E1B-19K Protein wieder aufgehoben 
wird. Zahlreiche Ergebnisse anderer Arbeitsgruppen haben gezeigt, dass 
adenovirale Vektoren die zelllinienabhängige Expression von unterschiedlichen 
Zytokinen durch NF-κB Aktivierung induzieren können. Allerdings ist der 
molekulare Mechanismus der NF-κB Modulation während der lytischen 
Infektion weitgehend unbekannt und wurde in der vorliegenden Arbeit 
untersucht.  
Die Ergebnisse dieser Arbeit zeigen zum ersten Mal, dass die TNFα vermittelte 
NF-κB Aktivierung während der späten Phase der HAdV-C5 Infektion in 
humanen Lungenkarzinomzellen (H1299) inhibiert wird. Weitere 
Untersuchungen haben gezeigt, dass die HAdV-C5 vermittelte Reduktion der 
IKK Komplexbildung die Repression der TNFα-vermittelten NF-κB 
Aktivierung darstellt. Es konnte gezeigt werden, dass E1B-55K mit IKKα, einer 
Komponente des IKK Komplexes, interagiert und die E1B-55K-unabhängige 
Relokalisation des zellulären Faktors in den Zellkern induziert. NEMO stellt ein 
weiteres Protein aus dem IKK Komplex dar und wird ebenfalls E1B-55K-
unabhängig in virale Replikationszentren relokalisiert. Außerdem konnte 
gezeigt werden, dass beide IKK Proteine die Produktion von 
Nachkommenviren unterstützt. Die spezifische Relokalisation von IKKα und 
NEMO in unterschiedliche Zellkernkompartimente zeigt folglich einen 
positiven Effekt auf die effiziente Virusreplikation und deutet darauf hin, dass 
HAdV-C5 den IKK Komplex gezielt inaktiviert, um die TNFα vermittelte NF-
κB Aktivierung zu reduzieren sowie die NF-κB-unabhängigen Funktionen von 
IKKα und NEMO zu nutzen.  
 



Zusammenfassung  

 

 

Zusammengefasst zeigt diese Arbeit, dass der IKK Komplex nach HAdV-C5 
Infektion gezielt moduliert wird, um einen positiven Nutzen für die 
adenovirale Replikation zu erlangen. 
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1 Introduction 

1.1 Adenoviruses   

1.1.1 Classification 

Adenoviruses (HAdV), which were first discovered and isolated in 1956, were 
named after the adenoid tissue in which they were discovered (Enders et al., 
1956). Subsequent investigations revealed that the family of Adenoviridae 
comprises five approved genera by the International Committee on Taxonomy 
of Viruses (Viruses, 2012). They are divided depending on their host range into 
Mastadenovirus (infecting mammalian hosts), Aviadenovirus (infecting avian 
hosts), Atadenovirus (infecting reptilian and ruminant hosts), Siadenovirus 
(infecting amphibian hosts) and Ichtadenovirus (infecting fish hosts) (Benko et al., 
2002; Benkö & Harrach, 1998; Davison, 2003). There are more than 130 types in 
those 5 generas classified so far (Figure 1).  
 

 
Figure 1: Classification of the family Adenoviridae. 

Simplified illustration of the family Adenoviridae taxonomy including HAdV types 1-70. 
HAdV types 1-52 are classified according to Davison et al. and the International 
Committee of the Taxonomy of Viruses (ICTV). 
 
Human mastadenoviruses (HAdV) were first classified by hemagglutination 
and serum neutralization characteristics leading to identification of 51 serotypes 
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(Bailey & Mautner, 1994; Wadell, 1984); however, this has been replaced by 
genomic data analysis since 2007, which revealed up to now 70 types 
(Buckwalter et al., 2012; Davison, 2003; Jones et al., 2007; Lion, 2014) (Figure 1). 
Mastadenoviruses are the most extensively studied genera and comprise bat, 
bovine, canine, equine, human, murine, ovine, porcine, simian and tree shrew 
adenoviruses.  
Furthermore, these types are subgrouped into seven species (A-G) according to 
their sequence homology (GC-richness of the genome), hemagglutination and 
oncogenicity in immunosuppressed rodents. In particular, the prototypical 
species C Human mastadenovirus types 2 and 5 (HAdV-C2 and HAdV-C5) are 
the most intensively investigated types due to their non-oncogenic properties 
(Figure 1) (Shenk, 2001). Besides, the Human mastadenovirus type 12 was the 
first virus that has been shown to induce malignant tumors in rodents (Trentin 
et al., 1962). Although there is still no evidence linking HAdV infection to 
human malignancy, this initial finding led to a tremendous amount of research 
in Adenovirus-mediated transformation and the classification of HAdV as a 
DNA tumor virus (Figure 2).  

 
Figure 2: Oncogenicity of HAdV. 
Overview of the oncogenicity of different so far investigated HAdV subtypes and the 
kind tumors they induce. Recently discovered types are not classified so far.  
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1.1.2 HAdV pathogenicity and treatment 

Subsequent investigations showed that HAdVs generally cause infections of the 
upper and lower respiratory tract (Dingle & Langmuir, 1968; Ginsberg et al., 
1955), the gastrointestinal tract (Chhabra et al., 2013; Yolken et al., 1982) or the 
eye (Jawetz et al., 1955) (Table 1). Therefore, HAdVs are frequently associated 
with diseases like acute respiratory disease (usually; caused by species 1, 2, 5, 
and 6) (Ampuero et al., 2012), pneumonia (occasionally; caused by species A, E) 
(Esposito et al., 2013), epidemic keratoconjunctivitis (species 1, 2, 5, and 6) 
(Centers for Disease & Prevention, 2013), and gastroenteritis (occasionally; 
caused by serotypes 40, 41 of species F) (Celik et al., 2015). In rare cases HAdVs 
were also found to cause hepatitis (species B) (Detrait et al., 2015), 
meningoencephalitis (species B) (de Ory et al., 2013), cystitis (species A, B, E) 
(Hofland et al., 2004) and myocarditis (species C, B, E) (Shauer et al., 2013). 
Moreover, HAdVs (species D, serotype 36) have been linked to non-
inflammatory conditions, such as obesity (Esposito et al., 2012).  
 

Table 1: Human mastadenoviruses grouped according to their subtypes, types, 
infectious sites, oncogenic potential and receptor binding (Leen & Rooney, 2005; 
Shenk, 2001).  

Subtypes Types Infectious sites 

Oncogenic potential 

Receptor Tumor in 
animals 

In vitro 
transformation 

A 12, 18, 31 GI* high + CAR 

B 
16, 21, 50, 
11, 34, 35 

3, 7, 11, 14 

Lung, Pharynx, 
Conjunctiva 

high + 
CD46 
CD46                       
DSG-2 

C 1, 2, 5, 6 Pharynx high + CAR 

D 

10, 13, 15, 
17, 19, 20, 
22-30, 32, 
33, 36-39, 

42-49,  
8, 9, 37 

Conjunctiva, GI 

 

Conjunctiva 

high + 
CAR 

 

Salicylic acid,  
GD1a (37)  

E 4 Respiratory tract low + CAR 

F 40, 41 GI low unknown CAR 

G 52 GI unknown unknown 

*GI=Gastrointestinal 
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HAdV is highly prevalent in human populations and causes in most cases 
asymptomatic infections. Most known HAdV species circulate globally, but the 
most prevalent circulating types differ between countries or geographic regions, 
and they change over time (Ampuero et al., 2012; Ishiko et al., 2008; Lin et al., 
2004). The HAdV species and types that are most commonly reported to be 
associated with human diseases worldwide are HAdV-C1, -C2, -C5, -B3, -B7, -
B21, -E4, and –F41 (Barrero et al., 2012; Guo et al., 2012; Qurei et al., 2012; 
Ylihärsilä et al., 2013). Whereas in immunocompromised patients the types 
HAdV-C1, -C2, -C5, -A12, -A31, -B3, -B11, -B16, -B34, and -B35 are the most 
commonly reported, being species C predominant (Leen & Rooney, 2005; Lion 
et al., 2010; Madisch et al., 2006). Among immunocompetent individuals HAdV 
epidemics are observed in winter and early spring, but infections in 
immunocompromised patients are revealed throughout the year. This indicates 
reactivation of HAdV from a persistent state rather than from a newly acquired 
infection. Non-infectious persistent HAdV has been found in lymphocytes from 
tonsils and adenoids (Garnett et al., 2002; Garnett et al., 2009; Roy et al., 2011). It 
is thought that persistent HAdV might reactivate in immunosuppressed 
patients as a consequence of their compromised immune system; however, the 
mechanisms driving this reactivation are still unknown. Epidemiological data 
indicate that 80% of children have suffered by 5 years of age a primary 
infection, usually followed by development of humoral immunity (Ison, 2006; 
Mitchell et al., 2000). The infection of immunocompetent hosts is mostly mild, 
self–limiting and highly contagious but there were also reports of severe and 
even fatal cases of infection (Carr et al., 2011; Savón et al., 2008; Siminovich & 
Murtagh, 2011). Infections may cause local outbreaks with severe courses that 
can develop into a lethal outcome even in immunocompetent individuals 
(Alharbi et al., 2012; Berciaud et al., 2012; Chen et al., 2013; Lewis et al., 2009; 
Savón et al., 2008).  
Adenoviruses play a particularly important role in patients with strongly 
impaired immune responses, such as AIDS patients or hematopoietic stem cell 
transplantation recipients (HSCT). In those patients, adenoviral infections are 
associated with high morbidity and mortality rates (Lion et al., 2003; Lion et al., 
2010).  
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Currently, there is no effective treatment for HAdV infections, only general 
antiviral agents, such as ribavirin and cidofovir, are administered to treat severe 
HAdV infections, which in most cases are not effective and very toxic 
(Ganapathi et al., 2016; Gavin P. J., 2002). From those two antivirals, cidofovir 
has been shown reliable efficacy (Ljungman et al., 2003). However, the main 
disadvantage is its low bioavailability with >90% of non-metabolized product 
excreted in urine (Cundy, 1999). Cidofovir also accumulates intracellularly and 
leads to substantial tubular necrosis in the kidneys (Safrin et al., 1997). Current 
treatment guidelines suggest administration of low doses as a preemptive 
treatment to stabilize viral load while waiting for T cell reconstitution after 
adoptive transfer in HAdV-specific T cell therapy (Lindemans et al., 2010). The 
capacity of cidofovir to clear adenoviral infection alone is limited, resulting in a 
significant mortality (Robin et al., 2007; Symeonidis et al., 2007).
In both, immunocompetent and immunocompromised patients, sequential or 
concomitant infections with different HAdV types from the same or different 
species have been observed (Lion, 2014) leading to the assumption that 
recombination of different HAdV can take place. This has been confirmed by 
genome sequencing and bioinformatics within genomes of HAdV species A, B, 
and D, particularly within the penton base, hexon and fiber genes (Lukashev et 
al., 2008; Robinson et al., 2009; Robinson et al., 2011; Walsh et al., 2009). 
Especially HAdV-D genomes seem to recombine more frequently than other 
species and some of the currently known HAdV-D types emerged via 
homologous recombination (HR) between hexon and fiber coding regions 
(Lukashev et al., 2008; Matsushima et al., 2013; Robinson et al., 2013). 

1.1.3 Structure and genome organization 

Human mastadenoviruses are large non-enveloped viruses with an icosahedral 
capsid of ~80-110 nm that harbors nine structural proteins (Figure 3). The 
adenoviral genome consists of a linear double-stranded (ds) DNA of 26-45 kDa 
in size, flanked by inverted terminal repeats of 43-369 bp (Chiocca et al., 1996; 
Sprengel et al., 1994). The virus-encoded terminal protein (TP) is covalently 
attached to the 5’-end of each strand, serving as primer for the initiation of viral 
DNA replication (Pronk et al., 1992; Rux & Burnett, 2004; Tamanoi & Stillman, 
1982). Furthermore, the viral DNA genome is tightly complexed within the 
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virion with arginine-rich ‘core’ proteins that interact with and condense the 
viral genome for efficient packaging (Russell, 1969). The core proteins comprise: 
the highly basic protein VII (pVII), which condenses the viral genome into 
repetitive nucleoprotein complexes assuming to have homologous functions to 
cellular histones (Mirza & Weber, 1982; Mirza & Weber, 1981; Rux & Burnett, 
2004; San Martin & Burnett, 2003); a small peptide termed µ which is poorly 
investigated but is thought to have similar function as protein VII (Anderson et 
al., 1989; Murray et al., 2001); and protein V (pV) that link the core of the virion 
to the capsid via interaction with protein VI and the penton base (Everitt et al., 
1975; Matthews & Russell, 1998). The icosahedral capsid consists of 252 
structural units (capsomeres), including 240 trimeric hexon (II) proteins forming 
the faces and 12 penton (III) proteins located at the vertices. Each penton is 
associated with a protruding fiber protein (spikes) thereby forming a unit to 
mediate the receptor-coordinated cell adsorption and internalization of the 
virus. 

Figure 3: Electron microscopic images and schematic representation of HAdV-C5. 
The electron microscope images (A) illustrate the icosahedral structure of adenoviral 
particle as well as the sub-structuration in multiple capsomeres (Department of 
Electron Microscopy, Heinrich Pette Institute, Leibniz Institute for Experimental 
Virology, Hamburg). Virion organization of a HAdV-C5 particle, including core and 
capsid proteins (B) (Russell, 2009; Stewart et al., 1993). 
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Further, proteins IIIa, VI, VIII, and IX associate with the internal or external 
surfaces of the capsid (Liu et al., 2010; Philipson, 1983), and serve as the ‘cement’ 
between individual hexons (Furcinitti et al., 1989; Pérez-Berná et al., 2009; 
Stewart et al., 1991), and hexons and pentons (Liu et al., 2010; Stewart et al., 
1993), respectively.  

The most studied HAdV types are 2 and 5 from species C. Their genome 
organization is highly conserved and is divided into three groups of transcripts 
including early, intermediate and late transcriptional units (Figure 4). DNA 
strands have inverted terminal repeats serving as replication origins during 
viral DNA replication (Berk, 2007). There are several cis-acting packaging 
sequences between the left inverted terminal repeat and the first coding region 
(E1A), which are essential for proper encapsidation of the viral genome (Gräble 
& Hearing, 1992; Hearing et al., 1987). Viral messenger RNAs (mRNAs) were 
first mapped by hybridization with enzyme-digested viral DNA fragments 
(Sharp et al., 1975) and later confirmed by other techniques (Berk & Sharp, 1977; 
Chow et al., 2000; Wilson et al., 1979). The results show that the adenoviral 
genome comprises a total of nine transcription units encoding approximately 40 
regulatory and structural proteins as well as two non-coding RNAs (virus-
associated RNAs, VA-RNAs). Individual promoters control the expression of 
each gene in the early group, which includes the first five transcription units, 
E1, E2A, E2B, E3 and E4, respectively. The major late promoter controls the 
expression of five late transcription units: L1, L2, L3, L4, L5. Additionally, pIX, 
Iva, and VA RNAI and VA RNAII transcripts are transcribed from their own 
promoters.  

 

 
 



Introduction  

 

 8 

Figure 4: Genome organization of HAdV-C5. 
The genome is represented as map units (mu) from the 5’ end of the rightward strand. 
Arrows illustrate the organization and transcriptional direction of early (E1, E2A, E2B, 
E3, E4), delayed (IX, IVa2) and late (L1-L5, MLTU) transcription units on both DNA 
strands in relation to the 35,9 kbp DNA genome. The genome is transcribed primarily 
by polymerase II. The units L1-L5 are expressed under the control of the major late 
promoter (MLP). In addition, two virus-associated RNA (VA-RNA) are transcribed by 
polymerase III, Pol-Polymerase; ITR inverted terminal repeat; VA-RNA-Virus-
associated RNA (White, 2012).  

1.2 Life cycle of Human mastadenoviruses 
 
Lytic HAdV infections occur in a wide range of cell types in vivo, generally, in 
post-mitotic resting cells, such as differentiated epithelial cells of the 
respiratory/gastrointestinal tract. Furthermore, several tumor and primary cell 
lines can be infected in tissue culture. However, infection of animal cells, in 
particular rodent cells, results in an abortive infection (Liebermann et al., 1996). 
The adenoviral replicative cycle is divided into two major phases termed early 
and late, and is distinguished by the onset of viral DNA replication. The early 
phase comprises adsorption, particle disassembling and early gene expression, 
whereas the late phase is initiated by the viral DNA replication, late viral gene 
expression, virus progeny production and viral egress.  
Except of species B, all HAdVs bind to the coxsackie-and-adenovirus-receptor 
(CAR) via their knob-domain of the fiber protein (Roelvink et al., 1998). 
Additional interaction with integrin αvβ1, αvβ3 and αvβ5 promotes virus 
internalization (Li et al., 1998; Wickham et al., 1993). Viral particles enter the cell 
via receptor-mediated endocytosis. Subsequent endosome acidification partially 
disrupts the viral particles, enabling their entry into the cytosol. The viral 
DNA/Core complex is subsequently imported along microtubules to the 
microtubule organizing centers (MTOC) adjacent to the nucleus (Bremner et al., 
2009; Leopold et al., 2000). Once approaching the MTOC, the nuclear export 
factor chromosome region maintenance 1 (CRM1), or an associated factor, 
enables the transition from the microtubule to the nuclear pore complex (NPC) 
(Strunze et al., 2005). The early phase of adenoviral productive infection starts 
with entry of the genome into the nucleus and it is initiated by 
transcription/expression of the “immediate early” gene E1A (Avvakumov et al., 
2002a; Avvakumov et al., 2002b; Moran et al., 1986; Schaeper et al., 1998). 
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Subsequently, E1A induces transcription of E1B and E4 mRNAs, which are 
alternatively spliced and then translated into the viral early regulatory proteins. 
The L1-52/55K protein from the major late transcription unit MLTU is also 
expressed exclusively in the early phase of infection, although at low levels 
(Akusjarvi & Persson, 1981; Nevins & Wilson, 1981; Shaw & Ziff, 1980). These 
proteins exert multifunctional roles and establish an optimal environment for 
virus replication. 
The late phase of viral infection begins with the onset of DNA replication and 
activation of the major late promoter (MLP), followed by production of late 
mRNAs, controlling the expression of around 15 MLTU products via alternative 
splicing and polyadenylation (Nevins & Wilson, 1981; Shaw & Ziff, 1980). These 
result in mRNAs (L1-L5) that contain a common 5’-non-coding sequence of 201 
nucleotides (tripartite leader; TPL), which mainly encoding structural, core and 
capsid proteins. In order to facilitate the production of the full set of MLTU 
mRNAs, L4-22K and L4-33K need to be expressed as they mediate 
transcriptional and posttranscriptional changes of MLTU (Farley et al., 2004; 
Morris & Leppard, 2009; Törmänen et al., 2006). Hence, those proteins have 
their own promoter to regulate MLP activity (Morris et al., 2010). Further, IVa2 
is needed to activate MLTU (Lutz & Kedinger, 1996; Tribouley et al., 1994) or to 
cooperate with L4-22K and/or L4-33K (Ali et al., 2007; Morris & Leppard, 2009; 
Ostapchuk et al., 2006). Host mRNA transport and translation pathways are 
shut-off during the late phase of infection. However, viral late mRNAs are 
efficiently synthesized, transported to the cytoplasm and translated. The final 
step of the HAdV life cycle comprises viral DNA packaging/encapsidation in 
the nucleus, and it is regulated by late (L4-100K, -33K, -22K) and early 
regulatory (E1B-55K, E4orf6, E2A) proteins. After approximately 24-36 hours, 

the viral life cycle is completed and up to 1x104 viral particles are released upon 
host cell lysis (Shenk, 2001) 
 

1.3 HAdV-C5 early regulatory proteins 

1.3.1 Early region 1 

E1A is the first transcription unit being transcribed in the immediate early 
phase of infection. The expression of E1A is facilitated by the HAdV capsid 
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protein pVI (Schreiner et al., 2012a). Alternative splicing of the primary E1A 
transcript yields in five mRNAs, which in HAdV-C5 have the sedimentation 
coefficients of 13S, 12S, 11S, 10S and 9S (Stephens & Harlow, 1987; Ulfendahl et 
al., 1987). They encode for the 289 residues (R), 243R, 217R, 171R and 55R 
proteins. At late stages of infection, the splicing preferences switch through 
temporal changes in splice site usage to the 9S mRNA product, whereas 11S 
and 10S mRNA species are less abundant (Stephens & Harlow, 1987; Ulfendahl 
et al., 1987).  
 

 

Figure 5: Schematic domain structure of HAdV-C5 E1A-13S/12S. 
Schematic linear representation of E1A-13S/12S domain structure with conserved 
regions (Pelka et al., 2008). For more detailed explanation/references see text. Abbr.: 
CR: conserved region.  

In contrast, the protein products 289R (13S) and 243R (12S) from E1A are 
immediately expressed upon entry of the viral genome into the host cell 
nucleus. The two major E1A products harbor four conserved regions (CR1-
CR4), separated by non-conserved domains (Kimelman et al., 1985; van 
Ormondt et al., 1980) (Figure 5). The largest E1A protein 13S is needed for 
transcriptional activation of the four early adenoviral transcription units (E1-
E4), by recruitment of and association with cellular transcription factors that, in 
turn, binds to the early adenoviral promoters (Berk et al., 1979; Jones & Shenk, 
1979; Liu & Green, 1994; Webster & Ricciardi, 1991). Further, it was found that 
E1A-13S can also bind to the cellular transcriptional co-activators CREB binding 
proteins (p300/CBP) (Arany et al., 1995; Avantaggiati et al., 1996; Eckner et al., 
1994; Lundblad et al., 1995; Somasundaram & El-Deiry, 1997; Yang et al., 1996) 
and to MED23, a subunit of the Mediator complex (Stevens, 2002), to activate 
transcription in vitro.  
Besides, both 13S and 12S E1As are able to promote cell cycle entry into S-phase 
in infected cells (Braithwaite et al., 1983; Spindler et al., 1984; Zerler et al., 1987). 
This function of E1A, together with the activity of E1B or activated RAS, is 
sufficient to transform primary rodent cells (Howe et al., 1990; Spindler et al., 
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1984; Stein et al., 1990). Furthermore, E1A interacts with the so-called “pocket 
proteins”, which include the cellular retinoblastoma protein (pRB) (Buchkovich 
et al., 1990; Dyson et al., 1989; Giordano et al., 1991) and the RB-related proteins, 
p107 and p130 (Barbeau et al., 1992; Classon & Dyson, 2001; Dyson et al., 1992).  
Additionally, further transcriptional regulators such as PCAF, CtBP, p21Cip1/Waf1, 
p27Kip1, DYRKs, p400 and TRRAP (Ferrari et al., 2009; Ferrari et al., 2008; Frisch & 
Mymryk, 2002) enable E1A to dynamically and temporally modulate 
approximately 70% of all gene promoters (Ferrari et al., 2009; Ferrari et al., 2008).   
A further host cell regulatory role of E1A is the attenuation of p53 function in 
two ways. First, acetylation is prevented followed by inhibition of p53. Second, 
the inhibition of the interaction between the transcription factor SP1 and the p21 
promoter, prevents p21 up-regulation and thereby inhibits downstream 
proliferation regulator of p53 (Savelyeva & Dobbelstein, 2011). Regarding E1A 
function, expression of E1A alone induces apoptosis in host cells (Debbas & 
White, 1993; Rao et al., 1992; Yageta et al., 1999). On the one hand, E1A interferes 
with proteasome function, which stabilizes p53 (Lowe & Ruley, 1993; Zhang et 
al., 2005). On the other hand, E1A triggers apoptosis in a p53-independent 
mechanism by inducing proteasomal degradation of a B-cell 
leukemia/lymphoma 2 (BCL-2) family member, the myeloid leukaemia 
sequence 1 (MCL-1) protein, leading to the release of pro-apoptotic BCL2-
Antagonist/Killer (BAK) and the initiation of apoptosis (Cuconati, 2003; 
Cuconati & White, 2002). In order to achieve proper viral replication, the 
induction of apoptosis by E1A has to be counteracted, as early apoptosis of the 
host cell would prevent the completion of the viral life cycle. Therefore, a 
multitude of HAdV proteins act to prevent p53-dependent and independent 
apoptosis, including products of the E1B transcriptional unit.  
The major gene products of the E1B region are the E1B-19K and E1B-55K 
proteins (Figure 6). Both are expressed from overlapping reading frames of the 
2.28 kb E1B-mRNA. E1B-55K and E1B-19K proteins suppress p53-dependent 
and independent cell cycle arrest, and apoptosis induced by E1A (Debbas & 
White, 1993). E1B-19K is a functional homologue of the cellular anti-apoptotic 
protein BCL-2 (Rao et al., 1992) and inhibits the initiation of the apoptotic 
cascade by binding pro-apoptotic cellular proteins like BAK and BAX 
(Cuconati, 2003; Cuconati & White, 2002). Moreover, E1B-19K prevents p53-
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mediated apoptosis induced by TNF-α and Fas ligand by the same mechanism 
(Debbas & White, 1993).  
 

 

Figure 6: Schematic domain structure of HAdV-C5 E1B-55K/19K. 
Schematic linear representation of E1B-55K/19K domain structure. The line on the top 
represents the transcriptional direction. The second line denotes the number of amino 
acids (aa). NES: nuclear export signal; SCM: SUMO conjugation motif; C/H-rich region 
cysteine/histidine-rich region. 
 

E1B-55K sequesters p53 in perinuclear bodies, also called aggresomes (Liu et al., 
2005b; Sarnow et al., 1982; Zantema et al., 1985), which are subcellular structures 
formed at the MTOC in response to misfolded proteins (Garcia-Mata et al., 2002; 
Kopito, 2000). In the nucleus, E1B-55K interacts with p53 to prevent p53-
mediated transcriptional activation (Martin & Berk, 1999; Querido et al., 1997; 
Teodoro & Branton, 1997; Yew & Berk, 1992). Furthermore, E1B-55K acts as an 
E3 small ubiquitin-like modifier 1 (SUMO1) ligase of p53. This function leads to 
SUMOylation and following sequestration of p53 in nuclear promyelocytic 
leukemia protein nuclear bodies (PML-NBs) supporting p53 nuclear export 
(Pennella et al., 2010). P53 suppression is also mediated by preventing its 
acetylation by p300/CBP-associated factor (PCAF) (Liu et al., 2000). Acetylation 
of p53 promotes high-affinity binding to DNA, which enhances the 
transcription of p53-targeted promoters. Interaction of E1B-55K with HDAC 
complexes suppresses p53-dependent transcription (Punga & Akusjarvi, 2000). 

In order to counteract the DNA damage response, E1B-55K forms an ubiquitin 
ligase complex with the HAdV E4 open reading frame 6 (E4orf6) protein 
(Sarnow et al., 1984) and the cellular proteins elongins B and C, cullin 5 and 
Rbx-1 (Yew et al., 1994). E1B-55K serves as the substrate recognition domain, 
while E4orf6 binds elongin C (Blanchette et al., 2004b). This complex formed by 
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viral and cellular proteins promotes ubiquitination and proteasomal 
degradation of proteins that are part of the DNA damage response, including 
p53 (Harada et al., 2002; Querido et al., 2001) and HIV-Tat interacting protein 
(Tip60) (Gupta et al., 2012), the MRN complex (Stracker et al., 2002a), which is 
part of the DNA double-strand break repair (Carson et al., 2003; D'Amours & 
Jackson, 2002; Petrini & Stracker, 2003; Stracker et al., 2002a; van den Bosch et al., 
2003), DNA ligases IV (Baker et al., 2007) and chromatin remodeling proteins 
like ATRX (Schreiner et al., 2013a) and SPOC1 (Survival-time associated PHD 
protein in ovarian cancer 1) (Schreiner et al., 2013b). The cellular MRN complex 
promotes concatemerization of viral genomes by non-homologous end-joining 
(NHEJ) (Boyer et al., 1999; Evans & Hearing, 2005; Weiden & Ginsberg, 1994). 
PML-NBs are multi-protein complexes, which are present in nearly all human 
cell lines (Chan et al., 1997). These complexes are associated with currently 166 
known PML-associated proteins that are important for multiple cellular 
processes, like proteins of the DNA repair machinery (e. g. Mre11, Rad50), cell 
cycle regulation (e. g. pRb, p53), telomere metabolism (e. g. TRF), epigenetic 
regulation (e. g. HDACs) and apoptosis (e. g. Daxx) (Van Damme et al., 2010). 
The viral protein E4orf3 targets the PML-NBs and re-organizes them into 
nuclear tracks, while E4orf6 interacts with MRN within the modified PML-NBs 
(Carvalho et al., 1995; Doucas & Evans, 1996; Evans & Hearing, 2003). Then, a 
complex of E1B-55K, E4orf6, E4orf3 and MRN is exported to the cytoplasmic 
aggresomes, where degradation of ubiquitinated MRN complex proteins takes 
place (Liu et al., 2005b). 
 

1.3.2 Early region 2  

The HAdV early region 2 encoded proteins are crucial for viral replication and 
comprises the viral DNA binding protein (DBP; E2A), the viral DNA 
polymerase (E2B) and the precursor of the terminal protein (pTP) (de Jong et al., 
2003). The E2 gene expression is driven from two different promoters, whereas 
the E2 early promoter is activated early after infection. However, at 
intermediate time of infection, E2 gene transcription is controlled by the E2 late 
promoter (Swaminathan & Thimmapaya, 1996). This switch is regulated by the 
adenovirus E1A protein that activates the E2 early but represses the E2 late 
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promoter (Guilfoyle et al., 1985). The interplay between these viral proteins and 
cellular proteins, including octamer transcription factor 1 (Oct-1) and NF-I, is 
necessary for efficient virus replication (de Jong et al., 2003).

1.3.3 Early region 3 

The early region 3 of HAdV transcript is alternatively spliced resulting in 
products of at least four mRNAs. They encode for a 19-kDa glycoprotein (gp19) 
and E3 10.4K, 14.5K, and 14.7K. The early transcription unit E3 of HAdV is not 
required for viral replication in tissue culture and for in vivo infection in cotton 
rat (Ginsberg et al., 1991). Nevertheless, it is present in all HAdV and thus it is 
believed to have key functions in regulating virus-host interactions (Burgert & 
Blusch, 2000; Mahr & Gooding, 1999; Wold et al., 1995). This might provide the 
basis for immune evasion and establishment of persistent infections (Burgert & 
Blusch, 2000; Burgert et al., 2002; Mahr & Gooding, 1999; Wold et al., 1995). 
Intriguingly, there are specific variations of size and composition of the E3 
regions in different adenovirus subgenera (Figure 7). The so-called E3A region 
comprising 10.4K, 14.5K and 14.7K genes, is the region with the highest 
variability within the HAdV genome of different subgenera (Bailey & Mautner, 
1994). Therefore, it is reasonable to assume that the E3 region contributes to 
subgenus-specific pathogenesis (Table 1), since subgenus-specific differences in 
pathogenesis cannot be explained by differential utilization of cell surface 
receptors for virus adsorption (Burgert & Blusch, 2000). Furthermore, most 
proteins from the E3 region are transmembrane proteins, which localize to the 
ER, the Golgi/TGN, the plasma and nuclear membrane (Burgert & Blusch, 2000; 
Wold et al., 1995). This property is unique for E3 region proteins as it is the only 
known adenoviral transcription unit encoding for transmembrane proteins. 
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Figure 7: Organization of the E3 region in different HAdV-C5 subgenera. 
The line on top denotes the size in base pairs and ORFs are indicated as bars and 
drawn to scale. The size or name of common ORFs is only given once. The shading 
code is depicted below the figure (adapted from (Windheim & Burgert, 2002)). 
 
In order to exert immunomodulatory functions upon HAdV infection, 
membrane integration of proteins from the E3 region seems to be most critical. 
Hence, lytic attack of the cellular defense system is thereby prevented (Burgert 
et al., 2002). The gp19 protein downregulates class I major histocompatibility 
complex (MHC)-mediated antigen presentation to cytotoxic T-lymphocytes 
(CTL) by interacting with the heavy chain of class I MHC molecule and 
inhibiting its transport from the ER to the cell surface (Andersson et al., 1985; 
Burgert & Kvist, 1985) Further, gp19 prevents loading of class I MHC molecules 
to the transporter associated with antigen presentation (TAP) (Bennett et al., 
1999). The other proteins from the E3 region (10.4K, 14.5K, and 14.7K) inhibit 
tumor necrosis factor-α (TNFα)-induced apoptosis (Tufariello et al., 1994; Wold 
& Gooding, 1991). Therefore, the 10.4K and 14.5K proteins act as a TNFα-and 
Fas-induced apoptosis inhibition complex (Shisler et al., 1997; Tollefson et al., 
1996). 14.7K counteracts ligand-induced TNFR1 internalization in order to 
inhibit the death-inducing signaling complex (DISC). (Schneider-Brachert et al., 
2006). However, 14.7K does not affect TNF-induced NF-κB activation, which 
depends on recruitment of receptor-interacting protein 1 (RIP-1) and TNF 
receptor-associated factor 2 (TRAF-2) (Schneider-Brachert et al., 2006).  
 

1.3.4 Early region 4  

The E4 region encodes for several proteins with a variety of important functions 
(Figure 8). The first protein product is E4orf1, which has been shown to have 
tumorigenic and transforming properties for HAdV-D9 (Javier, 1994). The 
putative role of E4orf1 in lytic infection may be the induction of cell quiescence 
in certain cell types. Recent studies have shown that E4orf1 fulfills its 
oncoprotein function by activating phosphatidylinositol 3-kinase (PI3K) and the 
cellular transcription factor Myc (Kong et al., 2014; 2015). E4orf2 is a soluble 
cytoplasmic protein produced at early times after infection with so far 
unknown function (Dix & Leppard, 1995). The E4orf3/4 protein is a putative 



Introduction  

 

 16 

predicted protein, based on HAdV-C2 mRNA analysis (Dix & Leppard, 1993; 
Virtanen et al., 1984). 
  

 
Figure 8: E4-region proteins of HAdV-C5. 
The scheme shows the HAdV-C5 5’end genome. The line on the bottom denotes the 
size in base pairs. The line on top shows the length and direction of transcription of the 
pre-RNA. Grey bars depict the open reading frames (ORF) 1 to 6/7. The gene products 
of the orf 1, 2, 3, 4, 6 and 6/7 were detected in infected cells. E4orf3/4 was only shown 
at the mRNA level. ITR: inverted terminal repeat; P: E4-promoter; cap: starting point of 
the pre-RNA; Poly (A): site of polyadenylation. 
 

However, the functions of E4orf3 and orf6 have been intensively investigated. 
Both proteins share partially redundant functions (Bridge & Ketner, 1989; 
Huang & Hearing, 1989) which are important for efficient viral replication, i.e. 
efficient DNA replication (Bridge et al., 2003), viral late protein synthesis, shut-
off of host protein synthesis, late viral mRNA transport (Nordqvist & Akusjarvi, 
1990; Nordqvist et al., 1994) and progeny virus production (Huang & Hearing, 
1989). Furthermore, they inhibit MRN complex function independent of the 
E1B-55K/E4orf6 ubiquitin ligase activity (Boyer et al., 1999; Shepard & Ornelles, 
2004).  
Transfected E4orf3 is sufficient to re-organize PML-NBs into so-called track-like 
structures. PML-NBs are nuclear protein aggregates with anti-viral/anti-tumor 
functions (Carvalho et al., 1995; Doucas & Evans, 1996; Puvion-Dutilleul et al., 
1995). This modulation of the PML-NB is conserved among various species of 
HAdVs (Hoppe et al., 2006), indicating that counteraction of this cellular anti-
viral mechanism is important for a proper HAdV infection (Doucas et al., 1996; 
Everett, 2001; Everett & Chelbi-Alix, 2007). Additionally, E4orf3 modulates 
certain transient components of the PML-NBs, such as p53, the Mre11-Rad50-
NBS1 (MRN) complex of the DNA repair machinery and the transcriptional 
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modulator Tif1α (Araujo et al., 2005; Konig et al., 1999; König et al., 1999; Liu et 
al., 2005a; Weiden & Ginsberg, 1994; Yondola & Hearing, 2007). 
E4orf6 has an amphipathic α-helix containing a nuclear localization signal 
(NLS) and a nuclear export signal (NES) motif that allows it to shuttle between 
nucleus and cytoplasm (Orlando & Ornelles, 1999; Weigel & Dobbelstein, 2000), 
and it can interact with p53 thereby, inhibiting its function (Dobner et al., 1996). 
Together with E1B-55K, E4orf6 enhances HAdV mRNA transport leading to 
cytoplasmic accumulation of viral mRNAs and subsequent increase in viral late 
protein production (Imperiale et al., 1995). Besides the function of the ubiquitin 
ligase complex formed by E4orf6 and E1B-55K on p53 (Sarnow et al., 1984) (see 
chapter 1.3.2), this complex can also regulate the degradation of other cellular 
proteins, such as Mre11, DNA ligase IV, Bloom Helicase, Tip60, integrin α3, 
ATRX and SPOC1 in order to shape the cellular environment for proper viral 
propagation (Baker et al., 2007; Blanchette et al., 2004b; Dallaire et al., 2009a; 
Gupta et al., 2012; Harada et al., 2002; Schreiner et al., 2013a; Schreiner et al., 
2013b). E4orf6 with its various regulatory functions is not only important for 
HAdVs, but also for adeno-associated virus (AAV), a parvovirus of the genus 
Dependovirus (Samulski & Shenk, 1988). AAV needs the presence of 
adenoviruses or other helper viruses to undergo an efficient productive 
replicative life cycle. Thereby, E4orf6 induces second strand synthesis of the 
single stranded DNA genome of AAV that is important to be transcriptionally 
active (Ferrari et al., 1996; Fisher, 1996). 
 

1.4 Innate viral immunity 
The innate immune response plays an important role in shaping the adaptive 
immune system. It is directly activated upon pathogen recognition and 
provides the first line of defense by generating an immediate, non-specific 
response against pathogen components (Karin, 2011).  
A virus- or bacteria-infected cell undergoes rapid changes through pathogen 
modulation of cellular components as well as innate immune response 
activation (Karin, 2011). This is mediated by diverse families of pattern 
recognition receptors (PRRs) that recognize conserved structural components of 
pathogens also called pathogen-associated molecular patterns (PAMPS) (Kumar 
et al., 2011; Thompson et al., 2011). Those PAMPs comprise diverse classes of 
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molecules like lipopolysaccharides (LPS), bacterial flagellin, zymosan and 
nucleic acids which are rarely or never found in host cells (Lee & Kim, 2007; 
Takeuchi & Akira, 2010). The cell employs an array of PRRs like Toll-like 
receptors (TLRs), RIG-I-like receptors (RLRs), and Nod-like receptors (NLR) to 
recognize signs of infection (Janeway Jr & Medzhitov, 2002; Kawai & Akira, 
2010; Thompson et al., 2011). The diverse spatial distribution of the PRRs in the 
plasma membrane, endosomes, cytosol or extracellular receptors enhance their 
recognition capability at different stages of infection (Janeway Jr & Medzhitov, 
2002; Kawai & Akira, 2010; Kumar et al., 2011). 
So far, ten different TLRs are known (TLR1-10) and stimulation of them triggers 
activation of nuclear factor kappaB (NF-κB) (Doyle & O'Neill, 2006; Medzhitov, 
2001).  
Once distinct ligands bind their cellular receptors, specific signal transduction 
pathways are activated, leading to transcription of numerous cytokines and 
chemokines as well as type-1 interferon (IFN) genes (Medzhitov, 2007).  
The most important transcription factors activated by PRRs are NF-κB, 
activating protein-1 (AP-1) and interferon regulatory factors (IRFs) (Kawai & 
Akira, 2006). IRFs are main regulators of type-1 IFN, comprising IFNβ and 
multiple IFNα variants (Honda et al., 2006). Secreted IFNs bind to type-1 IFN 
receptor activating the signal transducer and activator of transcription 1 
(STAT1) and STAT2, and the formation of ISGF3, leading to stimulation of a 
broader spectrum of IFN-responsive genes (McCaffrey et al., 2008).  

1.4.1 Immune response upon HAdV-C5 infection 

Immune response is activated early upon interaction of the adenoviral virions 
with host cell components (Reich et al., 1988) (Figure 9). The first event of 
immune response is triggered by the adenoviral fiber binding with the CAR 
(Tamanini et al., 2006). Hence, downstream signaling of extracellular signal-
regulated kinases (ERK1/2), c-Jun N-terminal kinases (JNK) and mitogen-
activated protein kinase (MAPK) is induced, followed by NF-κB activation and 
the up-regulation of chemokines (Thaci et al., 2011). However, ERK1/2 pathway 
activation is also linked to the production of IL-10 that induces Th 
differentiation into Th2-type that is known to produce and release anti-
inflammatory cytokines such as IL-4, IL-5, IL-9, and IL-13 (Mosmann et al., 
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2009). Furthermore, IL-10 is a negative regulator of inflammation to prevent 
tissue damage (Bosschaerts et al., 2010; Guilliams et al., 2009; Haddad et al., 2003; 
Romagnani, 2006). IFN-responsive genes are activated six hours after 
administration of “first-generation” adenoviral vector lacking E1 and E3 region 
or a “gutless” adenoviral vector. These genes are induced by a primary IFN 
response and a secondary response following autocrine and paracrine detection 
of IFNs (Fejer et al., 2008; McCaffrey et al., 2008).  

However, during wild type HAdV infection, interferon (IFN) production is 
suppressed by the immediate-early protein E1A (Anderson & Fennie, 1987; 
Leonard & Sen, 1996; 1997; Reich et al., 1988). Besides, E1A inhibits the 
transcriptional co-activator function of the CREB binding proteins CBP/p300 by 
directly competing with nuclear STATs for CBP/p300 binding (Bhattacharya et 
al., 1996; Zhang et al., 1996). Additionally, E1A competes with IFN response 
factor 3 (IRF-3) for binding to CBP/p300 interfering with INFα and IFNβ 
induction (Juang et al., 1998). However, an E1A CBP/p300 binding mutant still 
blocks IFNγ signaling by directly interacting with the nuclear STAT1 
homodimer during infection, suggesting that other molecules, apart from 
CBP/p300, might be involved in the binding to STAT1 (Look et al., 1998). 
Furthermore, E1A is able inhibit the JAK/STAT signaling pathway, 
suppressing a number of IFN-responsive genes that influence the immune 
response (Burgert et al., 2002). 

The IFN response is also blocked at a later stage of infection. This is mediated 
by the virus-associated (VA) RNAs (Ma & Mathews, 1996), which are 
abundantly transcribed in the late phase of infection by RNA polymerase III 
(Söderlund et al., 1976). The secondary structure of VA-RNA is capable of 
binding PKR to inhibit its activity (Kitajewski et al., 1986). PKR is an 
ubiquitously expressed serine/threonine protein kinase that can be activated by 
double-stranded RNA, cytokines, growth factors and stress signals (Williams, 
1999). Upon HAdV infection, VA-RNA can regulate the IFN response by 
preventing PKR activation thereby affecting the inflammatory response and 
apoptosis.  
Besides regulation of IFN, HAdV infection induces TNF in the infected tissue 
(Ginsberg et al., 1991), which is hampered by E1A, E1B and E3, as the absence of 
these proteins sensitized the cells to TNF-dependent lysis (Chen et al., 1987; 
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Duerksen-Hughes et al., 1989; Gooding et al., 1988; Shisler et al., 1996). 
Therefore, E1A inhibits NF-κB in an indirect way presumably by IKK-mediated 
IκB phosphorylation and subsequent NF-κB release to the nucleus to avoid 
TNF-induced apoptosis (Shao et al., 1999). However, the way how E1A 
regulates NF-κB is diverse and seems to depend on the cell type, the phase 
within the HAdV life cycle, the influence of further viral gene products as well 
as the experimental setup (Schmitz et al., 1996; Shao et al., 1999; Shisler et al., 
1996).  
Additionally, four adenovirus proteins are contributed to counteract TNF-
mediated cytolysis upon infection: the E1B-19K protein (White et al., 1991) and 
the E3 proteins, 14.7K, 10.4K and 14.5K (Wold et al., 1995) (see chapter 1.3.4). 
 

 

Figure 9: Schematic representation of immune response after HAdV infection. 
Interaction of the protruding knob domain of the fiber protein with its main 
recognition receptor CAR on the cell surface activates the ERK/MAPK pathway. The 
early viral protein E1A and VA RNA have been shown to block IFNα and IFNβ 
response. Further, proteins from the E3 region block the CTL response. 
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1.4.2 NF-κB and IκB proteins 

NF-κB transcription factor represents a group of evolutionarily conserved and 
structurally related proteins and belongs to the Rel protein family (Ghosh et al., 
1998). The large NF-κB family of proteins is composed by two subfamilies, 
namely the “NF-κB” proteins and the “Rel” proteins. All of these proteins share 
a highly conserved Rel homology domain (RHD) at its N-terminus with a 
length of 300 amino acids. RHD was first identified in avian 
reticuloendotheliosis virus (Chen et al., 1981; Graef et al., 2001) (Figure 10). This 
domain is important for mediating protein-protein interactions as well as for 
DNA-binding (Hayden & Ghosh, 2004). Furthermore, it contains the nuclear 
localization sequence (NLS) at the C-terminal end of RHD (Karin, 1999) (Figure 
10). 

The C-terminal transactivation domains of the Rel proteins are often not 
conserved across species even though the transcriptional activation is functional 
in a variety of species (Gilmore, 2006). So far two NF-κB proteins NF-κB1 
(p50/p105) and NF-κB2 (p52/p100) have been described. The mature proteins 
p50 and p52 are first synthesized as large precursor molecules p105 and p100, 
respectively (Betts & Nabel, 1996; Fan & Maniatis, 1991). Both precursor 
proteins p105 and p100 have multiple copies of the so-called ankyrin repeat at 
their C-termini, which are cleaved upon maturation, and have putatively 
regulatory functions in the cell by forming a trimeric complex with p50/RelA or 
p50/RelB dimers (Dobrzanski et al., 1995; Kanno et al., 1994). 
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Figure 10: Schematic representation of NF-κB subunits (Jost & Ruland, 2007). 
Rel proteins share highly conserved Rel homology domain (RHD) at their N-terminus 
which is responsible for dimerization, nuclear translocation, DNA binding and 
interaction with its inhibitory IκB proteins. At their C-termini they share a carboxy-
terminal transactivation domain (TAD) initiating transcription from NF-κB-binding 
sites in target genes. A further group of NF-κB subunit comprises proteins with 
ankyrin repeats (A) at their C-terminus instead of TAD.  
 
The NF-κB proteins are only transcriptionally active as a dimer, but some 
combinations are thought to act as inactive or repressive complexes. It has been 
shown that p50/p65, p50/c-rel, p65/p65, and p65/c-rel are all transcriptionally 
active, whereas p50 homodimer and p52 homodimer are transcriptionally 
repressive (Brown et al., 1994; Hansen et al., 1994a; Hansen et al., 1994b; Kang et 
al., 1992). The classical heterodimeric NF-κB transcription factor, which is 
usually referred to, is the abundant expressed dimer of p50 and RelA (p65), and 
it has been the most intensively studied dimer of the NF-κB pathway (Ghosh et 
al., 1998). This heterodimer p50/p65 activates the classical NF-κB signaling 
pathway upon translocation into the nucleus (Link et al., 1992; Liu et al., 2015; 
Nolan et al., 1993; Totzke et al., 2006; Whiteside et al., 1997; Zabel & Baeuerle, 
1990) (Hoffmann et al., 2006).  
NF-κB dimers localize in their inactive state within the cytoplasm, forming a 
complex with members of the IκB (inhibitor of κB) family. The family comprises 

IκBα, IκBβ, IκBϵ, IκBγ, IκBδ, BCL3 and recently described IκBζ proteins with 
large ankyrin repeat domains (ARD) (Figure 11). These domains mediate the 
interaction and inactivation of NF-κB through masking one or both nuclear 
localization signals in the dimer (Chen & Greene, 2004).  
 

 

Figure 11: Schematic representation of IκB subunits (Jost & Ruland, 2007). 
IκB proteins are characterized by 6 or 7 ankyrin repeats mediating protein-protein 
interactions. The ankyrin repeats interact with the localization sequence of NF-κB 
proteins, which is important to keep NF-κB in an inactive state in the cytoplasm. 
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1.5 NF-κB signaling pathways 
Two main signaling pathways activate NF-κB: the canonical pathway and the 
non-canonical pathway (Bonizzi & Karin, 2004). It has been shown that both 
pathways have different regulatory functions: the canonical pathway is mostly 
involved in innate immunity whereas the non-canonical pathway regulates the 
development of lymphoid organs and the adaptive immunity (Bonizzi & Karin, 
2004; Whiteside & Israel, 1997).  
 

1.5.1 The canonical NF-κB pathway 

The canonical pathway is activated through a plethora of stimuli like pro-
inflammatory cytokines, such as tumor necrosis factor-α (TNFα) and 
interleukin-1 (IL-1), pathogen-associated molecular patterns (PAMPS), 
lipolpolysaccharides (LPS), ultraviolet (UV) radiation, phorbol 12-myristate 13-
acetate (PMA), ligation of the T-cell receptor (TCR), double strand RNA, 
reactive oxygen intermediates and the human T-cell lymphotropic virus type 1 
(HTLV-1) Tax protein (Baldwin, 1996; Ghosh et al., 1998). This pathway is 
characterized by its rapid activation upon stimuli exposure, as de novo protein 
synthesis is not required to fully activate the pathway. Upon activation, 
receptors coupled with myeloid differentiation primary response gene 88 
protein (MyD88) (IL-1R and all TLRs except of TLR3) or with the TIR-domain-

containing adapter-inducing interferon-β protein (TRIF) (TLR3 and TLR4) 
activate the first step in the cascade resulting in stepwise activation of 
downstream proteins by posttranslational modifications such as 
ubiquitinylation and phosphorylation. Hence, activation of the 
serine/threonine kinase complex formed by I-kappa-B Kinase-alpha (IKKα) 
(catalytic subunit), I-kappa-B Kinase-beta (IKKβ) and I-kappa-B Kinase-gamma 
(IKKγ) (regulatory subunit), also called NF-κB essential modifier (NEMO) 
induces phosphorylation of inhibitor of kappa B (IκBα) at serine-32 and serine-
36 (Adli et al., 2010; Li et al., 2002) followed by subsequent polyubiquitinylation 
and proteasomal degradation (DiDonato et al., 1996). Thereby, the signal 
transduction of the canonical NF-κB pathway mostly depends on the IKK 
subunit NEMO (Rudolph et al., 2000). Additionally, the IKKβ is important for 
the phosphorylation of IκBα. Some cases are known in which IKKα is also 
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needed for the phosphorylation of IκBα (Adli et al., 2010; Li et al., 2002). 
Proteasomal degradation of IκBα uncovers the NLS of the p50/p65 dimer 
followed by its nuclear translocation, binding to consensus NF-κB binding 
motifs and subsequent transcription of NF-κB dependent genes (Hayden & 
Ghosh, 2011).  

Figure 12: Activation of the canonical NF-κB pathway (Jost & Ruland, 2007). 
A wide range of stimuli activates the canonical pathway. Inducers are 
proinflammatory cytokines such as IL-1, TNFα, or pathogen-associated molecular 
patterns (PAMPS) that bind to TLRs (1), the antigen receptors TCR/BCR, or 
lymphocyte coreceptors such as CD40, CD30, or receptor activator of NF-κB (RANK). 
(2) Activated IKK phosphorylates IκB proteins, (3) induces IκB polyubiquitinylation 
and subsequent degradation. The cytoplasmic NF-κB is free to translocate into the 
nucleus, (4) where inflammatory genes are activated.  
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The NF-κB dependent proteins regulate a large number of pro-inflammatory 
cytokines and acute phase proteins such as TNFα, IL-1, IL-2, IL-6, interferon γ 
(IFNγ) and C3 complement, thus playing various roles in immunity and 
inflammation, as well as the expression of cell adhesion molecules, like vascular 
cell adhesion molecule-1 (VCAM-1) and intercellular adhesion molecule-1 
(ICAM-1) (Baldwin, 1996; Ghosh et al., 1998). Further, NF-κB dependent 
proteins are important for expression of proteins that are involved in anti-
apoptotic processes such as inhibitor of apoptosis (IAP) proteins, cellular FLICE 
inhibitory protein (c-FLIP) and Bcl-2 (Delhalle et al., 2004). A further NF-κB 
induced gene is its inhibitor IκBα, also disrupting the transcription factor from 
the DNA and relocalizes it back into the cytoplasm (Sun et al., 1993; Zabel & 
Baeuerle, 1990). A permanent activation of the NF-κB signaling is inhibited by 
this negative feedback loop or by deubiquitinylation of NEMO through the 
deubiquitinases and NF-κB target genes A20, and the cylindromatosis (CYLD) 
(Häcker & Karin, 2006). In an acute inflammation the equilibrium between 
cytoplasmic and nuclear NF-κB levels returns to its initial state. However, 
chronic long-lasting and elevated chronic inflammation, can contribute to 
cancers and tumor progression (Diamant & Dikstein, 2013; Hoesel & Schmid, 
2013).  
The lymphotoxin-β receptors (LTβR), a subgroup of the TNFR-family, activate 
both the canonical and the non-canonical NF-κB pathway (Dejardin et al., 2002; 
Müller & Siebenlist, 2003).  

1.5.2 The non-canonical NF-κB pathway 

In contrast to the canonical pathway, this alternative pathway is activated by a 
rather limited number of TNFR family members, comprising BAFF-R and CD40 
(on B cells) and LTβR (on stromal cells) (Claudio et al., 2002; Coope et al., 2002a; 
Coope et al., 2002b; Dejardin et al., 2002; Kayagaki et al., 2002) (Figure 13). In 
contrast to the canonical pathway, the NF-κB transcription factor dimer 
p100/RelB contributes to the activation of the non-canonical pathway. In its 
inactive state, p100 is bound to RelB within the cytoplasm. Upon activation of 
the non-canonical NF-κB pathway, an inducible NF-κB2/p100 processing 
occurs. Therefore, p100 is phosphorylated and its IκB-like domain is targeted 
for a proteasome-dependent proteolysis. The proteolysis of p100 is partial, 
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producing the mature transcription factor p52/RelB, which translocates into the 
nucleus to regulate gene expression (Amir et al., 2004). Proteolysis of p100 upon 
activation of the non-canonical NF-κB pathway requires two kinases: NIK and 
IKKα (Senftleben et al., 2001; Xiao et al., 2001). Formation and phosphorylation 
of IKKα homodimer allows the stabilization of NF-κB signaling kinase (NIK), 
which is normally ubiquitinated and degraded when the non-canonical NF-κB 
pathway is inactive (Vallabhapurapu et al., 2008; Zarnegar et al., 2008). The 
catalytic activity of both kinases is required for inducible p100 processing. It has 
been shown in vitro, that NIK is a potent IKKα-activating kinase. By itself, IKKα 
binds only weakly to p100, which is significantly enhanced in the presence of 
NIK, suggesting that NIK serves as an adaptor for IKKα to dock to its substrate 
(Kallunki et al., 1996; Xiao et al., 2004).  
The termination of the non-canonical NF-κB pathway is mediated through 
dephosphorylation of IKK T-loop serines by the protein phosphatase 2A (PP2A) 
(Häcker & Karin, 2006). The non-canonical response in contrast to the canonical 
response, is usually more slowly but shows an increased longevity (Dejardin et 
al., 2002; DiDonato et al., 1997; Xiao et al., 2001; Zandi et al., 1997). 
It is important to mention, that there is not a strict separation between both 
pathways, as a crosstalk between the canonical and non-canonical pathway 
exists, as p100 can also inhibit the DNA-binding activity of p50/RelA and 
p50/RelB dimers. Thus, activation of the non-canonical pathway also results in 
the activation of canonical NF-κB pathway downstream of NIK and IKKα 
(Basak et al., 2007).  
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Figure 13: Activation of the non-canonical NF-κB pathway (Jost & Ruland, 2007). 
(a) A restricted set of cell-surface receptors that belong to the TNF receptor superfamily 
activates the non-canonical NF-κB pathway, including CD40, the lymphotoxin β 
receptor, and the BAFF receptor, (b) leading to activation of IKKα, which can directly 
phosphorylate NF-κB2/p100. (c) This results in partial proteolysis of p100 to p52 by the 
proteasome, (d) which lacks the inhibitory ankyrin repeats and preferentially 
dimerizes with RelB to translocate into the nucleus activating gene transcription.    
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1.5.3 The IKK complex 

Activation of both NF-κB signaling pathways converges at the activation of 
IKK. Therefore, it is the most important regulatory component of the pathway 
and activates NF-κB through two distinct mechanisms (Ghosh et al., 1998). The 
IKK kinase complex is a 700-900 kDa complex containing the catalytic subunits 
IKKα (Chuk) and IKKβ and the regulatory subunit IKKγ (also known as NF-κB 
essential modifier or NEMO, IKKAP1 and Fip-3) (Bonizzi & Karin, 2004; Ghosh 
et al., 1998)(Figure 14). 

 
Figure 14: Schematic representation of IKK complex proteins (Jost & Ruland, 2007). 
The IKK complex contains the catalytic kinase subunits IKKα and IKKβ, as well as the 
regulatory subunit IKKγ (NEMO). IKKα and IKKβ possess a helix-loop-helix region 
(HLH) and a leucine zipper (LZ) domain whereas NEMO has two coiled-coil (CC) 
domains at its C- terminus. 
 
 As described above, the canonical NF-κB pathway catalyzes the 
phosphorylation of IκBs in mainly IKKβ- and IKKγ-dependent manner, while 
the non-canonical NF-κB pathway is strictly activated through IKKα and is 
independent of IKKβ and IKKγ. 
IKKα was the first component of the IKK complex, which was identified by an 
RT-PCR-based approach in an attempt to isolate Myc-like genes and was first 
proposed to be involved in transcriptional regulation (Mock et al., 1995). Later 
on, Chuk was renamed as IKKα. IKKβ was discovered shortly thereafter 
through biochemical purification and sequence homology search (Choi et al., 
2011; Mercurio et al., 1997).  
The third member of the IKK complex, the regulatory subunit IKKγ, was 
initially isolated through genetic complementation cloning using two NF-κB 
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defective cell lines 1.3E2 and HTLV-1 Tax-transformed rat fibroblast 5R 
(Yamaoka et al., 1998). IKKγ was described as a protein interacting with IKKα 
and IKKβ (Mercurio et al., 1999; Rothwarf et al., 1998), and as an Adenovirus E3-
14.7K-binding protein (Li et al., 1999). IKKα and IKKβ share 65 % sequence 
identity within the kinase domain and have 52 % overall sequence identity. 
Both are serine/threonine kinases characterized by the presence of a kinase 
domain at their N-terminus, followed by a leucine zipper domain and a helix-
loop-helix (HLH) domain at their C-terminus. The leucine zipper domain of 
IKKα and IKKβ is important for their dimerization. Although they can 
homodimerize, heterodimers are highly favoured and are clearly more 
catalytically efficient (Mercurio et al., 1997). Both are capable of interacting with 
NEMO through their C-terminal NEMO-binding domain (NBD) (May et al., 
2002).  
NEMO (IKKγ) is a 48 kDa protein with a C-terminal zinc finger-like domain, a 
leucine zipper, and N-terminal and C-terminal coiled-coil domains. In contrast 
to IKKα and IKKβ, it is a regulatory- or a scaffold protein and has therefore no 
structural similarity to them. Activation of the canonical NF-κB pathway leads 
to IKKγ oligomerization and its interaction with upstream signaling adapters 
such as RIP1 or IRAK1 (Li et al., 1999; windheim et al., 2008; Wu et al., 2006; 
Zhang et al., 2000). Thereafter, K63-linked ubiquitinylation, SUMOylation and 
phosphorylation of downstream proteins takes place (Sebban et al., 2006). This 
interaction leads to subsequent phosphorylation of T-loop serines of at least one 
of the IKK subunits, either through the action of an upstream kinase or by 
transautophosphorylation (Makris et al., 2002). 
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1.5.4 Manipulation of NF-κB signaling upon viral infection 

Activation of NF-κB in response to the appearance of pathogens is associated 
with the establishment of protective immunity. On the one hand, viruses 
evolved diverse and sophisticated strategies to subvert host defenses that 
enhance their virulence and survival time in the infected hosts (Bowie & 
Unterholzner, 2008) (Table 3). But on the other hand, the NF-κB pathways 
provide an attractive target to viruses through the rapid and immediate early 
(IE) event. This results in a strong transcriptional stimulation not only for 
cellular, but also for several early viral genes to enhance viral replication as they 
also harbor NF-κB binding sites in their promoters (Hiscott et al., 2001) (Table 
2). NF-κB regulates gene expression of retroviruses (HIV) (Bachelerie et al., 
1991; Chirmule et al., 1994; Fiume et al., 2012), adenoviruses (Pahl et al., 1996; 
Shurman et al., 1989), papova viruses (JC virus) (Ranganathan & Khalili, 1993) 
and herpes viruses (herpes simplex virus-1 [HSV-1] and CMV) (Gimble et al., 
1988; Sambucetti et al., 1989). Additionally, viruses take advantage of the NF-κB 
activation pathway by modulating host cell survival and by evading immune 
responses. Therefore, some viruses like human herpesvirus 8 (HHV-8) encoding 
for vFLIP, activate NF-κB to prevent the cell from undergoing apoptosis (Keller 
et al., 2006). In contrast, the protease 3Cpro of Coxsackie virus blocks NF-κB to 
increase apoptosis leading to a decrease in viral replication, which is beneficial 
to the infected host cell and prolongs the viral infection state (Zaragoza et al., 
2006). The viral ICP0 protein from herpes simplex virus-1 (HSV-1) is a key 
intermediate-early gene in viral replication and contains also NF-κB binding 
sequences (Rong et al., 1992). Low level NF-κB activation allows some viruses to 
maintain their chronic infections, like it has been shown in HIV-1 chronically 
infected cells (DeLuca et al., 1999).  
Tumor viruses like HTLV-1 and EBV, through their viral proteins Tax and 
LMP1 respectively, are capable of activating NF-κB in order to enable their 
transforming functions. Therefore, Tax associates with NEMO in the IKK 
complex to form higher order complexes that are resistant to dissociation in 
vitro, leading to chronic IKK activation, continuous IκB turnover, and persistent 
NF-κB expression (Chu et al., 1999). In contrast, LMP1 activates NF-κB through 
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Tumor necrosis factor receptor type 1-associated DEATH domain protein 
(TRADD) and RIP activating a kinase cascade that includes NIK and the IKK 
complex (Karin, 1999). 
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Table 2: Viral activators of NF-κB (adapted from (Hiscott et al., 2006)).  

Level of 
action 

Virus Viral protein Mechanism of inhibition Reference 

Cytokine 
receptors 

EBV LMP-1 CD40 receptor mimic (Hatzivassiliou 
et al., 1998) 

 EMCV Capsid protein Triggers Mda-5 
(Gitlin et al., 

2006) 

 HCMV US28 

Constitutive transmembrane 
receptor signaling through the G 
protein q (Gq)/phospholipase C 

pathway 

(Miller et al., 
2012) 

 HSV-8 ORF74 
G protein coupled chemokine 

receptor 
(Sandford et al., 

2009) 

 HIV Gp120 Engages CD4 receptor 
(Ugolini et al., 

1997) 

 MCMV M33 
Constitutive transmembrane 

receptor 
(Waldhoer et al., 

2002) 

 SARS Nucleocapsid Multiple functions (RIG-I signaling?) (Che et al., 2003) 

TLR 
signaling 

HCV Core protein Triggers IFN response 
(Bode et al., 

2003) 

 HCMV StpC Interacts with TRAF2 
(Merlo & 

Tsygankov, 
2001) 

 KSHV-8 K15 Mediates TRAF2 induction of NF-κB 

(Brinkmann et 
al., 2003; 

Brinkmann & 
Schulz, 2006) 

 Influenza A NS1, NS2 Triggers RIG-I 
(Pang et al., 

2013) 

 VSV 
Ribonucleopro

tein 
Activates TBK-1 

(tenOever et al., 
2004) 

IKK 
complex 

ASFV A224L IAP-like activator of IKK 
(Rodriguez et al., 

2002) 

 KSHV vFLIP 
Associates with NEMO and activates 

IKK 
(Field et al., 

2003) 

 HTLV Tax Adaptor for NEMO (Iha et al., 2003) 

 Influenza A HA, M and NP 
Hemagglutinin, matrix and 

nucleoprotein induces IKK activation 
(Veckman et al., 

2006) 
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 Rotavirus 
VP4 capsid 

protein 
Activates IKK 

(Holloway & 
Coulson, 2006) 

NF-κB 
Bluetongue 

virus 
VP2, VP5 Capsid proteins activate NF-κB 

(Mortola et al., 
2004) 

 EBV EBNA-2, LMP Transcription coactivator of IKK 
(Chen & Cooper, 

1996) 

 HBV HBx 
Activation of Src, MAPK cascades 

and NF-κB 

(Bouchard et al., 
2006; Lim et al., 

2013) 

 
Herpesviru

s Saimiri 
Tip 

Adaptor for LCK leading to NF-κB 
activation 

(Yoon et al., 
1997) 

 HCMV IE1 Regulation of NF-κB induced genes 
(Wang & 

Sonenshein, 
2005) 

  NS5A 
Enhances full-length core protein-

induced NF-κB activation 
(Gong et al., 

2001) 

  NS5B 
Regulates TNF signaling through 

effects on cellular IKK 
(Choi et al., 2006) 

 HSV-8 K7 
Associates with PLIC1 to induce IκB 

degradation 
(Feng et al., 2004) 

 HIV 1 Tat 
Enhances NF-κB mediated LTR 

activation 
(Pieper et al., 

2002) 

  Nef 
Stimulates HIV-1 LTR via NF-κB 

activation 
(Varin et al., 

2003) 

 RSV M2-1 Associates with RelA 
(Reimers et al., 

2005) 

 KSHV Orf74 
Encodes for a constitutively active 

chemokine receptor homologue 
activating NFkB 

(Schwarz & 
Murphy, 2001) 

 Rev-T v-Rel Activated c-Rel 
(Richardson & 
Gilmore, 1991) 
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Table 3: Viral inhibitors of NF-κB (adapted from (Le Negrate, 2011))  

Level of 
action 

Virus 
Viral 

protein 
Mechanism of inhibition Reference 

Cytokine 
receptors 

Orthopoxvi
rus 

CrmB, C, 
D, E 

Binds to TNFα, LTα or both 

(Hu et al., 1994; 
Loparev et al., 

1998; Saraiva & 
Alcami, 2001) 

 CPXV vCD30 
Binds to CD153, prevents CD30/CD153 

interaction 
(Panus et al., 

2002) 

 Poxvirus 
TPV2L/
TNF-BP 

Binds to mammalian TNFα, impairs 
TNFα signaling 

(Brunetti et al., 
2003; Rahman et 

al., 2006) 

 

Orthopoxvi
rus (VACV, 

CPXV, 
ectromelia 

virus) 

vIL-18BP Binds to IL-18 
(Smith et al., 

2000) 

TLR 
signaling 

VACV A52 
Binds to IRAK2 and TRAF6, disrupts 

TRAF6-TAB1 and Mal-IRAK2 
interactions 

(Harte et al., 
2003) 

 VACV A46 
Prevents the interaction between the TIR 
domain of TLRs and MyD88, Mal, TRIF 

and TRAM 

(Lysakova-
Devine et al., 
2010; Stack et 

al., 2005) 

 HCV NS5A 
Prevents the interaction between IRAK 

and MyD88 
(Abe et al., 2007) 

 HCV NS3/4A 
Cleaves TRIF, prevents the interaction 

between IRAK and MyD88 
(Li et al., 2005) 

 HSV ICP0 Degrades MyD88 and Mal 
(van Lint et al., 

2010) 

 
IKK 

complex 
VACV N1L 

Interacts with IKKα, IKKβ, NEMO and 
TANK-binding kinase 1 

(DiPerna et al., 
2004) 

 VACV K1L 
Prevents IKK phosphorylation or 

activation 
(Shisler & Jin, 

2004) 

 VACV B14R 
Interacts with IKKβ and inhibits Ser177 

hand Ser181 phosphorylation 
(Chen et al., 

2008) 

 MCPyV ST Targets NEMO 
(Griffiths et al., 

2013) 

 
Molluscum 
contagiosu

m 
MC160 

Binds to procaspase-8 and Hsp90 
Prevents the interaction between Hsp90 

and IKKα 

(Nichols & 
Shisler, 2009) 
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 KSHV vIRF3 Binds and impairs IKKβ activity (Seo et al., 2004) 

 HSV-1 ICP-27 
Blocks the phosphorylation and 

ubiquitination of IκBα and directly 
interacts with IκBα 

(Kim et al., 2008) 

SCF�-TrCP VACV G1R 
Interacts with S-phase kinase-associated 

protein 1 
(Mohamed et 

al., 2009a) 

  CP77 Binds to SCFβ-TrCP complex 
(Chang et al., 

2009) 

 Rotavirus NSP1 Proteasomal degradation of β-TrCP 
(Graff et al., 

2009) 

 HIV Vpu Inactivation of β-TrCP 
(Bour et al., 

2001) 

NF-κB 
West Nile 

virus 
NS1 Inhibits NF-κB nuclear translocation 

(Wilson et al., 
2008) 

 
Hantaan 

virus 

Nucleo-
capsid 

(N) 
Binds to importin α protein and prevents 

p65 nuclear translocation 

(Taylor et al., 
2009a; Taylor et 

al., 2009b) 

 
Myxoma 

virus 
M150 

Colocalizes with p65 and prevents NF-κB 
transcriptional activity 

(Camus-
Bouclainville et 

al., 2004) 

 ASFV A238L 
Prevents the binding between p300 and 

PKC 
(Granja et al., 

2006) 

 

Walley 
dermal 

sarcoma 
virus 

Rv-
cyclin 

Prevents the interaction between TAF9 
and p65 

(Quackenbush 
et al., 2009) 

 VARV G1R Interacts with NF-κB1/p105 
(Mohamed et 

al., 2009b) 

 VACV CP77 Interacts with p65 
(Chang et al., 

2009) 

 
Myxoma 

virus 
M013 

Interacts with p105 and impairs p65 
nuclear translocation 

(Rahman et al., 
2009) 

 HPV E7 Inhibits NF-κB activation 
(Spitkovsky et 

al., 2002) 
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A biphasic model of NF-κB control has been observed being performed by 
viruses. A perfectly adopted activation of NF-κB to the viral life cycle has been 
shown for the African swine fever virus (ASFV), which encodes A238L to block 
NF-κB release into the nucleus. Besides, the IKK-activating viral late protein 
A244L turns on NF-κB transcriptional activity at later stages of infection. A244L 
has anti-apoptotic functions and it is important for proper viral replication 
(Rodriguez et al., 2002). 
Conversely, HCMV as well as MCMV activate NF-κB already through the 
binding of viral particles to the cell surface, after virus entry and through the 
immediate early protein IE1 (Compton et al., 2003; Gribaudo et al., 1996; 
Sambucetti et al., 1989; Yurochko et al., 1997; Yurochko et al., 1995). However, at 
later stages of infection, pp65 and IE86 block NF-κB signaling (Browne & 
Shenk, 2003; Taylor & Bresnahan, 2006). Further, HCMV blocks NF-κB 
activation after IL-1β and TNFα stimulation (Le et al., 2008; Mack et al., 2008; 
Montag et al., 2006; Popkin & Virgin, 2003). The mechanism and responsible 
viral protein behind this inhibition is so far unknown, but it has been shown for 
both cases, that the effect is caused by downregulation of TNFR1. An additional 
protein of MCMV called M45 terminates the initial MCMV activation in the 
immediate early phase after PRR- and cytokine receptor stimulation (Mack et 
al., 2008). 
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2 Material 

2.1 Cells 

2.1.1 Bacterial strains 

Strain Genotype 

DH5α 

 
supE44, ΔlacU169, (φ80d lacZΔ M15), hsdR17, recA1, endA1, gyrA96, 
thi-1, relA1 (Hanahan & Meselson, 1983) 

 

2.1.2 Mammalian cell lines 

Cell line Genotype 

H1299 Human lung carcinoma cell line, p53 negative (Mitsudomi et al., 
1992). 

H1299shIKKα  H1299 cell line with shRNA against IKKα; shRNA 5'-GTG AGC CTG 
TGA TCA ATA A-3' (MISSION® TRC shRNA TRCN0000244902). 

A549 Human lung carcinoma cell line expressing wild-type p53 (Giard et 
al., 1973). 

A549shIKKα  A549 cell line with shRNA against IKKα; shRNA 5'-GTG AGC CTG 
TGA TCA ATA A-3' (MISSION® TRC shRNA TRCN0000244902). 

A549shNEMO  A549 cell line with shRNA against NEMO; shRNA 5'-AGG GAG 
TAC AGC AAA CTG AAC-3' (MISSION® TRC shRNA 
TRCN0000022148). 

HEK-293 Established HAdV-C5-transformed, human embryonic kidney cell 
line stably expressing the adenoviral E1A and E1B oncoproteins 
(Graham et al., 1977). 

HEK-293T HEK-293 derived cell line expressing the SV40 large T-ag (DuBridge 
et al., 1987). 

 

2.1.3 Viruses 

Adenovirus Characteristics 

H5pg4100 Wt Ad5 containing an 1863 bp deletion (nt 28602-30465) in the E3 region 
(Kindsmüller et al., 2007). 
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H5pm4149 Ad5 E1B-55K null mutant containing four stop codons at the aa positions 
3, 8, 86 and 88 of the E1B-55K sequence (Kindsmüller et al., 2007). 

H5pm4154 Ad5 E4orf6 null mutant containing a stop codon at aa 66 within the 
E4orf6 sequence (Blanchette et al., 2004b). 

 

2.2 Nucleic acids 

2.2.1 Oligonucleotides 

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

 

2.2.2 Vectors 

# Name Purpose Reference 

101 pGEX-4T1 Empty vector control Group database 

# Name Sequence Purpose 

1371 18S rRNA-fwd 5'-CGG CTA CCA CAT CCA AGG AA-3' RT-PCR 

1372 18S rRNA-rev 5'-GCT GGA ATT ACC GCG GCT-3' RT-PCR 

1686 E1A-fwd 5'-GTG CCC CAT TAA CCA GTT G-3' RT-PCR 

1687 E1A-rev 5'-GGC GTT TAC AGC TCA AGT CC-3' RT-PCR 

64 E1B bp2043-fwd 5'-CGC GGG ATC CAT GGA GCG AAG 
AAA CCC ATC TGA GC-3' 

Sequencing 

1569 E1B-fwd 5'-GAG GGT AAC TCC AGG GTG CG-3' RT-PCR 

1570 E1B-rev 5'-TTT CAC TAG CAT GAA GCA ACC 
ACA-3' 

RT-PCR 

635 pcDNA3-fwd  5'-ATG TCG TAA CAA CTC CGC-3' Sequencing 

636 pcDNA3-rev 5'-GGC ACC TTC CAG GGT CAA G-3' Sequencing 
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129 pGL4 Reporter gene expression vector for 
Gal4 fusions 

(Sadowski & Ptashne, 
1989) 

136 pcDNA3 Expression vector for mammalian cells, 
CMV promoter 

Invitrogen 

138 pGL3 Firefly-Luciferase-Assay Promega 

152 pCMX3b-
Flag 

Empty vector control Group database 

180 pRL-TK Renilla-Luciferase-Assay Promega 

196 pcDNA3-
Flu 

Empty vector control Group database 

 

2.2.3 Recombinant plasmids 

# Name Vector Insert Reference 

129 pGEX E1B-
55kDa TOPP6 

pGEX-2Tk E1B-55kDa Group database 

577 pGEX 
E1BdlS263-
D496 TOPP6 

pGEX-4T1 E1BdlS263-D496  Group database 

578 pGEX 
E1BdlQ163-
D496 TOPP6 

pGEX-4T1 E1BdlQ163-D496  Group database 

737 pE1A pML Ad5 E1A Group database 

1022 pE1B-55K-
K104R (SCM) 

pcDNA3 Ad5 E1B-55K Group database 

1023 pE1B-55K-NES pcDNA3 Ad5 E1B-55K Group database 

1188 pFlag-L4-100K pcDNA3 Ad2 L4-100K Group database 

1319 pE1B-55K pcDNA3 Ad5 E1B-55K Group database 

1418 pGEX-2T-
E1B55Z 

pGEX-2T pGEX-2T-E1B55 (aa83-188) Group database 

1519 pGEX-93R pGEX-2T Ad5 E1B-93R Group database 

1520 pGEX-156R pGEX-2T Ad5 E1B-156R Group database 

1521 pE1B-55K-delP pcDNA3 Ad5 E1B-55K Group database 
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1664 pE4orf6 pcDNA3 Ad5 E4orf6 Group database 

1730 pE1B-55K-
C454/456S 
(RF6) 

pcDNA3 Ad5 E1B-55K Group database 

1968 pCMV-VSV-G pCMV Envelope protein G of 
Vesicular Stomatitis 
Virus 

(Beyer et al., 
2002) 

1969 pRSV Rev pRSV HIV-1 Rev (Dull et al., 1998) 

1970 pMDLg/pRRE  HIV-1 Gag Pol (Dull et al., 1998) 

2068 E1B-55K-
S490/491/495D 
(pM) 

pcDNA3 Ad5 E1B-55K Group database 

2140 pE1B-55K-
R443in 

pcDNA3 Ad5 E1B-55K Group database 

2141 pE1B-55K-
R443A 

pcDNA3 Ad5 E1B-55K Group database 

2193 pE1B-55K-RTR pcDNA3 Ad5 E1B-55K Group database 

2194 pE1B-55K-
E472A (E2) 

pcDNA3 Ad5 E1B-55K Group database 

2261 pflu-pVII pcDNA3-flu Ad5 pVII Group database 

2420 pGL3-Basic 
Prom E1A 

pGL3 Ad5 E1A promoter 
reporter gene construct 

Group database 

2421 pGL3-Basic 
Prom E1B 

pGL3 Ad5 E1B promoter 
reporter gene construct 

Group database 

2422 pGL3-Basic 
Prom pIX 

pGL3 Ad5 pIX promoter 
reporter gene construct 

Group database 

2423 pGL3-Basic 
Prom E2E 

pGL3 Ad5 E2early promoter 
reporter gene construct 

Group database 

2425 pGL3-Basic 
Prom E3 

pGL3 Ad5 E3 promoter reporter 
gene construct 

Group database 

2428 pGL3-Basic 
Prom E2L 

pGL3 Ad5 E2early promoter 
reporter gene construct 

Group database 

2563 pE1B-55K-EE pcDNA3 Ad5 E1B-55K Group database 
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2628 pflu-pV pcDNA3-flu Ad5 pV Group database 

2724 pflu-pIX pcDNA3-flu Ad5 pIX Group database 

2744 pFlag-E2A pCMX3b Ad5 E2A Group database 

2799 non-target 
shRNA 

pLKO.1.puro shRNA control Sigma SHC002 

2857 shRNACHUK pLKO.1.puro 5'-ACA GCG TGC CAT 
TGA TCT ATA-3' 

MISSION® TRC 
shRNA 
TRCN0000244902 

2858 shRNANEMO pLKO.1.puro 5'-AGG GAG TAC AGC 
AAA CTG AAC-3' 

MISSION® TRC 
shRNA 
TRCN0000022148 

2908 Flag-IKKα  pcDNA3 Flag-tagged IκB kinase α Thomas Gilmore 

2910 Flag-IKKβ  pCMV2 Flag-tagged IκB kinase β  Addgene 11103 

2912 HA-NEMO pcDNA3-HA HA-tagged NF-κB 
essential modifier 

Addgene 13512 

2913 Flag-NEMO pCMV-Flag Flag-tagged NF-κB 
essential modifier 

Addgene 11970 

3037 pGL3-Basic 5X 
NF-κB-Elam-
Prom  

pGL3 5X NF-κB binding site 
with Elam-promoter 

Group database 

 

2.3 Antibodies 

2.3.1 Primary antibodies 

Name Properties Source 

2A6 Monoclonal mouse Ab; against N-terminus of 
HAdV-C5 E1B-55K (Sarnow et al., 1982) 

Group database 

3F10 Monoclonal rat Ab; against the HA-tag  Roche 

4E8 Monoclonal rat Ab; against the central region of 
HAdV-C5 E1B-55K 

Group database 

M73 Polyclonal rabbit Ab; against HAdV-C5 E1A kindly provided 
by R. Grand/ 
University of 
Birmingham 

6B10 Monoclonal rat Ab; against HAdV-C5 L4-100K Group database 
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6His Monoclonal mouse Ab; against 6xHis-tag Clontech 

7C11 Monoclonal rat Ab; against the 50 C-terminal aa 
of HAdV-C5 E1B-55K 

kindly provided 
by E. Kremmer 

93H1 Polyclonal rabbit Ab; against Ser 536 
phosphorylated p65 

Cell Signaling 

β –actin (AC-15) Monoclonal mouse Ab; against β-actin  Sigma Aldrich 

B6-8 Monoclonal mouse Ab; against HAdV-C5 E2A 
protein (Reich et al., 1983) 

Group database 

C-21 Polyclonal rabbit Ab; against C-terminus of 
IκBα 

Santa Cruz 

DO-I Monoclonal mouse Ab; against the N-terminal 
aa 11-25 of human p53  

Santa Cruz 

E2A Polyclonal rabbit Ab; against HAdV-C5 E2A-72 
kDa protein 

kindly provided 
by R. T. Hay 

Flag-M2 Monoclonal mouse AbB; against Flag-tag Sigma Aldrich 

GST Polyclonal goat Ab; against GST-tag Amersham 

H3  Monoclonal rabbit Ab; against Histone H3 Epitomics 

L133 Polyclonal rabbit serum; against HAdV-C5 
capsid (Kindsmüller et al., 2007) 

Group database 

M-204 Polyclonal rabbit Ab; against the C-terminal aa 
248-452 of IKKα 

Santa Cruz 

M58 Monoclonal mouse Ab; against HAdV-C5 E1A-
12S and -13S (Harlow et al., 1985) 

Group database 

Mre11  Polyclonal rabbit Ab; against human Mre11 Abcam/Novus 

RSA3 Monoclonal mouse Ab; against the N-terminus 
of HAdV-C5 E4orf6 and E4orf6/7 (Marton et al., 
1990) 

Group database 

C-20 Polyclonal rabbit Ab; against C-terminus of p65 Santa Cruz 

FL-419  Polyclonal rabbit Ab; against full length of IKKγ Santa Cruz 

5A5 Monoclonal mouse Ab; against synthetic 
phosphopeptide surrounding Ser32/36 of IκBα  

Cell Signaling 

H-207 Polyclonal rabbit Ab; against the C-terminal aa 
465-671 of RIP 1 

Santa Cruz 

TNFα  Polyclonal rabbit Ab; against mature as well as Cell Signaling 
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precursor TNF-α  

C-20 Polyclonal goat Ab; against Vimentin  

2.4 Secondary antibodies 

2.4.1 Antibodies for western blotting 

Product Properties Company 

HRP-Anti-Mouse IgG HRP (horseradish peroxidase)-coupled; 
raised in sheep 

Jackson  

HRP-Anti-Rabbit IgG HRP (horseradish peroxidase)-coupled; 
raised in sheep 

Jackson  

HRP-Anti-Rat IgG HRP (horseradish peroxidase)-coupled; 
raised in sheep 

Jackson  

HRP-Anti-Mouse IgG 
light chain specific 

HRP (horseradish peroxidase)-coupled; 
raised in sheep 

Jackson  

HRP-Anti-Rabbit IgG 
light chain specific 

HRP (horseradish peroxidase)-coupled; 
raised in sheep 

Jackson  

HRP-Anti-Rat IgG 
light chain specific 

HRP (horseradish peroxidase)-coupled; 
raised in sheep 

Jackson  

 

2.4.2 Antibodies for immunofluorescence staining 

Product Properties Company 

Cy3-Anti-Mouse IgG Affinity purified, Cy3-coupled; raised 
in donkey (H + L) 

Dianova 

Cy3-Anti-Rabbit IgG Affinity purified, Cy3-coupled; raised 
in donkey (H + L) 

Dianova 

Cy3-Anti-Rat IgG Affinity purified, Cy3-coupled; raised 
in donkey (H + L) 

Dianova 

Alexa 488 Anti-Mouse 
IgG 

Alexa 488 antibody raised in goat (H + 
L; F(ab')2 Fragment) 

Invitrogen 

Alexa 488 Anti-Rabbit 
IgG 

Alexa 488 antibody raised in goat (H + 
L; F(ab')2 Fragment) 

Invitrogen 
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2.5 Standards and markers 

Product  Company 

1 kb/100bp DNA ladder New England 
Biolabs 

PageRuler Plus Prestained Protein Ladder Pierce 

 

2.6 Commercial systems 

Product Company 

Dual-Luciferase Reporter Assay System Promega 

Plasmid Purification Mini, Midi und Maxi Kit Qiagen 

ProFection® Mammalian Transfection System Promega 

Protein Assay BioRad 

QuikChange Site-Directed Mutagenesis Kit Stratagene 

SuperSignal West Pico Chemiluminescent Substrate Pierce 

 

2.7 Chemicals, enzymes, reagents, equipment 
Chemicals, enzymes and reagents used in this study were obtained from Agilent, 
Applichem, Biomol, Merck, New England, Biolabs Roche and Sigma Aldrich. Cell 
culture materials, general plastic material as well as equipment were supplied by 
BioRad, Biozym, Brand, Engelbrecht, Eppendorf GmbH, Falcon, Gibco BRL, Greiner, 
Hartenstein, Hellma, Nunc, Pan, Sarstedt, Protean, Schleicher & Schuell, VWR and 
Whatman. 

2.8 Software and databases 

Software Purpose Source 

Acrobat X Pro PDF data processing Adobe 

CLC Main Workbench 
7.0 

Sequence data processing CLC bio 

Papers 3.4.2 Reference management Mekentosj 
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Endnote X 7.5.1.1 Reference management Thomson Reuters 

Filemaker Pro 11 Database management FileMaker, Inc. 

Illustrator CS6 Layout processing Adobe 

Photoshop CS6 Image processing Adobe 

PubMed 
Literature database, open 
sequence analysis 
software 

Open Software (provided by 
NCBI) 

Word 2011 Text processing Microsoft 

Prism 6 data graphing GraphPad 
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3 Methods 

3.1 Bacteria 

3.1.1 Culture and Storage 

Solid Plate Culture 
Transformed bacteria or bacteria from glycerin culture were plated on solid LB 
media containing 15 g/l agar with the appropriate antibiotics (100 µg/ml ampicillin; 
50 µg/ml kanamycin) and incubated at 30 °C/37 °C for 16-20 hours.  
Solid plate cultures can be stored for several weeks at 4 °C sealed with Parafilm 
(Pechiney Plastic Packaging). 
 
Liquid culture 
Sterile LB medium containing the appropriate antibiotic (100 µg/ml ampicillin; 50 
µg/ml kanamycin) was inoculated with a single bacteria colony to establish liquid E. 
coli culture. Therefore, cultures were incubated at 30 °C/37 °C at 200 rpm in an Inova 
4000 Incubator (New Brunswick) overnight. 
 
Storage 
5 ml of liquid cultures from single colony bacteria were centrifuged briefly at 4,000 
rpm for 10 min (Multifuge 3 S-R; Heraeus) at RT. After discarding the supernatant, the 
bacteria pellets were then resuspended in 1 ml LB media containing 50 % sterile 
glycerol and transferred into CryoTubesTM (Nunc). Resulting glycerol cultures can be 
stored at -80 °C for years. 
 
LB Medium 10 g/l  Trypton 

 5 g/l  Yeast extract 

 5 g/l NaCl 

  (Autoclaved) 

   
Antibiotic 
solution 

50 mg/ml  Ampicillin 

 10 mg/ml Kanamycin 
  (Sterile filtered; storage at -20 °C) 
 

3.2 Chemical transformation 
For chemical transformation of E.coli, 200 ng plasmid DNA were transferred into a 15 
ml Falcon 2059 tube together with 100 µl of chemically competent DH5α bacterial 
cells. Incubation for 30 min on ice was followed by a heat shock by incubating the 
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bacteria in a water bath at 42 °C for 45 s. The cells were immediately chilled on ice for 
2 min. Afterwards, 1 ml LB medium without antibiotics were added and incubated 
for 1 hour at 37 °C and 220 rpm in an Inova 4000 Incubator (New Brunswick). The 
bacteria were plated on LB agar containing appropriate antibiotics and incubated at 
30 °C/37 °C overnight. 

3.3 Tissue culture techniques 

3.3.1 Maintenance and passage of cell lines 

All tissue culture techniques were performed in specialized flow hoods under sterile 
conditions. Adherent mammalian cell lines were cultured as monolayers in 
polystyrene cell culture dishes with Dulbecco’s Modified Eagles Medium (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). Cells are cultured at 37 °C in a CO2 incubator (Heraeus) in 5 % CO2 
atmosphere. Cell passage comprises removing existing medium, wash twice with 
phosphate buffered saline (PBS), adding appropriate amount of trypsin/EDTA (Pan) 
for 3-5 min at 37 °C. Trypsin activity was inactivated by adding standard culture 
medium. Detached cells were transferred to a 50 ml tube, centrifuged at 2,000 rpm 
for 3 min (Multifuge 3S-R; Heraeus) and resuspended in an appropriate volume of 
culture medium. Depending on the experimental procedure, cells were counted and 
seeded or re-plated in a definite amount for further experiments as described in 
(3.3.3) or split in an appropriate ratio (1:5-1:20). 
 
PBS 140 mM  NaCl 

 3 mM  KCl 

 4 mM Na2HPO4 
 1.5 mM KH2PO4 
  (pH 7.0-7.7; autoclaved) 
 
 

3.3.2 Cryopreservation of cell lines 

Subconfluent cultures were trypsinized and pelleted as described above (3.3.1) for 
long-term storage. These cell pellets were resuspended in pure FCS, supplemented 
with 10 % dimethyl sulfoxide (DMSO) and transferred to CryoTubes™ (Nunc). 
Aliquoted cells were cooled gradually with Mr. Frosty (Nalgene) to -80 °C overnight 
before storage in liquid nitrogen. For re-cultivation, cells were rapidly thawed to 37 
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°C, pelleted to remove the DMSO, resuspended in 1 ml of fresh culture medium and 
seeded in an appropriate cell culture dish followed by incubation at standard 
conditions (3.3.1). 

3.3.3 Determination of cell number 

Trypsinized cells were centrifuged and resuspended in DMEM. The number of cells 
was determined by using a Neubauer cell counter (C. Roth). A 50 µl aliquot of cell 
suspension was mixed with 50 µl trypan blue in a 1.5 ml reaction tube (Eppendorf). 
A small volume of this mixture was pipetted on to the cell counter. Cells spread 
within a 16-square area were counted under a light microscope (Leica DM IL). The 
number of cells was multiplied by the dilution factor and factor 104 to obtain the cell 
number in 1 ml of suspension by applying the following formula:  

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

 

Trypan blue solution 0.15 %  Trypan Blue 

 0.85 % NaCl 
 
 

3.4 Transfection of mammalian cells 

3.4.1 Transfection with Polyethylenimine 

DNA was transferred into mammalian cell lines by using a linear 25 kDa 
polyethylenimine (PEI; Polysciences), which builds complexes with DNA based on 
electrostatic interactions, and therefore enables cell membrane penetration of DNA. It 
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 12-/6-well or 100 mm tissue culture dishes 24 h before transfection. 
For transfection, DNA and PEI in a ratio from 1:5 to 1:10 were mixed with 600 µl 
DMEM and incubated in RT for 10 min. The DNA-PEI mixture was added to the cells 
seeded in DMEM without FCS and antibiotics. Around 4-6 h after transfection, 
medium was replaced with normal growth medium. Transfected cells were 
harvested 24 or 48 h post transfection as described in section (3.4.3). 
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3.4.2 Transfection with calcium phosphate 

Mammalian cells were seeded in a 6-well or a 100 mm dish (Falcon) 6-24 h before 
transfection. With calcium phosphate, plasmid or linear DNA molecules were 
covered with calcium phosphate crystals, which would be adsorbed by the cells and 
internalized by endocytosis. For this procedure, DNA was first diluted with 

deionized water to a final volume of 300 µl/500 µl after adding 37 µl/62 µl 2M CaCl2. 
300 µl/500 µl of 2xHBS was prepared in a second 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 added 
to seeded cells.  

3.4.3 Harvest of mammalian cells 

Transfected or infected mammalian cells were harvested by using cell scrapers 
(Sarstedt) and were collected into 15 or 50 ml conical tubes which were then 
centrifuged at 2,000 rpm for 3 min at RT (Multifuge 3S-R; Heraeus). After discarding 
the supernatant, the pellet was washed once with PBS and stored at -20 °C for 
following experiments. 

3.4.4 Generation of stable knock-down cell lines 

3.4.4.1 Generation of recombinant lentiviral particles 

Recombinant lentiviral particles were generated by cotransfection of HEK 293T cells 
with a plasmid encoding for either scrambled shRNA or shRNA specific for protein 
target, as well as the envelope and packaging plasmids pCMV-VSV-G, 
pMDLg/pRRE and pRSV-Rev. Therefore, cells were transfected with calcium 
phosphate method as described in 3.4.2. After incubation, cell medium was replaced 
by 10 ml DMEM including 25 µM Chloroquine and DNA-mixture was added drop-
wise to the cells. Approximately 6-12 hours after transfection, the medium was 
replaced by 8 ml DMEM supplemented with 10 % FBS. Supernatant was collected 24 
h and 48 h after transfection, which contains viral particles. Therefore, supernatant 
were harvested with a syringe and filter sterilized (0.45 µm) into 2 ml reaction tubes. 
Virus particle containing supernatant was quickly frozen in liquid nitrogen and 
stored at -80 °C. 
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3.4.4.2 Infection of mammalian cell lines with lentiviral particles 

Chosen cell lines for transduction with lentiviral particles were grown to a 
confluence of 50 to 70 % in 6-well culture plates. Prior to infection, media was 
replaced by DMEM without supplements and 100 µl lentiviral particles were added 
drop-wise. Approximately 2 hours post transduction standard culture media was 
added. For selection of transduced cells, puromycin (1 µg/ml) was added to the cells. 
Cells were cultured and propagated under these conditions at least 48 hours until 
determining knockdown efficiency via western blot analysis. 

3.5 Adenovirus 

3.5.1 Infection with adenovirus 

Mammalian cells were seeded 24 h before infection so that they reach a confluency of 
approximately 60-80 % at infection. Cells were washed once with PBS before adding 
fresh medium without supplements. Virus dilutions were prepared in an appropriate 
volume of DMEM without supplements and added to the cell culture plates. The 
amount of volume of the virus stock solution, which is needed for infection, was 
calculated with the following formula:  

 volume virus stock solution (µl) = multiplicity of infection (MOI) x total cell number   
 virus titer (focus forming units (ffu)/µl) 

 
The infection medium was replaced with standard culture medium after an 
incubation of 2 h. The infected cells were harvested (3.4.3) or fixed (3.10.4) according 
to the experimental procedure at the indicated times post infection. 

3.5.2 Propagation and storage of high-titer virus stocks 

For production of high-titer virus stocks, 150 mm cell culture dishes with 60 % 
confluent HEK-293 cells were infected with established laboratory virus stocks at an 
MOI of 20 ffu/cell as described in (3.5.1). Infected cells were harvested 3-5 days after 
infection as described in (3.5.1). After pelleting (2,000 rpm, 5 min, RT; Multifuge 3 S-R; 
Heraeus) cells were washed once with PBS and resuspended in an appropriate 
volume of DMEM without supplements (~1 ml/150 mm dish). Viral particles were 
released by repeated freezing/thawing cycles in liquid nitrogen, centrifuged at 4,500 
rpm for 10 min (Multifuge 3 S-R; Heraeus) to pellet cell debris. Virus-containing 
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supernatant was mixed with 87 % glycerol sterile; 10 % final concentration) for 
preservation at -80 °C or at 4 °C for short-time storage. 

3.5.3 Titration of virus stocks 

In order to determine the titer of virus stocks, immunofluorescence staining of 
infected cells was done using an antibody against the adenoviral E2A-72K DNA 

binding protein (DBP; Reich et al., 1983). 6-well dishes seeded with 5x105 HEK-293 

cells were infected with 1 ml of virus dilution ranging from 10-2 to 10-6 and were fixed 
24 h past infection with 1 ml ice-cold methanol. It was removed after 15 min 
incubation at -20 °C and cells were air-dried at RT and incubated with 1 ml PBS-
Triton for 15 min. Subsequently, the PBS-Triton was removed and blocked with 1 ml 
TBS-BG for 1 h at RT. Blocking solution was replaced by 1 ml solution of the primary 
B6-8 antibody (1:10 in TBS-BG) for 2 h at RT, washed three times for 15 min with 
TBS-BG before adding the Alexa Fluor® 488-coupled secondary antibody (Invitrogen; 
1:500 in TBS-BG) for 2 h at RT. After removing the secondary antibody solution, the 
cells were washed three times for 15 min with TBS-BG and were counted using a 
fluorescence microscope (Leica). The total number of infectious particles was 
calculated according to the infected cell number, virus dilutions and microscope 
magnification. With this titration technique, the fluorescence forming units (ffu) is 
determined. 

 
TBS-BG 20 mM  Tris-HCl (pH 7.6) 

 137 mM NaCl 

 
3 mM KCl 

 1.5 mM MgCl2 

 
0.05 % (v/v)  Tween20 

 0.05 % (w/v)  Sodium azide (NaN3) 

 5 % (w/v)  Glycine 

 5 % (w/v) BSA 

 

3.5.4 Determination of virus yield 

The viral progeny production is determined by seeding 2.5x105  A549 cells in a 6-well 
plate that were infected afterwards with adenoviruses. They were harvested at 
indicated time points post infection (3.4.3) and cells were resuspended in an 
appropriate volume of DMEM. After virus particle breaking the cells by repeating 
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freeze and thaw cycles, the titer of the virus solution was determined as described 
above (3.5.3) and the particle number produced per cell was calculated (3.5.4). 

3.6 DNA techniques 

3.6.1 Preparation of plasmid DNA from E.coli  

For a large-scale plasmid preparation, a pre-culture with 2 ml LB medium was set up 
by inoculation with a single bacteria colony at 30 °C/37 °C (Inova 4000 Incubator, 
New Brunswick). Approximately 8 h later, the pre-culture was added to 0.5 l LB 
medium supplemented with the appropriate antibiotics to incubate further 16-20 h at 
30 °C/37 °C. The bacteria from the culture were pelleted at 6,000 rpm for 10 min 
(Avanti J-E; Beckman & Coulter) and plasmid DNA was isolated according to the 
manufacturer’s instructions using a MaxiKit (Qiagen). 
For analytical purposes, 5 ml liquid culture was inoculated and plasmid DNA was 
isolated by a modified protocol of Sambrook and Russell (Sambrook, 1989). 1-5 ml 
liquid culture was centrifuged at 4,000 rpm for 5 min (Eppendorf 5417R) and 
resuspended in 300 µl resuspension buffer P1 (Qiagen). This suspension was gently 
mixed with 300 µl of lysis buffer P2 (Qiagen) to lyse the cells. After incubation for 5 
min at RT; 300 µl neutralization buffer P3 (Qiagen) was added and incubated for 
further 5 min. Finally, cellular debris were pelleted by centrifugation a 14,000 rpm for 
10 min at 4 °C (Eppendorf 5417R). The supernatant was collected into a new 1.5 ml 
reaction tube with 1 volume of isopropanol and 0.1 volumes 3 M NaAc to precipitate 
the DNA by centrifugation at 14,000 rpm for 30 min (Eppendorf 5417R). The DNA 
pellet was washed once with 1 ml of 75 % (v/v) ethanol, air dried and rehydrated in 
an appropriate volume of ~20-50 'l of 10 mM Tri-HCl (pH 8.0). 

3.6.2 Quantitative determination of nucleic acid concentrations 

DNA/RNA concentrations were measured with a NanoDrop spectrophotometer 
(PEQLAB) at a wavelength of 260 nm. 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. 

3.6.3 Agarose gel electrophoresis 

Agarose (Seakem® LE agarose; Biozym) was dissolved in TBE buffer to a final 
concentration of 0.6-1.2 % (w/v) to prepare an analytical or preparative agarose gel. 
Agarose was melted by heating with buffer in a microwave (Moulinex) and ethidium 
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bromide was added to a final concentration of 0.5 µg/ml before pouring the liquid 
agarose solution in an appropriate gel tray. 6x Loading Buffer were mixed with DNA 
samples 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). To minimize harmful UV irradiation for 
preparative purposes, agarose gels were supplemented with 1 mM guanosine. DNA 
was extracted from gel slices by centrifugation at 20,000 rpm for 2 h (RC 5B Plus; 
Sorvall), precipitated with isopropanol from the obtained supernatant, washed, dried 
and rehydrated as described for plasmid DNA in 3.6.1. 
 
5 x TBE 450 mM  Tris (pH 7.8) 

 450 mM  Boric Acid 

 10 mM EDTA 

   
6 x loading buffer 10 mM EDTA 

 50 % (v/v)  Glycerol 

 
0.25 % 
(w/v)  

Bromphenol blue 

 
0.25 % 
(w/v)  

Xylen Cyanol 

 

3.6.4 Polymerase chain reaction (PCR) 

To amplify DNA template, a 50 µl PCR reaction was prepared by mixing 25 ng DNA 
template, 125 ng forward primer, 125 ng reverse primer, 1 µl dNTP mixture (dATP, 
dTTP, dCTP, dGTP; each 1 mM), 5 µl 10 x PCR reaction buffer 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 sec  55 – 70 °C 
Extension 1 min/kb 72 °C 

  (25-30 cycles) 

Final extension 10 min 72 °C 
Storage ∞ 4 °C 
 

DNA denaturation, primer annealing and extension were performed for 25-30 cycles. To 
determine PCR efficiency 5 µl PCR reaction were analyzed by gel electrophoresis (3.6.3). 
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3.6.5 Site-directed mutagenesis 

Forward and reverse primers were designed with the desired mutations and ordered 
from Metabion (Munich). Site-directed mutations were introduced into a plasmid 
with the following PCR programme:  
 

DNA denaturation 1 min  95 °C 

Primer annealing 45 sec  55 °C 

Extension 45 min/kb 68 °C 

  (12-16 cycles) 

Final extension 10 min 68 °C 

Storage � 4 °C 
 
PCR efficiency was determined with gel electrophoresis with 10 µl PCR reaction 
(3.6.3). The remaining 40 µl 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 of the digested PCR product were transformed into chemical competent DH5α 
(3.2). Finally, single clones were picked, cultured in 5-10 ml LB medium (3.1.1) and 
prepared plasmid DNA (3.6.1) was analyzed by restriction digest (3.7.1), agarose gel 
electrophoresis (3.6.3) and sequencing (3.7.2) before storage (3.6.5). 

3.7 Cloning of DNA fragments 

3.7.1 Enzymatic DNA restriction 

Restriction enzymes were used according to the manufacturer’s instructions in 
suggested reaction buffers (New England Biolabs; Roche). Analytical restriction 
digests were done with 1 µg DNA which was incubated with 3-10 U of enzyme for 2 
hours at 37 °C, unless indicated otherwise. Preparative restriction digests were done 
with 20 µg of DNA which were incubated with 50 U enzyme for at least 3 hours at 37 
°C. If necessary, multiple steps of enzymatic restriction were carried out sequentially, 
following separation by preparative agarose electrophoresis (3.6.3) and 
isopropanol/ethanol precipitation (3.6.1). If possible a double digest was set up with 
the online tool Double Digest Finder (NEB) (www.neb.com/tools-and-
resources/interactive-tools/double-digest-finder) in order to find the best reaction 
buffer for two different enzymes.  
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3.7.2 DNA sequencing 

For DNA sequencing, 0.8 µg DNA and 30 pmol of sequencing primer were mixed 
with ddH2O in a total volume of 12 µl. Sequencing was performed by Seqlab 
(Göttingen).  

3.8 RNA techniques 

3.8.1 Isolation of total RNA from mammalian cells 

Mock and adenovirus infected A549 cells (4x106) (3.5.1) were harvested (3.4.3) at 
indicated time points after infection and the pelleted cells were used to extract total 
RNA. Therefore, the cell pellet was resuspended with 1 ml of Trizol® Reagent 
(Invitrogen) and after 5 min incubation at RT, 200 µl Chloroform (Sigma) were 
added, shaked vigorously and was pelleted at 12,000 g for 15 min at 4 °C (Eppendorf 
5417R). The aqueous supernatant was transferred into a new 1.5 ml reaction tube 
where the RNA is precipitated with 600 µl isopropanol at 12,000 g for 15 min (4 °C; 
Eppendorf 5417R). The RNA pellet was washed once with 1 ml 75 % (v/v) EtOH 
(7,500 g, 15 min, 4 °C; Eppendorf 5417R), air dried shortly and dissolved in 20 µl 
nuclease free water. The amount of total RNA was determined with the NanoDrop 
spectrophotometer (PEQLAB; Erlangen). RNA was stored at -80 °C or further used 
for reverse transcription for quantitative RT-PCR (3.8.3). 

3.8.2 Quantitative reverse transcription (RT)-PCR 

To reverse transcribe (RT) RNA into complementary DNA (cDNA), 1 µg of RNA was 
reverse transcribed using the Reverse Transcription System (Promega). The RT was 
primed with oligo(dT)/random primers to select for processed mRNA and was 
performed as described by the manufacturer. Samples of cDNA were stored at -80 
°C. 

3.8.3 Real-Time PCR (RT-PCR) 

Quantitative reverse transcription (RT)-PCR was measured by a first-strand method 
in a Rotor-Gene 6000 (Corbett Life Sciences) in a 0.1 ml Strip Tube (LTF Labortechnik). 
Therefore, a 10 µl reaction mixture was prepared by adding 1 µl cDNA dilution 
(1:100 in nuclease free water), 2.5 pmol forward and reverse primer and 5 µl SensiMix 
Plus SYBR (Quantace). Measurement was performed in triplicate for each sample 
denaturing at 95 °C for 10 min prior to 40 cycles of PCR reaction as follows:  
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DNA denaturation 15 sec  95 °C 
Primer annealing 30 sec  62 °C 
Extension 15 sec 72 °C 

  (40 cycles) 
 
The average threshold cycle (CT) value was determined from triplicate reactions, and 
levels of viral mRNA relative to cellular 18S rRNA were calculated.  
 

3.9 Protein techniques 

3.9.1 Preparation of total-cell lysates 

All total-cell lysates were prepared with highly stringent RIPA lysis buffer to ensure 
proper solubilization of proteins and to eliminate unspecific or weak protein 
interactions. Further, all protein analysis steps were carried out on ice or at 4 °C to 
reduce the activity of proteases. Cell pellets were resuspended in an appropriate 
volume of lysis buffer with freshly added 0.2 mM PMSF, 1 mg/ml pepstatin A, 5 
mg/ml aprotinin, 20 mg/ml leupeptin, 25 mM iodacetamide and 25 mM N-
ethylmaleimide. Resuspended cells were incubated for 30 min on ice and were 
vortexed every 10 min in between. Complete cell disruption as well as genomic DNA 
shearing was facilitated by sonification (40 pulses, output 0.60; 0.8 Impulse/s; 
Branson Sonifier 450) and cellular debris as well as insoluble components were 
pelleted by centrifugation (14,000 rpm, 3 min, 4 °C; Eppendorf 5417R). Protein 
concentration of the supernatant was determined by spectrophotometry (3.9.2).  
Finally, proteins were denatured by addition of 5 x SDS sample buffer and 
subsequent boiling at 95 °C for 3 min. Protein lysates were stored at -20 °C until 
analysis by SDS-PAGE/immunoblotting (3.9.6). 
 
RIPA 50 mM  Tris-HCl (pH 8.0) 

 150 mM  NaCl 
 5 mM EDTA 

 1 % (v/v) Nonidet P-40 

 0.1 % (w/v) SDS 

 0.5 % (w/v) Sodium Desoxycholate 

   
5 x SDS sample  100 mM  Tris-HCl (pH 6.8) 
buffer 10 % (w/v)  SDS 

 200 mM DTT 
 0.2 % (w/v)  Bromphenol blue 
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3.9.2 Quantitative determination of protein concentrations 

Protein concentrations in samples were measured using Protein-Assays (BioRad) 
according to Bradford (Bradford, 1976). To determine protein concentrations, 1 µl 
protein lysate was mixed with 800 µl ddH2O and 200 µl Bradford Reagent (BioRad), 
incubated for 5 min at RT and 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). 

3.9.3 Immunoprecipitation 

For immunoprecipitation equal amounts (0.1 mg  3 mg) of total-cell lysates (3.9.3) 
from each sample were precleared by addition of Pansorbin A for one hour at 4 °C in 
a rotator (GFL). Simultaneously, indicated amounts of antibody were coupled to 3 
mg of sepharose/IP. Antibody-coupled sepharose beads were washed three times 
with 1.0 ml of lysis buffer and added to the precleared protein lysate in a 1.5 ml 
reaction tube after clearing by centrifugation (600xg, 5 min, 4 °C; Eppendorf 5417R). 
Immunoprecipitation was performed at 4 °C in a rotator (GFL) for 2 hours. The 
resulting protein A/protein G immune complexes were pelleted by centrifugation 
(600xg, 5 min, 4 °C; Eppendorf 5417R) and washed three times with 1.5 ml RIPA lysis 
buffer. Finally, the samples were mixed with an appropriate volume of 2xSDS 
sample buffer (Sambrook, 1989), boiled for 3 min at 95 °C to elute proteins and stored 
at -20 °C until further analysis (3.9.6). 
 
2 x SDS sample  100 mM  Tris-HCl (pH 6.8) 

buffer 4 % (w/v)  SDS 

 200 mM DTT 

 0.2 % (w/v)  Bromphenol blue 

 20 % Glycerol 

 

3.9.4 Subcellular fractionation 

All following procedures were carried out on ice. Cells were washed once with PBS 
and detached from the cell culture plate with trypsin/EDTA (Pan) for 3-5 min at 37 
°C. Trypsin activity was inactivated by adding standard culture medium and cells 
were pelleted by centrifugation at 2,000 rpm for 3 min. Cells were resuspended in 
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500 µl isotonic buffer (IB) and lysed by the addition of 33,33 µl 10 % NP40. 5 min after 
incubation, the crude nuclei were pelleted (1,000 rpm, 3 min) and the supernatant 
was transferred to a new 1.5 ml reaction tube as cytoplasmic fraction (F1). The pellet 
was washed twice with isotonic buffer, pelleted as before and the first washing 
supernatant was transferred to the F1 fraction. The supernatant of the second wash 
was discarded. These wash steps are necessary to achieve a F1 cleaned composition 
of the nuclear membrane fraction F2. The pellet comprising cell nuclei were 
resuspended in F2 buffer, followed by a vortexing and pelleting step (1,000 rpm, 3 
min) afterwards. The supernatant after this pelleting step is the nuclear membrane 
fraction F2 (Hodge et al., 1977). The remaining pellet was washed again in 1 ml RSB 
buffer, pelleted as before and the supernatant was added to F2. This step removes 
excess detergents prior to DNase I treatment. After centrifugation and discarding the 
supernatant, the nuclei were resuspended in 0.5 ml RSB and 5 µl 10 mg/ml RNase-
free DNase I was added. After 30 min incubation, the nuclei were pelleted as before 
and the supernatant again was transferred into a new reaction tube labeled as F3. In 
order to deplete digested chromatin from the nuclei, the pellet was resuspended in 2 
ml RSB and 0.25 ml 5 M NaCl was added (Long et al., 1979; van Eekelen & van 
Venrooij, 1981). The chromatin-depleted nuclei were pelleted by centrifugation at 
2,000 rpm for 5 min and the supernatant F4 was collected in a new tube. The 
remaining pellet, which has been defined as the nuclear matrix was solubilized in 
isotonic buffer by adding SDS to 0.2 % and EDTA to 10 mM and is referred to F5. 
 
 
IB 10 mM Tris-HCl (pH 7.5) 
(isotonic buffer) 150 mM NaCl 

 0.2 mM PMSF 
 1 mg/ml  pepstatinA 

 5 mg/ml aprotinin 

 20 mg/ml leupeptin 
 25 mM iodacetamide 

 25 mM N-ethylmaleimide 
 
RSB 10 mM  Tris-HCl (pH 7.5) 

 10 mM  NaCl 

 3 mM MgCl2 
 
F5B 10 mM  EDTA 

 0.2 %  SDS 

 Ad15 ml IB 
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3.9.5 Denaturing purification and analysis of conjugates 

H1299 cells were transiently transfected with p6His-SUMO-1 or 6His-SUMO-2 and 
were subsequently infected/transfected with the appropriate virus/expression 
vector. The cells were harvested 48 h later, washed once with 1 x PBS and 20 % of the 
cells were lysed with RIPA Buffer after centrifugation and removing of PBS for total 
protein analysis (3.4.3). 80 % of the cells were resuspended in 5 ml Guanidinium 
containing lysis buffer. Lysates in Guanidinium buffer were incubated for 6 h at 4 °C 
with in lysis buffer prewashed 25 µl Ni-NTA agarose (Qiagen). The slurry was 
washed once with lysis buffer, then once with wash buffer pH 8.0 and twice with 
wash buffer pH 6.3. 6His-SUMO conjugates were eluted with 40 µl elution buffer and 
subsequent boiling at 95 °C for 5 min. Finally, proteins were separated by SDS-PAGE 
and visualized by immunoblotting (3.9.6).  
 
Guanidinium lysis  6 M  Guanidinium-HCl 
buffer 0.1 M  Na2HPO4 

 0.1 M NaH2PO4 
 10 mM Tris-HCl (pH 8.0) 

 20 mM Imidazole 

 5 mM β-Mercaptoethanol 
   

Wash buffer pH 8.0 8 M  Urea 

 0.1 M  Na2HPO4 
 0.1 M NaH2PO4 
 10 mM Tris-HCl (pH 8.0) 

 20 mM Imidazole 

 5 mM β-Mercaptoethanol 

  Protease inhibitors 

   

Wash buffer pH 6.3 8 M  Urea 

 0.1 M  Na2HPO4 
 0.1 M NaH2PO4 
 10 mM Tris-HCl (pH 6.3) 

 20 mM Imidazole 

 5 mM β-Mercaptoethanol 
  Protease inhibitors 

 
Elution buffer 200 mM  Imidazole 

 0.1 % (w/v) SDS 
 150 mM Tris-HCl (pH 6.8) 

 30 % (v/v) Glycerol 

 720 mM β-Mercaptoethanol 

 0.01 % (w/v) Bromphenol blue 
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3.9.6 SDS polyacrylamide gel electrophoresis (SDS-PAGE) 

Protein samples of cell lysates (3.9.1), of immunoprecipitation (3.9.3) or SUMOylation 
pulldown (3.9.5) were separated according to their molecular weights by SDS-PAGE 
(Biometra). Polyacrylamide gels were made by using 30 % acrylamide/bisacrylamide 
solution (37.5:1 Rotiphorese Gel 30; Roth) diluted to the final concentration of 8 -15 % 
with ddH20. Protein samples were concentrated between the lower pH of the 
stacking gel in comparison to the higher pH value of the separation gel. Acrylamide 
polymerization was initiated by addition of APS (final=0.1 %) and TEMED (final=0.01 
%). All gels were prepared by the Multigel SDS-PAGE system of Biometra according 
to the manufacturer’s instructions and run at 15 mA/gel in TGS-buffer. Independent 
of the preparation of the protein samples, they were prepared for SDS-PAGE by 
addition of 2 x or 5 x SDS- sample buffer leading to its final concentration of 1 x 
(Sambrook, 1989) and followed by boiling at 95 °C for 3 min in a thermoblock 
(Thermomixer Comfort; Eppendorf). To determine the protein weights, Page Ruler ™ 
Prestained Protein Ladder Plus (Fermentas) was loaded onto the gels. Afterwards, 
separated proteins were transferred onto nitrocellulose membranes (Protran®; 
Whatman) by western blotting (3.9.7). 
 
5 % stacking gel 17 % (v/v) Acrylamide solution (30 %) 

 120 mM  Tris-HCl (pH 6.8) 

 0.1 % (w/v) SDS 
 0.1 % (w/v) APS 

 0.1 % (v/v) TEMED 

   
8 % separating gel 27 % (v/v) Acrylamide solution (30 %) 

 250 mM  Tris-HCl (pH 8.8) 
 0.1 % (w/v) SDS 
 0.1 % (w/v) APS 

 0.6 % (v/v) TEMED 

   
10 % separating gel 34 % (v/v) Acrylamide solution (30 %) 

 250 mM  Tris-HCl (pH 8.8) 

 0.1 % (w/v) SDS 
 0.1 % (w/v) APS 

 0.6 % (v/v) TEMED 

   
12 % separating gel 40 % (v/v) Acrylamide solution (30 %) 

 250 mM  Tris-HCl (pH 8.8) 

 0.1 % (w/v) SDS 
 0.1 % (w/v) APS 

 0.6 % (v/v) TEMED 
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15 % separating gel 50 % (v/v) Acrylamide solution (30 %) 

 250 mM  Tris-HCl (pH 8.8) 

 0.1 % (w/v) SDS 

 0.1 % (w/v) APS 

 0.6 % (v/v) TEMED 
   
TGS buffer 25 mM  Tris 

 200 mM  Glycine 

 0.1 % (w/v) SDS 
 

3.9.7 Western blotting 

Adjusted amounts of protein samples were separated by SDS-PAGE and transferred 
onto nitrocellulose (Whatman) or in case of proteins smaller than 20 kDa 
polyvinylidene fluoride (PVDF) membranes using the Trans-Blot Electrophoretic 
Transfer Cell System (BioRad) in Towbin-buffer. PVDF membranes have to be 
activated with methanol. Gels and membranes were soaked in Towbin-buffer, placed 
between two soaked blotting papers (Whatman) and two blotting pads in a plastic 
grid. The electrophoretic transfer was performed in “full wet” mode in a blotting 
tank filled with Towbin-buffer at 400 mA for 90 min. Subsequently, membranes were 
incubated for at least 2 hours at RT or overnight at 4 °C in PBS containing 5 % non-fat 
dry milk (Frema) on an orbital shaker (GFL) to saturate unspecific antibody binding 
areas on the nitrocellulose membrane. After blocking of the membrane, the blocking 
solution was discarded, membranes were washed briefly to remove remaining 
blocking solution and incubated for 2 h at RT with the primary antibody diluted in 
PBS-Tween. The grade of primary antibodies dilutions as well as the amount of 
added the non-fat dry milk (Frema) have to be determined individually for each 
antibody. After primary staining, the antibody solution was removed, the 
nitrocellulose membranes were washed three times for 15 min and incubated for 2 
hours at RT in PBS-Tween with the HRP-coupled secondary antibody (1:10,000; 
Amersham) containing 3 % non-fat dry milk (Frema). 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 
Illustrator CS5 (Adobe). 
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Towbin buffer 25 mM  Tris-HCl (pH 8.3) 

 200 mM  Glycine 

 0.05 % (w/v) SDS 

 20 % (v/v) Methanol 

   
PBS-Tween 0.1 % (v/v) Tween20 

  in 1x PBS 
 

3.10 GST Pull-down Assays from Cell Lysates 

3.10.1 GST-Protein Expression 

GST-tagged constructs from the database were cloned into pGEX4T-1 or pGEX5X-1 
(Amersham Pharmacia) vectors and stored in glycerol in E. coli as described in (3.1.1). 
They were applied for inoculating 5 ml starter cultures and incubated at 37 °C over 
night (3.1.1). Afterwards, pre-culture was transferred into 500 ml LB-medium and 
incubated at 37 °C until the OD600 of the culture reached 0.6 (2-4 h post inoculation). 
Proteinexpression of the bacteria were induced with 0.5 mM (final concentration) 

Isopropylthio-�-D-galactosid (IPTG). This expression culture was further incubated 

at 30 °C at 180 rpm rotation for 4 hours. Bacteria were pelleted at 6,000g for 10 min. 
The pellets were frozen at -80 °C overnight after discarding the supernatant to crack 
bacteria and improve celllysis.  

3.10.2 GST-Protein Purification 

Bacteria were thawed on ice for 20 min and 15 ml of MTTBs supplemented with 30 
mg of Lysozyme and protease inhibitors were added and resuspended with each 
pellet and transferred to a 50 ml conical tube. After incubation of 10 min on ice, 
lysates were sonicated five times for 30 s and centrifuged at 14,000 rpm for 40 min at 
4 °C. Supernatants were collected and transferred to 15 ml conical tube containing 
600 µl of three times with MTTBs pre-washed Glutathione beads. Supernatant and 
GST-beads were rotated for 4 h at 4°C for conjugation of GST-tagged proteins with 
the beads. GST-protein beads were precipitated by centrifuging at 4,500 rpm for 5 
min and washed five times with ice-cold MTTBs buffer. After adding 50-100 µl of 
MTTBs to the beads, 10 µl of each sample were examined by SDS-PAGE (3.9.6) and 
for protein amount estimation, a BSA concentration row was added. Gels were then 
incubated in a Coomassie staining solution and left at RT for 20 min with agitation. 
For destaining, gels were placed in a solution containing 10 % glacial acetic acid, 20 
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% methanol in water, until proteins became clearly visible. Protein amounts were 
estimated and adjusted to same levels. 

3.10.3 GST Pull-Down Assays 

For in vivo GST pull-down assays, cell lysates were prepared as described (3.9.1) in 
RIPA. Adjusted amounts of GST-protein beads were incubated with 1 mg of protein 
lysate overnight. GST-protein complexes were precipitated by centrifuging at 6,000 
rpm for 5 min at 4 °C. The beads were washed 5 times with 1 ml of ice-cold lysis 
buffer containing protease inhibitors. GST-beads bound complexes were disrupted 
by addition of 10 µl 2x Laemmli loading buffer. Samples were analyzed by SDS-
PAGE (3.9.6), followed by western blotting (3.9.7). 
 
MTTBs 50 mM  Tris 

 150 mM  NaCl 

 1 % (w/v) TritonX-100 
 100 µl PMSF 
 1:1000 aprotinin 
  leupeptin 
  pepstatin 
 
Coommassie Stain 50 % methanol 

 10 %  acetic acid 

 0.05 % Brilliant Blue R-250 
 
Destain solution 50 % methanol 

 40 %  milli-Q water 

 10 % acetic acid 
 

3.10.4 Indirect immunofluorescence analysis 

For indirect immunofluorescence analysis 1.5x105 cells were grown on glass 
coverslips (3.3.1) and transfected/infected according to the experimental setup 
(3.5.1). Cells were washed once with PBS and fixed with 4 % PFA at 4 °C for 20 min. 
Afterwards cells were permeabilized by incubation with PBS containing 0.5 % (v/v) 
Triton X-100 for 10 min at RT. After 1 h blocking in TBS-BG buffer, coverslips were 
treated for 1 h with the primary antibody diluted in PBS, washed three times with 
TBS-BG buffer, followed by incubation with the corresponding Alexa488 (Invitrogen) 
or Cy3-conjugated (Dianova) secondary antibodies. Coverslips were washed three 
times with TBS-BG buffer, mounted in Glow Mounting Media (EnerGene) and digital 
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images were acquired with a DM6000 fluorescence microscope (Leica) with a charge-
coupled device camera (Leica), cropped and decoded by Photoshop CS5 (Adobe) and 
assembled with Illustrator CS5 (Adobe).  

3.10.5 Reporter Gene Assay 

Luciferases are enzymes with catalytic activity that emit visible light upon substrate 
conversion. The firefly luciferase is the most commonly used luciferase catalyzing 
following reaction:  

Luciferin + ATP   �   luciferyl adenylate + PPI 

Luciferyl adenylate + O2  �   oxyluciferin + AMP + light 

 
Transcriptional activity of a promoter of interest was investigated by transiently 
transfecting cells with a reporter construct harboring a luciferase ORF under the 
control of this particular promoter. Expression levels of the luciferase reporter gene 
are then quantified by adding the luciferase substrate and ATP to the cellular lysates 
prior to measuring the intensity of emitted light. In addition, Renilla luciferase is 
cotransfected as an internal transfection control. Therefore, measurements of the 
firefly luciferase (Photinus pyralis) activity are always normalized to the activity of 
Renilla luciferase. For quantitatively determination of promoter activities, the Dual-
Luciferase® Reporter Assay System (Promega) was used according to the manufacturer’s 
instructions with some modifications. Luciferase reporter gene assays were 
performed in H1299 cells in 12-well plates. 24 hours after transfection the 
supernatant was removed. After washing the cells with 1 x PBS, 100 µl of passive lysis 
buffer (Promega) was added to each well and the plates were incubated for 10 min at 
RT on an orbital shaker (GFL) and assayed immediately. Therefore, 10 µl of lysate 
were subjected to sequential measuring of Firefly (10 sec) with 3 µl firefly luciferase 
substrate (Promega) and Renilla luciferase activity (10 sec) with Renilla luciferase 
substrate (Promega) in a Lumat LB 9507 luminometer (Berthold Technologies). This 
sequential measurement is possible as firefly luciferase activity is blocked by the pH 
conditions of the Renilla substrate.  
The relative luciferase unit (RLU) was calculated through dividing the firefly-value by 
the corresponding Renilla-value.  
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4 Results 

4.1 Role of the NF-κB mediated innate immune pathway during 
HAdV-C5 infection 

Many studies showed numerous strategies of HAdV-C5 to suppress or activate the 
antiviral immune response of the host either after infection or administration of 
adenoviral vectors (Burgert et al., 2002; Hendrickx et al., 2014; Lam & Falck-Pedersen, 
2014; Mahr & Gooding, 1999; Wold, 1993). Although great efforts have been made to 
investigate the immune response induced by HAdV-C5, the molecular mechanisms 
behind this activation are still poorly investigated and not understood in detail. 

4.2 Interplay between HAdV-C5 and the NF-κB pathway 

4.2.1 NF-κB expression activates HAdV-C5 promoters 

NF-κB-binding sites have been revealed within the promoter regions of HAdV-C5 E2 
and E3 transcriptional units (Machitani et al., 2016). This is associated with activation 
of the NF-κB pathway at the early time point after infection, which is beneficial for 
HAdV-C5 gene expression and replication. Besides HAdV-C5, there are several 
human pathogenic DNA viruses harboring NF-κB sites within their early promoter 
regions (Pahl, 1999; Sambucetti et al., 1989; Williams et al., 1990). Thus, timely 
regulation of NF-κB pathway in order to take advantage from its function as a 
transcription factor is a common viral strategy to overcome antiviral host response.  
To test whether HAdV-C5 early promoter regions of different adenoviral genes can 
be also activated by the NF-κB transcription factor, H1299 cells were transfected with 
constructs encoding HAdV-C5 promoter sequences upstream of a reporter luciferase 
gene and co-transfected with a plasmid encoding p65, a subunit of NF-κB. 
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Figure 15: NF-κB overexpression activates HAdV-C5 promoters. 
(A) Schematic overview of HAdV promoter region. The line in the middle denotes the size of 
the adenoviral genome in base pairs. The arrows depict the direction of transcription. The 
bold italic letters show the NF-κB binding motifs within the promoter regions. (B) H1299 
cells were transfected with 1 µg of either HAdV promoter, 0.5 µg of pRL-TK (Renilla-Luc), 0.5 
µg of pGL3 Basic and 1 µg of p65 (3.4.1). Whole cell extracts were prepared and luciferase 
activity was determined (3.10.5). The firefly luciferase activity measured for the different 
HAdV promoter constructs was normalized to its respective Renilla luciferase activity as an 
internal transfection control. The mean and standard deviations from three dependent 
experiments are presented.  
 
As illustrated in Figure 15, p65 activated each, E1A and E2E promoters, to 14-fold, 
while it increased to 17-fold for the E2L promoter. The results obtained with the viral 
E2E promoter construct were expected since it has been described that the viral E2E 
promoter has two NF-κB binding sites (Machitani et al., 2016). We could verify 
activation of this promoter upon cotransfection with p65 (Figure 15). 
However, activation of the E1A and E2L promoter was not expected, as both 
promoters do not harbor conserved NF-κB binding sites. Further, this assay revealed 
a 4.5-fold induction of luciferase activity when the E3 promoter construct was 
cotransfected with p65. The E3 promoter construct in this assay does not include the 
potential NF-κB binding site, which explains the low level of induction of this 
promoter. In line with this, we could detect induction of the E1B promoter to 4-fold 
comparable to the E3 promoter.  
In summary the results show a regulatory mechanism between viral components 
with the cellular NF-κB pathway. 
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4.2.2 NF-κB promoter activity is highly regulated by transient 
expression of HAdV-C5 proteins  

In the last years, many publications have described viral mechanisms for activation 
or inhibition of the NF-κB pathway, revealing an unlimited diversity in the 
regulation of this pathway by viruses (Amaya et al., 2014; Brady & Bowie, 2014; 
Hodgson & Wan, 2015; Le Negrate, 2011; Pahl, 1999; Pham & Tenoever, 2010; 
Rahman & McFadden, 2011; Zhao et al., 2015). Viruses tightly regulate the immediate 
early step of immune activation in order to benefit from activation or inhibition of 
the immune determinants. Viral targets of the immune pathway can be broadly 
classified into three categories based on the site of inhibition within the NF-κB 
pathway comprising the TLRs, IKK complex or the transcriptional level.  
To elucidate the role of adenoviral proteins on NF-κB pathway regulation, H1299 
cells were co-transfected with the NF-κB promoter construct and either early or late 
adenoviral protein expressing constructs (see Figure 16). The reporter gene 
expression construct used in this assay encodes a luciferase gene under the control of 
a (5x) NF-κB-ELAM-promoter. Firefly luciferase expression/activity directly 
correlates with transcriptional activation of NF-κB. pRenilla-Luc was cotransfected to 
determine the transfection efficiency for normalization.  
This experiment showed that the early protein E1A highly increased the NF-κB 
promoter to 7-fold, while the late protein L4-100K and the core protein pV and pVII 
activated the NF-κB promoter 4-fold compared to the control.  
Previous results have shown activation of NF-κB upon HAdV-C5 infection either 
with a high multiplicity of infection (MOI) (Rajaiya et al., 2008) or transduction with a 
high titer of adenoviral vectors (Borgland et al., 2000; Gloria P Bowen & Daniel, 2004; 
Muruve et al., 1999).  
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Figure 16: Overexpression of HAdV-C5 proteins modulates NF-κB promoter activation. 
H1299 cells were transfected with 0.5 µg of pRL-TK (Renilla-Luc), 0.5 µg pGL3 Basic 5x NF-
κB-Elam-prom as indicated and 1 µg of plasmid expressing viral proteins (3.4). Total protein 
extracts were prepared and luciferase activity was determined (3.10.5). The Firefly-luciferase 
activity was normalized to the 5x-Elam-prom expressed alone and its respective Renilla 
luciferase activity as a transfection control efficiency control. The mean and standard 
deviations are presented for three technical replicates. 
 
It has been shown that proteins from the E3 region have immunomodulatory 
functions (Burgert & Blusch, 2000). Therefore, we used a HAdV-C5 that is deleted in 
the viral region E3 in order to elucidate the role of HAdV-C5 proteins on NF-κB 
regulation during viral infection, in an E3-independent manner. H1299 were infected 
with a low (MOI 20) and a high virus concentration (MOI 100) to mimic a more 
physiological situation and to force a putative induction of the immune response, 
respectively (Figure 17). The activation of NF-κB promoter was then analyzed in a 
transient reporter gene assay after HAdV-C5 wild type delta E3 virus infection (see 
Figure 17BC). Tumor necrosis factor α (TNFα) is a pro-inflammatory cytokine that 
induces diverse cellular responses varying from apoptosis to the expression of genes 
involved in both early inflammatory and acquired immune responses (Rahman & 
McFadden, 2011). TNFα is known as one of the most potent physiological inducers of 
the nuclear transcription factor NF-κB (Schutze et al., 1995). So, in order to analyze 
the effects of HAdV-C5 infection on TNFα-mediated NF-κB induction, we treated 
H1299 cells with 20 ng/ml TNFα, and then infected treated and non-treated cells 
with HAdV-C5. We have observed, as expected, that TNFα treatment induced 3-fold 
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luciferase expression starting at 4 hours after treatment and lasting up to 24 hours 
(4.5-fold) after treatment (Figure 17A, lanes 4-6).  
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Figure 17: NF-κB promoter is not activated during HAdV-C5 productive infection.  
H1299 cells were transfected with 0.5 µg of pRL-TK (Renilla-Luc), 0.5 µg pGL3-Basic Prom 
NF-κB (5x-NF-κB-ELAM-promoter) (3.4.1). Cells were (A) treated with 20 ng/ml TNFα at 
indicated time points before cell lysis or (B, C) infected with Ad wt (H5pg4100) at a 
multiplicity of 20 or 100 ffu/cell at indicated (3.5.1). (D, E) Cells were treated with TNFα 1 
hour before infection and were infected for indicated hours prior to cell lysis (3.5.1). Total-
cell extracts were prepared and luciferase activity was determined (3.10.5). Firefly-luciferase 
activity derived from the NF-κB-responsive reporter measurement was normalized to its 
respective Renilla luciferase activity for transfection efficiency. The mean and standard 
deviations are presented for three technical replicates. To determine adenoviral infection and 
the usage of equal amount of cell lysate for measurement, total-cell lysates were resolved by 
10 % SDS-PAGE and visualized by immunoblotting (3.9). E2A levels as infection control was 
detected using mAb B6-8 (α-E2A) and actin using mAb AC-15 (α-β-actin) served as loading 
control. Molecular weights in kDa are indicated on the left, while corresponding proteins are 
labeled on the right.  
 
However, H1299 cells only infected with HAdV-C5, without TNFα treatment, at 
either MOI 20 (Figure 17B) or MOI 100 (Figure 17C) did not show activation at any 
time point after infection (Figure 17BC, lane 1-6). Interestingly, the level of NF-κB 
activity at 24 hpi at MOI 20 (Figure 17B, lane 6) and MOI 100 (Figure 17C, lane 6) was 
slightly lower than in non-infected cells (Figure 17A, lane 6). In contrast, when cells 
were first treated with TNFα and then infected, HAdV-C5 could counteract NF-κB 
activation by TNFα at late time points of infection (24 h), coinciding with E2A 
expression (Figure 17DE). Therefore, we assume that HAdV-C5 encodes for a protein 
that counteracts this host defense mechanism.  
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4.2.3 Role of IKK complex proteins during HAdV-C5 infection 

NF-κB pathway activation converges from various signals at the IKK complex, which 
could be a potential target complex upon HAdV-C5 infection. In order to investigate 
the fate of IKK complex proteins after adenoviral infection, we examined their 
expression level in a time course experiment (see Figure 18). Therefore, A549 cells 
were chosen to study infection experiments as this cell line has been used extensively 
to investigate the NF-κB pathway especially with influenza viruses (Gao et al., 2012; 
Pauli et al., 2008; Wang et al., 2012). Further, they are derived from respiratory 
epithelial cells, which as been shown to be the cellular target for natural HAdV-C5 
infection in vivo (Schmitz et al., 1983). However, A549 is not transfectable with the 
methods established in our lab. Conversely, all transient transfection experiments 
were done in H1299 cells, another lung epithelial cell line, as this cell line has higher 
transfection efficiency than A549 cells. For analysis of IKK protein levels across a 
time course of infection, A549 cells were HAdV-C5 infected and harvested at 0, 2, 4, 
8, 16, 24, 48, and 72 hpi. Proteins from whole-cell lysates were analyzed by SDS-
PAGE and western blotting.  
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Figure 18: Expression levels of IKK proteins upon HAdV-C5 infection in A549 cells. 
A549 cells were infected with H5pg4100 at a multiplicity of 20 ffu/cell and proteins from 
whole-cell extracts were separated by SDS-PAGE (3.9) and subjected to immunoblotting 
using Ab rabbit C-21 (α-IκBα), Ab rabbit FL-419 (α-NEMO), Ab rabbit M-204 (α-IKKα), mAb 
AC-15 (α-β-actin), mAb DO-I (α-p53), mAb B6-8 (α-E2A) and mAb 2A6 (α-E1B-55K). 
Molecular weights are indicated in kDa on the left side of the panels, while the 
corresponding proteins are labeled on the right side. 
 
The levels of NF-κB pathway proteins IκBα, NEMO and IKKα were investigated 
over a time course. Expression levels of IκBα served as an indicator for the NF-κB 
activity as activation of the NF-κB pathway is linked to the proteasomal degradation 
of IκBα (Palombella et al., 1994; Traenckner et al., 1994). IκBα expression level is 
reduced 16 hpi and completely disappeared at 48 and 72 hpi (Figure 18, lane 5-7). 
This reduction indicates activation of NF-κB at later time points after infection. The 
cellular level of the IKK complex proteins IKKα and NEMO appeared to stay stable 
at all time points tested. Besides, NEMO specific antibody detected a slower 
migrating band at 8 hpi, which migrates at approximately 70 kDa (Figure 18, lane 4). 
An additional higher migrating band at around 100 kDa is also visible in the staining 
with IKKα specific antibody at 24 hpi (Figure 18, lane 4). Viral infection was 
evidenced by detection of the early proteins E2A and E1B-55K at 24 hours after 
infection (Figure 18, lane 6). Activation of NF-κB is accompanied with complete 
nuclear relocalization of p65 as shown for many other viruses (reviewed in (Hiscott 
et al., 2001)). In order to verify whether NF-κB is activated upon adenoviral infection, 
H1299 cells were transfected with p65 a subunit of NF-κB heterodimer, and infected 
at 6 hpt with HAdV-C5 (MOI 20). At 24 hpi, cells were subjected to 
immunofluorescence analysis (Figure 19).  
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As shown in (Figure 19) endogenous p65 localized mainly within the cytoplasm at 
the nuclear lamina, but it was also detectable within the nucleus (Figure 19a). 
Adenoviral infected cells are indicated by staining of the viral E1B-55K protein 
(Figure 19f, j, n). After infection the overall distribution of p65 within the cell was 
comparable to non-infected cells (Figure 19e, i, m). Taken together, the putative 
activation of NF-κB after adenoviral infection shown by western blot analysis could 
not be verified by immunofluorescence analysis, as p65 still localizes within the 
cytoplasm after HAdV-C5 infection (Figure 19e, m). This result confirms the 

Figure 19: p65 fails to relocalize into the nucleus upon HAdV-C5 infection. 
A549 cells were infected with H5pg4100 and were fixed 24 hpi with 4 % PFA and double 
labeled with mAb 2A6 (α-E1B-55K) and mAb C-20 (α-p65). Primary Abs were detected with 
Cy3 (α-p65) and Alexa 488 (α-E1B-55K) conjugated secondary Abs. For nuclear staining, the 
DNA intercalating dye DAPI was used. Representative α-E1B-55K and α-p65 staining 
patterns of at least 29 analyzed cells are shown. Overlays of single images (merge) are shown  
(magnification x 7600). One representative field for mock cells is shown (a-d) and three 
representative fields are shown for HAdV-infected cells. 
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luciferase measurement (Figure 17) where no activation of NF-κB was measureable 
after adenoviral infection (Figure 17BC). 

4.3 Interplay between HAdV-C5 and IKK complex components 

4.3.1 HAdV-C5 reduces the IKK complex formation  

Many viruses encode for viral proteins in order to target the NF-κB pathway. As an 
example, HCV expresses the proteases NS3-NS4 causing proteolysis of TRIF, which 
is important for TLR9-mediated activation of NF-κB (Abe et al., 2007). Besides, NS5B 
and the core proteins of HCV inhibit activation of the IKK complex by interaction 
with IKK proteins (Choi et al., 2006; Joo et al., 2005). Regulation of the NF-κB pathway 
by adenoviruses could be maintained at several steps after infection at multiple NF-
κB signaling molecules. In order to investigate whether HAdV interfere or cooperate 
with the main kinase complex of the NF-κB pathway, H1299 cells were co-transfected 
with constructs expressing human Flag-tagged IKKα, IKKβ and human HA-tagged 
NEMO alone and then infected with H5pg4100 virus (MOI 20). Cells were harvested 
24 h later and subjected to immunoprecipitation analysis.  

Figure 20: HAdV infection reduces the interaction between IKK proteins. 
Subconfluent H1299 cells were transfected with 5 µg of human Flag-tagged IKKα and IKKβ 
and HA-tagged NEMO (3.4). Cells were infected 24 hours after transfection with H5pg4100 at 
a multiplicity of 20 ffu/cell (3.5.1) and harvested 24 hpi (3.3). After total protein extraction, 
immunoprecipitation of Flag-tagged proteins was performed by using Flag-beads M2, 
resolved by 10 % SDS-PAGE and visualized by immunoblotting (3.9). Input levels (A) of 
total cell lysates were detected using mAb Flag-M2 (α-Flag), mAb B6-8 (α-E2A) and mAb 
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AC-15 (α-β-actin). Coprecipitated proteins (B) were stained with mAb 3F10 (α-HA). 
Molecular weights are indicated in kDa on the left side of the panels, while the 
corresponding proteins are labeled on the right side.  
 
The results showed that IKKα is able to co-immunoprecipitate with NEMO both in 
the absence and in the presence of IKKβ (Figure 20B, lanes 4 and 6, respectively), in 
concordance with what has been previously published (May, 2000; May et al., 2002). 
Interestingly, HAdV-C5 infected cells showed a decrease in the amount of 
immunoprecipitated Flag-tagged-proteins, indicating that HAdV-C5 interferes with 
the binding capacity of the IKK complex components (Figure 20B, lanes 5 and 7).  

4.3.2 HAdV-C5 E1B-55K interacts with the IKK complex upon 
infection 

The HAdV-C5 E1B-55K protein is a multifunctional protein, which has been 
extensively studied, with different roles during adenovirus lytic life cycle. It 
contributes to degrade specific cellular proteins by forming an ubiquitin ligase 
complex together with E4orf6 in the early phase of infection (Blanchette et al., 2008; 
Querido, 2001; Querido et al., 2000).  
It has been reported that the E1B-55K protein controls expression of genes that are 
involved in the NF-κB pathway regulation and in the interferon response (Miller et 
al., 2009). Due to the role of E1B-55K on the immune response and as HAdV-C5 
infection showed a reduced IKK complex formation capacity, immunoprecipitation 
experiments were performed to elucidate a putative role of E1B-55K in regulating the 
IKK complex (see Figure 21). Therefore, H1299 cells were transfected with human 
Flag-tagged IKKα, IKKβ and NEMO and infected with H5pg4100 at 8 hpt.  
The staining for Flag-tagged proteins revealed interaction between E1B-55K and 
Flag-tagged IKKα and NEMO (Figure 21B, lane 3 and 5). Short exposure of the 
membrane showed a strong interaction between E1B-55K and NEMO (Figure 21B, 
lane 5) whereas the interaction between IKKα and E1B-55K shown in Figure 22 upon 
cotransfection was only detectable after long exposure time. 
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Figure 21: E1B-55K interacts with IKKα and NEMO upon HAdV infection.  

Subconfluent H1299 cells (4x106) were transfected with 5 µg of human Flag-tagged IKKα and 
IKKβ and NEMO and infected 8 hpt with H5pg4100 at a multiplicity of 20 ffu/cell (3.5.1). 
Cells were harvested 24 hpi and then whole-cell extracts were prepared (3.4.3). 
Immunoprecipitation of Flag-tagged proteins was performed with Flag antibody conjugated 
to sepharose beads, resolved by 10 % SDS-PAGE and visualized by immunoblotting (3.9). 
Input levels (A) of total cell lysates were detected using mAb Flag-M2 (α-Flag), mAb 2A6 (α-
E1B-55K) and mAb AC-15 (α-β-actin). Coprecipitated proteins (B) samples were stained with 
mAb Flag-M2 (α-Flag). NEMO oligomerization is indicated by asterisks whereas (*) denotes 
NEMO dimer and (**) NEMO trimer. Molecular weights are indicated in kDa on the left side, 
while corresponding proteins are labeled on the right.  
 
Beside the interaction between NEMO with E1B-55K, western blot results show a 
higher migrating band upon overexpression of NEMO, which is recognized by a 
NEMO specific antibody indicating its dimerization by size (Figure 21B, lane 5). 
NEMO has a size of 48 kDa protein, which usually migrate at around 55 kDa on a 10 
% SDS-gel. Upon cotransfection of NEMO and subsequent virus infection, two 
slower migrating bands at around 110 kDa and 250 kDa appeared. This band 
corresponds assumably to NEMO dimers (*) and trimers (**) because of the sizes and 
the specific detection by the NEMO antibody. Intriguingly, it has been shown that 
oligomerization of NEMO is important for its full functionality (Agou et al., 2004; 
Agou et al., 2002; Fontan et al., 2007; Herscovitch M., 2008; Marienfeld et al., 2006; 
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Vinolo et al., 2006). Interestingly, E1B-55K seems to interact after adenoviral infection. 
The results indicate a regulatory role of E1B-55K on the IKK complex proteins. 

4.3.3 HAdV-C5 E1B-55K and E1B-156R interact with the IKK 
complex  

The interaction between E1B-55K and the IKK proteins was investigated more in 
detail in order to reveal whether the interaction occurs independent on further viral 
proteins. Therefore, immunoprecipitation experiments were repeated with E1B-55K, 
which were cotransfected with each of the Flag-tagged IKK proteins in H1299 cells 
(Figure 22).  

 Figure 22: Overexpressed E1B-55K interacts with IKK complex components. 

Subconfluent H1299 cells (4x106) were cotransfected with 5 µg of E1B-55K and 5 µg of human 
Flag-tagged IKKα and IKKβ and NEMO (3.4). Cells were harvested 48 hpt before preparing 
whole-cell extracts (3.4.3). Immunoprecipitation of Flag-tagged proteins was performed with 
mAb Flag-M2 (α-Flag), resolved by 10 % SDS-PAGE and visualized by immunoblotting (3.9). 
Input levels (A) of total cell lysates were detected using mAb Flag-M2 (α-Flag), mAb 2A6 (α-
E1B-55K), mAb FL-419 (α-NEMO) and mAb AC-15 (α-β-actin). Coprecipitated proteins (B) 
samples were stained with mAb Flag-M2 (α-Flag). Molecular weights are indicated in kDa 
on the left side, while corresponding proteins are labeled on the right.  
 
Input samples for direct immunoprecipitation of E1B-55K showed sufficient and 
similar amounts of the transfected and the endogenous proteins (see Figure 22A).  
E1B-55K could only interact with IKKα but not with NEMO, in contrast to a full 
virus infection (Figure 21, lane 3). This would indicate that other viral proteins are 
necessary to interact with NEMO. Interestingly, E1B-55K expression levels were 
lower in NEMO cotransfected cells (Figure 22, lane 5). 
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In order to confirm the interaction through a further assay and to narrow down the 
binding site between E1B-55K and IKKα, a GST-pull down experiment was 
performed (3.10). Therefore, bacterial expressed GST-tagged E1B-55K wt, different 
truncation mutants and isoforms of E1B-55K were purified and conjugated to 
glutathione-sepharose beads. These beads were then incubated with A549 cell lysates 
and later analyzed by SDS-PAGE and western blotting. 

Figure 23: IKKα interacts with GST-E1B-55K wt and GST-E1B-156R isoform. 
Subconfluent A549 cells were harvested and whole cell extracts were prepared (3.4.3). 
Bacterial (E. coli) expressed GST-tagged E1B-55K truncation mutants (A) were conjugated to 
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glutathione sepharose beads and incubated with 750 µg of protein lysates, resolved by 10 % 
SDS-PAGE and visualized by immunoblotting with Ab M-204 (α-IKKα) (4.9) (B; right). As a 
control, the same experiment was done in duplicate and stained also with Ab C-21 (α-IKBα) 
(B; right). Input levels (B; left) of total-cell lysates were detected using Ab M-204 (α-IKKα), Ab 
C-21 (α-IKBα) and mAb AC-15 (α-β-actin). Molecular weights are indicated in kDa on the 
left side, while corresponding proteins are labeled on the right. aa: amino acid; NES: nuclear 
export signal; SCM: SUMO conjugation motif; C/H-rich region: Cysteine/Histidine-rich 
region; P: phosphorylation site. 
  
GST-pull down experiments confirmed the interaction between IKKα and E1B-55K 
as shown in Figure 21 and 22 (Figure 23, lane 10). Additionally, IKKα interacts with 
the isoform 156R of E1B-55K, which shares the same N- and C-terminus as E1B-55K 
but misses the central part (Figure 23A). This isoform lacks the NES and SUMO 
conjugation motif, therefore localizes in the cytoplasm and is not SUMOylated. 
However, 156R is phosphorylated at its C-terminus like E1B-55K. These results 
indicate that the central part of E1B-55K is not necessary for its interaction with 
IKKα, whereas protein folding or phosphorylation of E1B could be crucial for their 
interaction. 

4.3.4 Characterization of the binding between host IKKα and 
HAdV-C5 E1B-55K  

4.3.4.1 Posttranslational modification of E1B-55K is dispensable for 
IKKα interaction  

Posttranslational modifications of proteins are strategies to increase the diversity of 
protein functions, such as subcellular localization, stability as well as interaction 
properties. E1B-55K is a viral protein, which is posttranslationally modified by 
several posttranslational modifiers. So far it has been described that it is SUMOylated 
at lysine 104 (Endter & Dobner, 2004; Endter et al., 2001) and phosphorylated at the 
serines 490 and 491 (S490/491) and threonine 495 (T495) (Teodoro & Branton, 1997; 
Teodoro et al., 1994). It has been shown that inhibition of E1B-55K SUMO 
modification enhances its preference for cytoplasmic localization (Endter et al., 2001). 
Accordingly, mutation of the nuclear export signal (NES) by changing its leucines 83, 
87, 91 to alanines results in E1B-55K nuclear retention and subsequently more 
SUMOylated E1B-55K within the nucleus (Krätzer et al., 2000). The E1B-55K delP 
variant has a mutation in the phosphorylation site and it is therefore not 
phosphorylated, which, in turn, has been shown to influence its SUMOylation of the 
viral factor (Wimmer et al., 2012). In contrast, E1B-55K pM is a phosphomimetic 
mutant in which amino acid substitutions are introduced by changing serines to 
aspartic acid (Schwartz et al., 2008). Aspartic acid is chemically similar to phospho-
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serine, mimicking phosphorylated E1B-55K protein, leading to its increased 
SUMOylation rate. In order to investigate whether those posttranslational 
modifications of E1B-55K are important to mediate interaction with IKKα, we 
cotransfected Flag-tagged IKKα with E1B-55K wt and the respective variants and co-
immunoprecipitated E1B-55K (see Figure 24BD).  
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Figure 24: IKKα interacts with E1B-55K PTM mutants. 
Subconfluent H1299 cells were cotransfected with 5 µg of E1B-55K wt or indicated E1B-55K 
mutants and 5 µg of human Flag-tagged IKKα (3.4). Cells were harvested 48 hpt before 
preparing whole cell extracts (3.9). Immunoprecipitation of E1B-55K was performed with 
mAb 2A6 (α-E1B-55K), resolved by 10 % SDS-PAGE and visualized by immunoblotting 
(3.9.3). Input levels (A, C) of whole cell lysates were detected using mAb Flag-M2 (α-Flag), 
mAb 2A6 (α-E1B-55K), 7C11 (α-E1B-55K) and mAb AC-15 (α-β-actin). Coprecipitated 
protein (B, D) samples were stained with mAb Flag-M2 (α-Flag) or 7C11 (α-E1B-55K). (E) 
Schematic overview of E1B-55K PTM mutants.  Molecular weights are indicated in kDa (left), 
while corresponding proteins are shown in the right side of the panels. aa: amino acid; NES: 
nuclear export signal; SCM: SUMO conjugation motif; C/H-rich region: Cysteine/Histidine-
rich region; P: phosphorylation sites 
 

The immunoprecipitation with α-E1B-55K antibody showed that E1B-55K PTM 
mutants were still able to interact with IKKα (see Figure 24B). Similar results were 
obtained when immunoprecipitating IKKα with α-Flag AB and detecting E1B-55K 
with a different antibody (7C11), which recognizes the C-terminal part of E1B-55K 
(Figure 24D). Immunoprecipitation with two E1B-55K antibodies recognizing 
different antigens indicated that interaction between IKKα and E1B-55K is 
independent of posttranslational modifications, such as SUMOylation and 
phosphorylation. 
 

4.3.4.2 IKKα has reduced binding affinity to E1B-55K-RF6 and E1B-
55K-E2 mutants 

Many efforts were made to characterize the multifunctional E1B-55K protein by 
generating different single-amino-acid substitution mutants as well as multiple-
amino-acid substitution in order to disrupt motifs or post transcriptional 
modification (Kindsmüller et al., 2007; Schwartz et al., 2008; Shen et al., 2001). The 
experiment described above strongly suggested that those posttranslational 
modifications of E1B-55K are not important for interaction with IKKα (see Figure 
24BD). However, E1B-55K PTMs are not the only determinant for interaction with 
other proteins. Studies by Cardoso et al. could narrow down one amino acid on E1B-
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55K that is important for binding to cellular proteins resulting in specific phenotypes 
like repression of p53 and its oncogenic potential in combination with E1A (Cardoso 
et al., 2008). These mutants were used to characterize important function of E1B-55K 
like the modulation of the p53 level, interaction with E4orf6 protein (Rubenwolf et al., 
1997), the regulation of late viral gene expression and the support of virus replication 
in human cancer cells. 
E1B-55K-H260A has been shown to be defective in its degradation functions on p53, 
as well as on its interaction with E4orf6 (Härtl et al., 2008). Furthermore, E1B-55K 
mutant R443ins is defective for inhibition of all three components of the MRN 
complex resulting in activation of the cellular DNA damage response, however it 
retains its ability to degrade p53 (Gonzalez & Flint, 2002; Yew et al., 1990). The E1B-
55K-EE mutant harbors mutations in the central part of the protein and its phenotype 
has not been published. E1B-55K-RF6 has been shown to repress p53 comparable to 
E1B-55K wt leading to the assumption that transformation capacity has to be 
comparable as both processes were believed to be prerequisites for efficient cellular 
transformation (Zeller, 2003). However, although transactivation of p53 is repressed, 
E1B-55K-RF6 mutation abolished E1B-55K transforming potential (Härtl et al., 2008). 
E1B-55K mutants R443A, RTR and E2 were initially designed to disrupt previously 
described Daxx interaction motifs (Schreiner et al., 2010). However, further 
investigations showed that only the E1B-55K-E2 mutant is able to abolish Daxx/E1B-
55K interaction (Schreiner et al., 2010).  
To further characterize the interaction between IKKα and E1B-55K, we used different 
E1B-55K constructs and tested IKKα binding capacity (Figure 25). H1299 cells were 
cotransfected with IKKα and either E1B-55K-wt, E1B-55K-EE, E1B-55K-H260A, E1B-
55K-R443ins, E1B-55K-R443A, E1B-55K-RTR, E1B-55K-RF6 or E1B-55K-E2 encoding 
plasmids before being analyzed by immunoprecipitation (Figure 25). 
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Mutation of E1B-55K often alters protein stability although minor changes with 
usually few amino acids are modified. Hence, reduced stability of steady state 
protein expression in this experiment was observed for E1B-55K-RF6 and the E1B-
55K-E2 mutants (Figure 25A, 9 and 10). In case of E2, the lower expression level 
correlates with lower amount of the loading control, β-actin (Figure 25A, 10). 
However, the significantly reduced amounts in the input of the E1B-55K-RTR in this 
experiment might be due to low transfection efficiency or reduced protein stability 
(Figure 25A, 9). As shown in Figure 25B, comparable amounts of E1B-55K-wt, E1B-

 

Figure 25: IKKα shows impaired interaction with E1B-55K RF6 and E2 mutants. 
(A) Schematic overview of E1B-55K. The line on top denotes the amino acid (aa) of E1B-55K. 
Triangles show the introduced mutation within E1B-55K. (B) Subconfluent H1299 cells were 
cotransfected with 5 µg of E1B-55K wt or indicated E1B-55K mutants and 5 µg of human Flag-
tagged IKKα (3.4). Cells were harvested 48 hpt before preparing total-cell extracts (3.9). 
Immunoprecipitation of E1B-55K was performed with mAb 2A6 (α-E1B-55K) (3.9.3), resolved 
by 10 % SDS-PAGE and visualized by immunoblotting (3.9). Input levels (A) of whole cell 
lysates were detected using mAb Flag-M2 (α-Flag), mAb 2A6 (α-E1B-55K) and mAb AC-15 
(α-β-actin). Coprecipitated proteins (C) samples were stained with mAb Flag-M2 (α-Flag). 
Molecular weights are indicated in kDa on the left side, while corresponding proteins are 
labeled on the right. 
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55K-EE, E1B-55K-H260A, E1B-55K-R443ins could be detected after 
immunoprecipitation with IKKα. This might be due to its low input levels (Figure 
25B, lane 8). Although E1B-55K-RF6 mutant shows a higher input level in 
comparison to E1B-55K-E2, it is repeatedly less precipitated and precipitation 
efficiency seems to be less pronounced than for E1B-55K-wt.  
 

4.3.4.3 IKKα is diffusely distributed within the cell upon 
cotransfection with E1B-55K 

Immunoprecipitation of overexpressed E1B-55K and IKK proteins indicated that in 
contrast to IKKβ and NEMO, E1B-55K interacts with IKKα (see Figure 22). This 
interaction is investigated more in detail by performing immunofluorescence 
analysis. Therefore, H1299 cells were cotransfected similar to the 
immunoprecipitation experiments with Flag-tagged IKKα and E1B-55K, fixed with 4 
% PFA 48 hpt and visualized by using double-labeled IKKα and E1B-55K 
immunofluorescence microscopy (Figure 26). 
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In Flag-tagged E1B-55K and IKKα single transfected cells, both proteins show mainly 
cytoplasmic localization (Figure 26, b and e). However, upon cotransfection of both 
proteins, E1B-55K nearly showed a complete diffuse nuclear relocalization (Figure 
26, j). In contrast, Flag-tagged IKKα lost its cytoplasmic localization and seemed to be 
diffusely distributed throughout the whole cell upon cotransfection with E1B-55K 
(Figure 26, i).   
 

4.3.4.4 IKKα is relocalized into the nucleus and excluded from viral 
replication centers upon adenoviral infection 

The reduced capability of the IKK complex formation after adenoviral infection 
could be induced by changes in the subcellular localization of the complex 
component as it has already been shown in the case of NEMO by the MCMV protein 
M45. M45 relocalizes NEMO into autophagosomes leading to its degradation (Fliss & 
Brune, 2012). Analysis performed by Jenner and Young (2005) resulted in a cluster of 
511 deregulated genes, which have been designated as the common host response to 
infection with several different pathogen species (like HCV, KSHV, HPV) (Jenner & 
Young, 2005). This cluster analysis showed that the common host response is 
enriched for genes involved in the immune response. Monitoring of host responses 
against pathogens by transcriptional profiling with DNA microarrays clarified that 
pathogenesis is driven by modulation of the host immune response. In particular, the 
cluster of genes that mediate inflammation, and the group of IFN-stimulated genes 
(ISGs) (Jenner & Young, 2005). Later on, studies by Miller et al. have shown the 
important role of E1B-55K on the suppression of immune response genes after 
HAdV-C5 infection.  
In order to investigate whether E1B-55K exerts its immune suppressive function by 
counteracting the NF-κB pathway, targeting its main complex consisting of IKK 
proteins, an immunofluorescence experiment was performed to analyze the 
subcellular distribution of the IKKα after HAdV-C5 infection. Therefore, A549 cells 
were infected with HAdV-C5 (MOI 20) and co-stained for E1B-55K and IKKα (see 

Figure 26: Cotransfection changes subcellular localization of E1B-55K and IKKα. 
H1299 cells were transfected with 1.5 µg of Flag-tagged IKKα and E1B-55K, fixed with 4 % 
PFA 48 hpt and double labeled with mAb 2A6 (α-E1B-55K) and mAb M2 (α-Flag) (3.10.4). 
Primary Abs were detected with Alexa 488 (α-Flag) and texas red (α-E1B-55K) conjugated 
secondary Abs. For nuclear staining, the DNA intercalating dye DAPI was used. 
Representative α-E1B-55K and α-Flag staining patterns of at least 29 analyzed cells are 
shown. Overlays of single images (merge) are shown (magnification x 7600). 
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Figure 27). Consistent with previous publications, E1B-55K localizes 24 hours after 
(H5pg4100) infection within the cytoplasm and nucleus (Gonzalez & Flint, 2002; 
Ornelles & Shenk, 1991). Staining of E1B-55K revealed its nuclear localization with a 
few cytoplasmic and nuclear membrane intensely stained bodies, which were 
diffusely distributed (Figure 27, f; j; n; r). Within the nucleus, E1B-55K showed 
mostly a granular diffuse distribution (Figure 27, f; j; n; r). However, there were 
usually also some cells with E1B-55K localized in globular structures, which is 
mostly associated with E2A-induced globular ring-like structures (Figure 27, r). 
Therefore, HAdV-C5 E1B-55K localizes to sites of viral replication and transcription, 
cytoplasmic aggresomes and nuclear track-like structures (Dosch et al., 2001; 
Zantema et al., 1985). Endogenous IKKα showed the expected cytoplasmic 
localization as it acts as member of the NF-κB signaling pathway within the 
cytoplasm, but a small proportion of IKKα is also detectable within the nucleus to 
exert its NF-κB-dependent as well as independent functions (Figure 27, a). IKKα is a 
nuclear-cytoplasmic shuttled protein (Anest et al., 2003; Yamamoto et al., 2003b). 
However, IKKα shows a distinct localization pattern upon infection, being 
completely relocalized into the nucleus and excluded from certain nuclear structures 
together with E1B-55K (Figure 27, e; i; m).  
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Figure 27: HAdV-C5 induces nuclear relocalization of IKKα.  
A549 cells were infected with wt H5pg4100 for 24 hours, fixed with 4 % PFA and double-
labeled either with (A) AB M-204 (α-IKKα) and mAB 2A6 (α-E1B-55K) or with (3.10.4). 
Primary Abs were detected with Cy3 (α-IKKα; orange) and Alexa488 (α-E1B-55K; green) 
conjugated secondary Abs. The DNA intercalating dye DAPI was used for nuclear staining. 
Representative α-IKKα and α-E2A staining patterns of at least 40 analyzed cells are shown. 
Overlays of single images (merge) are shown (magnification x 7600). 
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4.3.4.5 Nuclear relocalization of IKKα upon infection is E1B-55K-
independent 

Beside intensive IKKα-E1B-55K binding studies, and revealing nuclear relocalization 
of IKKα after adenoviral infection, the responsibility of E1B-55K for IKK 
modification was tested (Figure 28). Therefore, H1299 cells were infected with an 
E1B-55K null mutant virus, H5pm4149, and co-stained for the viral DNA binding 
protein (E2A) and IKKα. The early adenoviral protein E2A is widely considered as a 
marker for the viral replication centers, which are globular condensations that are 
constituted within the nucleus by E2A upon HAdV-C5 infection (Weitzman et al., 
1996). 
These structures are known to accumulate predominantly diffusely upon expression 
but around 16 hpi, depending on the multiplicity of infection, they localize at the 
periphery of the viral replication centers to fulfill their various functions in the 
regulation of viral replication (Monaghan et al., 1994; van Breukelen et al., 2000). 
Therefore, the E2A protein was used as a control for infection and as a marker of the 
viral replication centers (Figure 28, b; f; j). Costaining of IKKα and E2A revealed 
different localization patterns of IKKα early upon infection (Figure 28, e; i). At this 
time point, cells showing a diffuse E2A localization (Ornelles & Shenk, 1991), 
displayed a dispersed IKKα localization, which was in contrast with its preferred 
nuclear lamina localization observed in the mock cells (Figure 28, e). Additionally, 
the expression levels of IKKα seem to be reduced in comparison to non-infected cells 
(Figure 28, e). However, cells, where the viral replication centers are formed, 
presented IKKα relocalization in the space between these structures (Figure 28, i). 
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In summary, infection with an E1B-55K null mutant virus revealed that although 
IKKα is relocalized upon infection, it is not dependent on E1B-55K indicating that 
further viral factors could induce relocalization of IKKα. 
 

4.3.4.6 E1B-55K does not affect the IKK complex formation 

As shown in Figure 20 adenoviral infection disrupts the IKK complex formation. 
Moreover, it has been published that E1B-55K modulates the host immune response 
(Miller et al., 2009). Therefore, several binding studies were performed in order to 
analyze whether E1B-55K can interact with IKK complex components especially with 
IKKα, after infection (Figure 21) and transient transfection (Figure 22). To test the 
influence of E1B-55K without the presence of other viral proteins, E1B-55K was 
transiently cotransfected with Flag-tagged IKKα, IKKβ and HA-tagged NEMO 
similar to Figure 22. The immunoprecipitation assay showed that E1B-55K has no 

Figure 28: Nuclear relocalization of IKKα is independent of E1B-55K. 
A549 cells were infected with H5pg4149 (E1B-null mutant) for 24 hours, fixed with 4 % PFA 
and double-labeled either with Ab M-204 (α-IKKα) or mAb B6-8 (α-E2A) (3.10.4). Primary 
Abs were detected with Cy3 (α-IKKα; orange) and Alexa488 (α-E2A; green) conjugated 
secondary Abs. The DNA intercalating dye DAPI was used for nuclear staining. 
Representative α-IKKα and α-E2A staining patterns of at least 40 analyzed cells are shown. 
Overlays of single images (merge) are shown (magnification x 7600). 
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effect on the IKK complex formation indicating that another viral protein might be 
involved in this process (Figure 29, B).  

 

Figure 29: E1B-55K does not affect IKK complex formation. 
Subconfluent H1299 cells were transfected with 5 µg of human Flag-tagged IKKα and IKKβ 
HA-tagged NEMO and E1B-55K (3.4). Cells were harvested 48 hpt before preparing whole 
cell extracts (3.9.1). Immunoprecipitation of Flag-tagged proteins was performed by using 
Flag-beads M2, resolved by 10 % SDS-PAGE and visualized by immunoblotting (3.9.3). Input 
levels (A) of whole cell lysates were detected using mAb Flag-M2 (α-Flag), mAb 3F10 (α-
HA), mAb 2A6 (α-E1B) and mAb AC-15 (α-β-actin). Coprecipitated proteins (B) were stained 
with mAb 3F10 (α-HA). Molecular weights are indicated in kDa on the left side, while 
corresponding proteins are labeled on the right.  
 
4.3.4.7 IKKα supports adenovirus progeny production in human 

cancer cell lines 

Viruses modulate their hosts in order to achieve a microenvironment that will 
promote a productive viral infection. Therefore, cells have to counteract anti-viral 
defense measurements by either being targeted to protein degradation, subcellular 
localization changes or they are inactivated by modulation of their posttranslational 
modifications. To analyze the effect of IKKα on HAdV-C5 progeny production, 
lentiviral particles harboring shRNA against IKK (shIKKα) were transduced to 
deplete endogenous protein in H1299 and A549 cells, and then infected with 
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H5pg4100 virus (3.4.4). IKKα protein levels were efficiently depleted in both cell 
lines, shown by western blot analysis (Figure 30A). Growth curve analysis indicated 
that the IKKα knock-down did not substantially affect the growth rate of the cells 
(Figure 30BC).  
 
 
 
 
 
 
 
 
 
 

AA B C D

0

10000

20000

30000

40000

24 48 72

Vi
ru

s 
yi

el
d 

(ff
U

/c
el

l)

H1299 scramble
H1299 shIKKα

24 48
0

5000

10000

15000

20000

25000

Vi
ru

s 
yi

el
d 

(ff
U

/c
el

l)

A549 scramble
A549 shIKKα

0 d 3 d 6 d 9 d
0

500000

1000000

1500000

2000000

2500000

ab
so

lu
te

 c
el

l n
um

be
r A549 scramble

A549 shIKKα

0 d 3 d 6 d 9 d
0

500000

1000000

1500000

2000000

2500000

a
b

s
o

lu
te

 c
e

ll 
n

u
m

b
e

r H1299 scramble
H1299 shIKKα



Results  
 

 92 

 
In comparison to the parental cell lines, which were transduced with lentiviral 
particles harboring scramble shRNA, knockdown of IKKα decreased the production 
of infectious virus particles at 2.5-fold in H1299 (Figure 30D). Knockdown of IKKα in 
A549 showed a 10-fold induction of adenoviral progeny production at 24 hpi (Figure 
30E). However, a minor effect of IKKα is detectable at 48 hpi in A549 cells. Therefore, 
the data indicate, that IKKα acts as a negative regulator of HAdV-C5 progeny 
production which effect is more pronounced in H1299 in comparison to A549 cells. In 
the next steps, the role of IKKα on adenoviral replication cycle was investigated in 
the context of gene transcription and protein expression.  

4.3.4.8 IKKα regulates adenovirus gene transcription 

Recent studies have identified IKKα as a nuclear-cytoplasmic shuttling protein 
(Birbach et al., 2002; Yamamoto et al., 2003a). Besides its cytoplasmic NF-κB pathway- 
dependent role, a nuclear NF-κB independent role has also been described. Thus, 
TNFα treatment is sufficient to induce nuclear localization of IKKα leading to its 
association with the IκBα promoter, which induces the phosphorylation of H3 at Ser 
10 and promotes NF-κB transcriptional activity (Yamamoto et al., 2003b; Yoshida et 
al., 2008). Furthermore, nuclear IKKα stabilizes the transcription factor p73, which is 
a member of the p53 family, and promotes the expression of tumor suppressor genes 
(Furuya et al., 2007). After describing the E1B-55K-independent nuclear relocalization 
of IKKα (Figure 28) and its positive effect on adenoviral progeny production after 
infection (Figure 30DE), the role of IKKα on the transcriptional regulation of 
adenoviral genes was investigated (Figure 31). Therefore, E1A and E1B promoter 
activities were analyzed in shIKKα cells. As a proof of principle, transiently 
overexpressed IKKα in H1299 cells were also investigated for E1A and E1B promoter 
activity (Figure 31AB). 

Figure 30: IKKα depletion promotes HAdV-C5 progeny production. 
(A) Control of IKKα knockdown efficiency in H1299 and A549 cells. Lentiviral particles with 
shIKKα were harvested 24 (lanes 2 and 5) and 48 hours (lanes 3 and 6) after transfection of 
respective constructs. H1299 and A549 cells were harvested 3 rounds after puromycin 
selection with the first round started at 48 hours after lentiviral transduction before 
preparing total cell extracts (3.9). Lysates were resolved by 10 % SDS-PAGE and visualized 
by immunoblotting using Ab M-204 (α-IKKα) and mAb AC-15 (α-β-actin) (3.9). (B) Total cell 
numbers of parental and shIKKα H1299 and A549 cells were determined at indicated time 
points (3.3.3). (C) H1299 and A549 parental and respective shIKKα cells were infected with 
wt virus H5pg4100 at a multiplicity of 20 ffu/cell (3.5.1). Viral particles were harvested 24, 48 
and 72 h pi and virus yield was determined by quantitative E2A-72K immunofluorescence 
staining of HEK-293 cells (3.5.4). The results represent the averages from two independent 
experiments and error bars indicate the standard error of the mean.  
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As shown in Figure 31A, IKKα specifically stimulated transcription of E1A by 1.8-
fold in H1299 after transient overexpression (Figure 31A). However, knock-down of 
IKKα showed a modest reduction of E1A promoter activity (Figure 31C). In contrast 
to the influence of IKKα to the promoter activity of E1A, E1B showed no significant 
decrease in the promoter activity upon IKKα overexpression (Figure 31B), which is 
not significantly increased upon IKKα knock-down (Figure 31D). To confirm the 
results of IKKα on viral transcription in a replication-competent virus-system, 

Figure 31: IKKα regulates HAdV-C5 E1A gene transcription. 
(A) H1299 cells were transfected with 0.5 'g of pRL-TK (Renilla-Luc), 0.5 'g pGL3-Basic-
Prom E1A (E1A promoter) or 0.5 'g pGL3-Basic-Prom E1B (E1B promoter), plus 1 µg Flag-
tagged IKKα (3.4). (B) H1299 and shIKKα H1299 cells were transfected with 0.5 'g of pRL-
TK (Renilla-Luc), 0.5 'g pGL3-Basic-Prom E1A (E1A promoter) or 0.5 'g pGL3-Basic-Prom 
E1B (E1B promoter) (3.4). Total-cell extracts were prepared and luciferase activity 
determined 24 hpt (3.10.5). Absolute Firefly-luciferase activity is shown. The mean and 
standard deviations of two independent experiments are presented.  
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mRNA expression was measured after adenoviral infection of H1299 parental as well 
as shIKKα knock-down cell lines (Figure 32). 
 

 

As shown in Figure 32, depletion of IKKα resulted in about 25 % decrease of E1A as 
well as E1B mRNA transcripts at 12 hpi, which increased slightly at 24 hpi for E1A 
(Figure 32A) but more pronounced for E1B with around 2-fold (Figure 32B). In 
summary, the role of IKKα in regulating viral transcription is not solved with the 
obtained data. Moreover, further experiments are needed to clarify the influence of 
IKKα on viral gene transcription.  

Figure 32: IKKα regulation of HAdV-C5 gene transcription. 
H1299 parental and respective shIKKα cells were infected with H5pg4100 at a multiplicity of 
20 ffu/cell (3.5.1). Cells were harvested 12 and 24 hpi, total RNA was extracted, reverse 
transcribed and quantified by RT-PCR analysis using primers specific for E1A and E1B-55K 
(3.8.3). Data were normalized to 18S rRNA levels.  
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4.3.5 IKKα enhances viral protein expression upon HAdV-C5 
infection 

In order to investigate the role of IKKα on viral early and late protein expression in 
H1299 cells, western blot analysis were performed to monitor viral protein 
expression levels at different time points after infection (Figure 33). Consistent with 
the affected HAdV-C5 progeny production, expression levels of the early protein 
E1A are decreased, whereas the early protein E1B-55K is expressed delayed in IKKα 
depleted cells compared to the parental cells (Figure 33). However, protein levels of 
E1B-19K and adenoviral capsids remain similar during the course of infection with 
and without IKKα. Mre11 levels are higher in the parental cells compared to the 
shIKKα knock-down cells. Moreover, consequences of NF-κB pathway protein 
expression levels upon IKKα depletion were investigated. Staining of p65, a subunit 
of the transcription factor NF-κB heterodimer, showed lower expression levels upon 
IKKα knock-down. In line with this, the amount of phosphorylated form of p65 (p-
p65) in shIKKα knock-down cells is reduced indicating dampened activation of the 
NF-κB pathway in this cell line. IκBα in the parental cell line shows reduced levels 
upon infection starting from 48 hours after infection, which is in line with the 
decrease of the internal loading control β-actin level (Figure 33, lanes 5 and 6). This 
indicates that the IκBα level stays constant during infection. However, IκBα levels 
are reduced without IKKα in H1299 cells (Figure 33, lanes 7-12). The expression level 
of IκBα is under the detection limit of this western blot assay upon 48 hours after 
infection (Figure 33, lanes 11 and 12).  
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Taken together, these data indicate that IKKα is a positive regulator of HAdV-C5 
replication during infection. In Figure 30, the infection of A549 and H1299 with 
H5pg4100 resulted in cell line dependent differences in viral progeny production 
upon IKKα depletion. 
In order to test, whether a difference of viral protein expression is detectable in A549 
cells, a time course experiment including early time points after infection was done 

Figure 33: IKKα enhances viral protein expression upon infection in H1299 cells. 
H1299 parental (H1299 par) and H1299 shIKKα cells were infected with wt H5pg4100 at a 
multiplicity of 20 ffu/cell and proteins from total-cell extracts were separated by SDS-PAGE 
and subjected to immunoblotting using rabbit Ab (α-Mre11), C-21 (α-IκBα), C-20 (α-p65), 
93H1 (α-p-p65), M-204 (α-IKKα), AC-15 (α-β-actin) mouse mAb M-58 (α-E1A), B6-8 
(α-E2A), 2A6 (α-E1B-55K), RSA3 (α -E4orf6), rabbit 19K (α-19K) and rabbit antiserum L133 
to Ad capsid.  
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(Figure 34). Knock-down of IKKα in A549 cell lines showed slight differences in 
expression of viral proteins E1B-55K, L4-100K and E2A in comparison to parental 
cells. Interestingly, staining of E1B-55K showed loss of the lower migrating bands at 
72 hpi in the shIKKα cells. Staining of p53 in parental cell line exhibited the expected 
degradation starting at around 48 hpi, which is mediated by the E1B-55K/E4orf6 E3 
ubiquitin ligase complex together with cellular factors (Harada et al., 2002; Querido, 
2001). Furthermore, levels of p53 were increased upon depletion of IKKα (Figure 34, 
lanes 10-17). However, NF-κB pathway associated protein p65 level was slightly 
decreased in the same cell line (Figure 34, lanes 10-17).  
Further, phosphorylated p65 (p-p65) was under the detection limit of this assay upon 
IKKα depletion in uninfected cells as well as up to 1 hpi (Figure 34, lanes 10-12) in 
contrast to A549 scramble cell line as a modest constitutive phosphorylation of p65 
was detectable (Figure 20, lanes 1-3).  

 

Figure 34: IKKα is necessary to enhance viral protein expression upon infection in A549 
cells. 
A549 parental (A549 par) and A549 shIKKα cells were infected with wt H5pg4100 at a 
multiplicity of 20 ffu/cell and proteins from total-cell extracts were separated by SDS-PAGE 
and subjected to immunoblotting using rabbit Ab (α-Mre11), C-21 (α-IκBα), C-20 (α-p65), 
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93H1 (α-p-p65), M-204 (α-IKKα), L133 (α-Ad capsid), 19K (α-19K) and mouse mAb M-58 
(α-E1A), B6-8 (α-E2A), 2A6 (α-E1B-55K), RSA3 (α-E4orf6), AC-15 (α-β-actin).   
 
However, p65 was phosphorylated with a peak at 8 hpi, which decreased over time 
(Figure 34, lanes 13-18). In summary, modest influence of IKKα on viral protein 
expression levels was detectable. However, p53 protein was still degraded, although 
higher protein levels could be observed in absence of IKKα (Figure 34, lane 18).  
The reduction of IκBα was already detectable in Figure 19 upon infection of H1299 
cells. The enhancement of phosphorylated p65 (p-p65) levels is usually correlated 
with the decrease of IκBα, as the proteasomal degradation of IκBα is induced by the 
activation of the NF-κB pathway leading to phosphorylation of p65 followed by its 
nuclear relocalization (Baldwin, 1996; Ghosh et al., 1998). However, this part of the 
NF-κB pathway is often targeted upon viral infection as reviewed by Hiscott et al. 
(Hiscott et al., 2006). 

4.4 NEMO reduces expression level of E1B-55K upon cotransfection 
As already mentioned in 4.3.3, cotransfection of NEMO with E1B-55K reduces its 
levels. In order to reproduce this result, increasing amounts of NEMO were 
cotransfected with E1B-55K in H1299 cells and harvested 48 hpt. Upon cotransfection 
of 15 µg NEMO with 5 µg E1B-55K, levels of E1B-55K were strongly reduced 
dependent on the expression level of Flag-tagged-NEMO (Figure 35, lanes 3-6). Actin 
is shown as a loading control.  
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These results indicate an indirect influence of NEMO on the levels of E1B-55K upon 
cotransfection, however both proteins do not interact with each other as already 
shown in Figure 8.  

4.4.1.1 NEMO is relocalized into the nucleus and perinuclear bodies 
upon cotransfection with E1B-55K  

It has been shown, that NEMO is involved in both ubiquitin-dependent proteasomal 
degradation as well as in ubiquitin-independent lysosomal degradation (Ashida et 
al., 2010; Qing et al., 2006). So far it has only been described for NEMO itself to be 
degraded by viral proteins (Fliss et al., 2012). Proteins that are targeted for lysosomal 
degradation are usually localized in punctate or vesicular structures within the 
cytoplasm. In order to better understand how NEMO reduces the levels of E1B-55K 
and if this could be related to different subcellular localization, we cotransfected both 
proteins in H1299 cells and performed immunofluorescence analysis (see Figure 36).  
 
 
 
 
 
 
 
 
 
 

Figure 35: NEMO induces reduced steady state level of E1B-55K upon cotransfection in 
H1299 cells. 

Subconfluent H1299 cells (4x106) were cotransfected with 10 µg of E1B-55K wt and 
increasing amount (5 µg, 10 µg, 15 µg) of Flag-NEMO (3.4). Cells were harvested 48 hpt 
before preparing total-cell extracts (3.9.1). Cell lysates were resolved by 10 % SDS-PAGE and 
visualized by immunoblotting (3.9.6). Input levels of total-cell lysates were detected using 
mAb Flag-M2 (α-Flag), mAb 2A6 (α-E1B-55K) and mAb AC-15 (α-β-actin). Triangle 
illustrates the increasing amount of transfected Flag-tagged NEMO. Molecular weights in 
kDa are indicated on the left, while corresponding proteins are labeled on the right.  
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As already shown, transiently overexpressed E1B-55K localized in the cytoplasm 
(Figure 36, b), and it was completely relocalized into a perinuclear body upon 
cotransfection with Flag-tagged NEMO (Figure 36, j). NEMO itself is mainly 
detectable within the cytoplasm whereas weak nuclear staining is also detectable 
(Figure 36, e). However, complete relocalization into the nucleus as well as 
perinuclear bodies containing NEMO was detected upon cotransfection with E1B-
55K (Figure 36, i) where they colocalized (Figure 36,i , l). 

4.4.1.2 NEMO-mediated reduction of E1B-55K is not mediated by 
proteasomal degradation 

Reduced expression levels of proteins after cotransfection can generally be induced 
through regulatory mechanisms on DNA-, RNA- or protein levels. It is possible to 
exclude the reduction of E1B-55K on DNA- and RNA- level, as the experiment is 
based on cotransfection and if the reduction occurs on DNA- or RNA- level, this 

Figure 36: NEMO redirects E1B-55K into perinuclear bodies upon cotransfection. 
H1299 cells were transfected with 1,5 µg of Flag-tagged NEMO and E1B-55K, fixed with 4 % 
PFA 48 hpt and double labeled with mAb 2A6 (α-E1B-55K) and mAb M2 (α-Flag) (3.10.4). 
Primary Abs were detected with Alexa 488 (α-Flag) and texas red (α-E1B-55K) conjugated 
secondary Abs. For nuclear staining, the DNA intercalating dye DAPI was used. 
Representative α-E1B-55K and α-Flag staining patterns of at least 29 analyzed cells are 
shown. Overlays of single images (merge) are shown (magnification x 7600). 
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would be unspecific and true for all proteins which are cotransfected with NEMO. A 
hint excluding this possibility is the interaction between NEMO and the mouse 
cytomegalovirus (MCMV) viral protein M45 after cotransfection. In contrast to the 
reduction of the expression levels of E1B-55K upon cotransfection with NEMO, viral 
protein M45 degrades NEMO on protein level by redirecting it into cytoplasmic 
autophagosomes (Fliss et al., 2012). Transfected cDNA of the viral protein M45 was 
cloned into pcDNA3 backbone like E1B-55K, which is under the control of a CMV 
promoter. As no further manipulation of the cells occurs, the stability of transfected 
DNA is not influenced in this assay. Furthermore, NEMO itself does not change 
promoter activity of the CMV promoter as shown in case of M45 (Fliss et al., 2012). 
Therefore, it is possible to assume that the regulation of protein stability occurs at the 
protein level. In order to test whether E1B-55K is degraded by NEMO through 
proteasomal degradation, H1299 cells were cotransfected with E1B-55K and 
increasing amounts of NEMO (Figure 37) and then treated with MG132, an inhibitor 
of proteasome-mediated degradation. In our experiments we could not see an 
increase in E1B-55K levels in the presence of NEMO after MG132 treatment (Figure 
37B), indicating, that the reduction of E1B-55K levels in the presence of NEMO is not 
mediated by proteasomal degradation. However, when using a positive control of a 
protein which degradation is mediated by the proteasome such as c-Myc, we could 
see that the MG132 treatment restored c-Myc levels (Figure 37B).  
 

AA B C DAA B C D



Results  
 

 102 

 

4.4.1.3 NEMO reduces the levels of the E4orf6 and E1B-55K complex 

Previous results of this work showed different subcellular localization of IKK 
proteins and E1B-55K depending on viral infection or transfection of the viral protein 
E1B-55K (see Figure 26, Figure 27). This could influence the interaction between 
proteins leading to different experimental results depending on transient transfection 
or viral infection. It has been shown that E1B-55K and E4orf6 form a functional 
complex (Bridge & Ketner, 1990; Rubenwolf et al., 1997). E1B-55K protein sequence 
presents a nuclear export signal (NES), which determines its cytoplasmic 
localization. In order to act as a nucleocytoplasmic transporter for viral mRNAs E1B-
55K interacts with E4orf6, which has a nuclear localization signal (NLS) to shuttle 
between both cellular and nuclear compartments (Dobbelstein et al., 1997; Ornelles & 
Shenk, 1991; Weigel & Dobbelstein, 2000). It has been shown that E4orf6 
cotransfected with E1B-55K shifts its cytoplasmic localization towards the nucleus 
(Dosch et al., 2001; Krätzer et al., 2000).  
In order to examine the direct influence of NEMO on the viral proteins out of the 
context of infection and the dependency of E1B-55Ks localization on its expression 
levels, viral proteins E4orf6 and E1B-55K were overexpressed together with 
increasing amounts of NEMO (Figure 38).  
 

Figure 37: NEMO-induced reduction of E1B-55K is not mediated by proteasomal 
degradation. 

Subconfluent H1299 cells (4x106) were cotransfected with 5 µg of E1B-55K wt and increasing 
amount (5 µg, 10 µg, 15 µg) of HA-tagged NEMO (3.4). Cells were treated 8 hours before 
harvesting with DMSO (A) only or 10 µg (final concentration) of MG132 (B). Cells were 
harvested 48 hpt before preparing total-cell extracts (3.9). Cell lysates were resolved by 10 % 
SDS-PAGE and visualized by immunoblotting (3.9.6). Input levels of total-cell lysates were 
detected using mAb 3F10 (α-HA), mAb 2A6 (α-E1B-55K), mAb c-Myc and mAb AC-15 (α-β-
actin). Triangle illustrates the increasing amount of transfected HA-tagged NEMO. Molecular 
weights in kDa are indicated on the left side, while corresponding proteins are labeled between 
panels A and B.  
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Cotransfection of the viral proteins E4orf6 and E1B-55K with NEMO showed that the 
presence of this cellular protein can not only decreases the levels of E1B-55K but also 
the levels of E4orf6, and this was shown to be dependent on increasing amount of 
NEMO (Figure 38).  
In order to test whether the reduction of viral protein levels is an unspecific 
phenomenon upon cotransfection with NEMO, the same assay was repeated with 
Flag-tagged L4-100K protein (Figure 39).  

Figure 38: Expression level of E1B-55K is reduced by NEMO upon cotransfection with 
E4orf6. 

Subconfluent H1299 cells (4x106) were cotransfected with 5 µg of E1B-55K and E4orf6 
together with increasing amount (1 µg, 5 µg, 10 µg) of Flag-tagged NEMO (3.4). Cells were 
harvested 48 hpt before preparing total-cell extracts (3.9). Cell lysates were resolved by 10 % 
SDS-PAGE and visualized by immunoblotting (3.9.6). Input levels of total cell lysates were 
detected using mAb Flag-M2 (α-Flag), mAb 2A6 (α-E1B-55K), mAb B6-8 (α-E4orf6) and 
mAb AC-15 (α-β-actin). Triangle illustrates the increasing amount of transfected Flag-
tagged NEMO. Molecular weights in kDa are indicated on the left, while corresponding 
proteins are labeled in the right.  
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The control experiment showed no effect of NEMO on L4-100K levels, indicating that 
reduced levels of E1B-55K and E4orf6 viral proteins cotransfected with NEMO are 
specific (Figure 39). Degradation experiments in Figure 37 and Figure 38 showed, 
that both NEMO constructs although differing in their tags did not influence the 
detected reduction of E1B-55K levels. 

4.4.1.4 NEMO is partially relocalized after adenovirus infection to the 
virus-induced nuclear globular compartments  

So far, cotransfection experiments suggest that NEMO does not interact with E1B-
55K (Figure 22) and consequently indirectly influences subcellular localization of 
each other. Further, NEMO reduces the levels of E1B-55K (Figure 35).  
Next, the observed results were repeated in the presence of further viral proteins 
upon infection. Therefore, A549 cells were infected with H5pg4100 wt virus fixed 
with 4 % PFA and stained for NEMO and E1B-55K (Figure 40). 
 
 
 

Figure 39: Expression level of L4-100K is stable upon cotransfection with NEMO. 

Subconfluent H1299 cells (4x106) were cotransfected with 5 µg of E1B-55K and E4orf6 in 
increasing amount (1 µg, 5 µg, 10 µg) of Flag-tagged NEMO (3.4). Cells were harvested 48 
hpt before preparing total cell extracts (3.9). Cell lysates were resolved by 10 % SDS-PAGE 
and visualized by immunoblotting (3.9.6). Input levels of total-cell lysates were detected 
using mAb Flag-M2 (α-Flag), mAb 2A6 (α-E1B-55K), mAb B6-8 (α-E4orf6) and mAb AC-15 
(α-β-actin). Triangle illustrates the increasing amount of transfected Flag-tagged NEMO. 
Molecular weights in kDa are indicated on the left, while corresponding proteins are labeled 
on the right. 
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The cellular localization of E1B-55K upon adenoviral infection showed the expected 
staining pattern with specific staining of the nucleus and the perinuclear bodies 
(Figure 40, f; j; n). Moreover, some cells showed also partial localization of E1B-55K 
within the viral replication centers (Figure 40, j). It has been published that E1B-55K 
transiently colocalizes with viral replication centers depending on the expression of 
E4orf6, whereas E4orf3 rather mediates its localization in the PML-tracks (König et 
al., 1999).  
Endogenous NEMO showed cytoplasmic localization in the absence of infection 
(Figure 40, a). However, upon infection with HAdV-C5 wt, it is partially relocalized 
into the nucleus, colocalizing with E1B-55K within the viral replication centers 
(Figure 40, e ; i; m).  

Figure 40: HAdV induces nuclear relocalization of NEMO. 
A549 cells were infected with wt H5pg4100 (moi 20) for 24 hours, fixed with 4 % PFA and 
double-labeled either with (A) Ab FL-419 (α-NEMO) and mAb 2A6 (α-E1B-55K). Primary 
Abs were detected with Cy3- (α-NEMO; orange) and Alexa488 (α-E1B-55K; green) 
conjugated secondary Abs. The DNA intercalating dye DAPI was used for nuclear staining. 
Representative α-NEMO and α-E1B-55K staining patterns of at least 40 analyzed cells are 
shown. Overlays of single images (merge) are shown (magnification x 7600). 
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4.4.1.5 NEMO relocalizes with the viral replication centers in an E1B-
55K-independent manner 

Viral replication centers are nuclear structures, which are assembled upon adenoviral 
infection. By approximately 6 hpi, E2 gene products accumulate to sufficient levels, 
form E2A (DBP) protein-containing centers and are active for both replication and 
transcription. E2A is a single-stranded DNA (ssDNA) binding protein, found 
colocalized with sites of viral ssDNA as well as double-stranded DNA, forming 
sphere-shaped pattern within the nucleus and is thus a marker for sites of 
transcription and replication, respectively (Weitzman et al., 1996). Thereby, it has 
been shown that ssDNA accumulates in replication centers, while dsDNA is released 
to the surrounding nucleoplasm, where it serves for transcription (Pombo et al., 
1994). There, the viral E1B-55K and E4orf6 proteins also accumulate (Ornelles & 
Shenk, 1991; Sarnow et al., 1984) at the late phase of infection, and DNA replication 
continues until the host cell lyses and dies.  
To examine whether NEMO relocalizes to sites of viral DNA replication centers and 
whether this is dependent on E1B-55K, A549 cells were infected with H5pm4133 
(E1B-55K null mutant) at a MOI of 20 ffu/cell and 4 % PFA fixed at 24 hpi. Fixed cells 
were stained for NEMO and E2A and this costaining showed that the expression of 
E2A (DBP) was not sufficient to change the cytoplasmic localization of NEMO 
(Figure 41). However, upon formation of viral replication centers by E2A, a part of 
NEMO was relocalized into the nucleus to viral replication centers (Figure 41, j). 
Thereby, NEMO localizes like E2A at the periphery of the spherical shape structure 
of the replication centers (Figure 41, i). Taken together, these results indicate that 
NEMO partially relocalized in the viral replication centers in an E1B-55K-
independent manner after adenoviral infection (Figure 41, e; i; m; q).  
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In order to confirm the immunofluorescence results, adenovirus infected A549 cells 
were separated into five fractions immediately after harvest. The first fraction (F1) 
represented the cytoplasmic portion of the cell (Figure 42, lanes 1; 6; 11), whereas F2-
F5 comprise fractions of the nuclear compartment starting with the nuclear 
membrane (Figure 42, lanes 2; 7; 12), DNase I eluate (Figure 42, lanes 3; 8; 13), high 
salt eluate (Figure 42, lanes 4; 9; 14) and the nuclear matrix fraction (Figure 42, lanes 
5; 10; 15) (Leppard & Everett, 1999; Leppard & Shenk, 1989). Non-infected cells as 

Figure 41: HAdV-C5 induces E1B-55K independent nuclear relocalization of NEMO. 
A549 cells were infected with an E1B-55K deletion mutant virus H5pm4133 for 24 hours, 
fixed with 4 % PFA and double-labeled with Ab FL-419 (α-NEMO) and mAb B6-8 (α-E2A) 
(3.10.4). Primary Abs were detected with Cy3 (α-NEMO; orange) and Alexa488 (α-E2A; 
green) conjugated secondary Abs. The DNA intercalating dye DAPI was used for nuclear 
staining. Representative α-IKKα and α-E2A staining patterns of at least 40 analyzed cells are 
shown. Overlays of single images (merge) are shown (magnification x 7600). 
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control and infected cells were processed through a protocol with various buffer and 
centrifugation steps (3.9.4).  
Staining of E1B-55K after HAdV-C5 wt infection and subsequent subcellular 
fractionation showed an expected staining pattern with the most abundant amount 
within the cytoplasm and nuclear matrix fraction. The nuclear matrix fraction is 
defined as the insoluble residue after detergent lysis of the cell and extraction of the 
nucleus with DNaseI and salt and includes structures termed PML-NB (Lethbridge, 
2003). As expected, E1B-55K was not expressed upon infection of A549 cells with 
H5pm4149 virus mutant that does not express E1B-55K after introduction of four stop 
codons within the E1B-55K coding region. NEMO localized within the cytoplasm 
(F1) and the nuclear membrane fraction (F2) in non-infected A549 cells (Figure 42, 

lane 1 and 2). In adenovirus-infected cells, NEMO was detected not only in the F1 
and F2 but also in all other separated fractions (F3-F5) (Figure 42, lanes 8-10). 
Moreover, the SDS-PAGE showed a faster migrating band of NEMO in the F3 and F4 
fractions (Figure 42, lane 8 and 9). The results of the fractionation assays suggest, that 
E1B-55K directs the localization of NEMO towards the insoluble nuclear matrix 
fraction (F5) (Figure 42, lane 10). Vimentin and Histone3 were stained as control for 
proper cytoplasmic and nuclear fractionation, respectively. 

Figure 42: HAdV-C5 induces nuclear relocalization of NEMO. 
A549 cells were infected with wt H5pg4100 or H5pm4149 and harvested 24 hpi. 
Fractionation was performed as described in (3.9.4). Fractions 1-5 were separated by SDS-
PAGE and subjected to immunoblotting using mAb 2A6 (α-E1B-55K), Ab rabbit FL-419 (α-
NEMO), Ab rabbit M-204 (α-IKKα), mAb (α-Vimentin), mAb rbH3 (α-Histone 3).  
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4.4.1.6 Endogenous NEMO interacts with E2A and L4-100K upon 
infection 

As shown before, NEMO modulates the levels of E1B-55K and NEMO is relocalized 
upon infection in an E1B-55K-independent manner (Figure 40). In order to 
investigate the role of other viral proteins on NEMO subcellular localization, an 
immunoprecipitation experiment was assessed with endogenous NEMO after 
adenoviral infection (Figure 43). Therefore, A549 cells were infected for 24 h with 
H5pg4100 wt at a MOI at 20 ffu/cell and cell lysates were subjected to 
immunoprecipitation with NEMO specific antibody and as a negative control a non-
reactive rabbit IgG antibody was used. Bound proteins were eluted, resolved by SDS-
PAGE and detected by western blotting using the appropriate antibodies. 
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Staining of the whole-protein lysate as control revealed that comparable initial 
amounts of cell lysates were used for immunoprecipitation (Figure 43A). 
Comparable to the reciprocal co-immunoprecipitation experiment where E1B-55K 
was immunoprecipitated, no interaction between NEMO and E1B-55K was found, 
which is in concordance with the E1B-55K-independent relocalization of NEMO 
(Figure 43D). However, immunoprecipitation assays with NEMO showed interaction 
of this cellular protein with E2A and L4-100K after adenoviral infection (Figure 
43BC). Although a moderate amount of L4-100K was detectable after 
immunoprecipitation with IgG control, the immunoprecipitated amount of L4-100K 
with NEMO specific antibody was higher than with the IgG control (Figure 29B, lane 
2 and 3). The interaction between E2A and NEMO after infection (Figure 43C) 
confirmed the result from the immunofluorescence analysis, which showed 
colocalization of both proteins (Figure 41).  

4.4.1.7 SUMOylation of NEMO is not affected upon infection  

Changes in subcellular localization as shown in Figure 40 by immunofluorescence as 
well as western blot analysis in Figure 42 indicate that posttranslational modification 

of NEMO with SUMO occurs. NEMO possesses 3 highly conserved motifs �KxD/E 

(where � is a hydrophobic residue and x represents any residue) at K139, K277 and 
K285, which could serve as SUMOylation sites (Liu et al., 2013). It turned out that 
K277 is both necessary and sufficient for SUMO2/3 modification (Liu et al., 2013). 
This is important for prolonged NF-κB activation. However, another publication 
showed the importance of lysine K277 and K309, which are part of a conserved 
SUMO conjugation motif necessary for SUMO1 modification. Mutation of both sites 
showed inhibition of SUMO1 SUMOylation. This SUMOylation is important for 
DNA damage-dependent IKK activation (Huang et al., 2003). SUMO is an important 
determinant of subnuclear localization (Pichler & Melchior, 2002). 

Figure 43: NEMO interacts with the viral proteins E2A and L4-100K upon adenoviral 
infection. 

Subconfluent A549 cells (4x106) were infected with H5pg4100 at a multiplicity of 20 ffu/cell 
(3.5.1). Cells were harvested 24 hpi before preparing total-cell extracts (3.9.1). 
Immunoprecipitation of NEMO was performed with mAb FL-419 (α-NEMO) and as a 
negative control, non-reactive rabbit IgG antibody was applied. Lysates were resolved by 10   
% SDS-PAGE and visualized by immunoblotting (3.9.6). Input levels (A) of total-cell lysates 
were detected using mAb 2A6 (α-E1B), mAb B6-8 (α-E2A), mAb 6B10 (α-L4-100K) and mAb 
AC-15 (α-β-actin). Coprecipitated protein (B) samples were stained with mAb 6B10 (α-L4-
100K), (C) mAb B6-8 (α-E2A), and mAb 2A6 (α-E1B). Molecular weights in kDa are 
indicated on the left, while corresponding proteins are labeled on the right.  
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In order to test the SUMOylation status of NEMO, H1299 cells were cotransfected 
with 6HIS-SUMO2 and HA-tagged NEMO and subsequently infected with HAdV-
C5 8 hpt (Figure 44). Immunoblotting of Ni-NTA-purified HIS-SUMO conjugates and 
crude lysates revealed unchanged SUMOylation status of NEMO upon infection 
(3.9.5).  
 

 

Figure 44: SUMO modification of NEMO is not altered upon adenoviral infection 
 (A, B) H1299 cells were cotransfected with 6HIS-SUMO2 and HA-tagged NEMO and 
infected with H5pg4100 at a multiplicity of 20 ffu/cells 8 hpt as indicated. Whole-cell lysates 
were prepared with guanidinium chloride buffer (3.9.5), (A) subjected to Ni-NTA 
purification of 6HIS-SUMO conjugates and fractionated on a 10 % SDS-gel before 
immunoblot analysis. Input levels of total-cell lysates (B) and Ni-NTA purified proteins (A) 
were detected using mAb 3F10 (α-HA), mAb 2A6 (α-E1B-55K) and mAb 6xHIS. Molecular 
weights in kDa are indicated on the left, relevant proteins on the right.  
This result indicates that adenoviral infection does not induce changes in subcellular 
localization of NEMO by changing its SUMO2 modification.  
 

4.4.1.8 NEMO supports adenovirus progeny production in human 
cancer cell line A549 

We and other groups have recently shown that HAdV-C5 hijacks cellular proteins 
into distinct newly formed nuclear structures upon infection depending on their 
function for viral propagation. For example, it has been shown, that cellular factors 
with proviral functions like Sp100A or TIF1α are relocalized into so called track-like 
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structures (Berscheminski et al., 2014; Yondola & Hearing, 2007). In contrast, cellular 
factors with repressive functions like Sp100B, C, HMG, ATRX, Daxx, STAT1 and 
SPOC1 are trapped within viral replication centers (Berscheminski et al., 2014; 
Schreiner et al., 2013a; Schreiner et al., 2013b; Sohn & Hearing, 2011). In order to 
investigate the role of NEMO on adenovirus lytic infection, NEMO knock-down in 
A549 cell line was performed (Figure 45A). A growth curve was assessed to test 
whether A549 parental and shNEMO cell lines were comparable, with no significant 
differences (Figure 45B). Then, A549-NEMO knock-down cells were infected with 
H5pg4100 virus and virus propagation was determined.  
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Knock-down of NEMO is presented in Figure 45A, which shows the highest 
efficiency with around 90 % when the supernatant with lentiviral particles harboring 
shNEMO harvested at 48 h after transduction was used on A549 cells (Figure 45A, 
lane 3). However, knock-down of NEMO with the lentiviral supernatant harvested 
24 h after transduction was not efficient as expression levels of NEMO were identical 
to the control cell line. After testing the knock-down efficiency, the cell line was used 
to determine adenoviral propagation after infection by a virus yield experiment 
(Figure 45C).   
The control knockdown (shscramble) in A549 cells showed progressive increase in 
virus progeny production over time, as expected (Figure 45C). In contrast, shNEMO 
cells had a reduction in the amount of viral progeny production at all time points. 
This was more evident at 72 hpi, where the inhibition reached almost 2-fold when 
compared to the corresponding shscramble control, showing similar levels of virus 
progeny to those observed at 48 hpi. 
 

4.4.1.9 NEMO destabilizes E4orf6 and E1B-55K in A549 cells upon 
infection 

Knockdown of NEMO showed a decrease on viral progeny production. To test 
whether the inhibitory effect of NEMO is already measureable on protein level, a 
further time course experiment followed by immunoblotting was performed (Figure 
46). Staining of the first expressed viral protein E1A upon infection showed that its 
levels are already reduced at 16 hpi Furthermore, the expression of the viral protein 
E2A was delayed, shifting from 16 hpi in the control, to 24 hpi in the shNEMO cells. 
The viral proteins E4orf6 and E1B-55K, although detectable in both cell lines at 24 
hpi, presented lower levels in NEMO knocked-down cells compared to the control 

Figure 45: NEMO depletion affects HAdV progeny production. 
(A) Control of NEMO knockdown efficiency in A549 cells. Lentiviral particles with 
shNEMO were harvested 24 (lane 2) and 48 hours (lane 3) after transfection of respective 
constructs. A549 cells were harvested 3 rounds after puromycin selection with the first 
round started at 48 hours after lentiviral transduction before preparing total-cell extracts 
(3.4.4). Lysates were resolved by 10 % SDS-PAGE and visualized by immunoblotting using 
Ab FL-419 (α-NEMO), and mAb AC-15 (α-β-actin). (B) Total cell numbers of parental and 
shNEMO A549 cells were determined at indicated time points. (C) A549 parental and 
respective shNEMO cells were infected with wt virus H5pg4100 at a multiplicity of 20 
ffu/cell. Viral particles were harvested 24, 48 and 72 hpi and virus yield was determined by 
quantitative E2A-72K immunofluorescence staining of HEK-293 cells. The results represent 
the averages from two independent experiments and error bars indicate the standard error 
of the mean.  
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cell line. In contrast, L4-100K protein seemed to be more abundant in the NEMO 
knock-down cell line. 
  

Figure 46: The absence of NEMO decreases viral protein expression upon infection in 
A549 cells. 
A549 scramble and A549 shNEMO cells were infected with wt H5pg4100 at a multiplicity of 
20 ffu/cell and proteins from total-cell extracts were separated by SDS-PAGE and subjected 
to immunoblotting using rabbit Ab C-21 (α-IκBα), C-20 (α-p65), FL-419 (α-NEMO), mouse 
mAb M-58 (α-E1A), B6-8 (α-E2A), 2A6 (α-E1B-55K), RSA3 (α -E4orf6), AC-15 (α-β-actin) and 
rat 6B10 (α-L4-100K). Molecular weights in kDa are indicated on the left, relevant proteins 
on the right.  
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Furthermore, levels of NF-κB pathway proteins, IκBα and p65, were reduced upon 
reduction of NEMO. Control staining of NEMO showed that the expression of the 
shRNA against NEMO resulted in a moderate down-regulation.  
Taken together, NEMO seems to be a positive regulator of adenovirus infection that, 
on the one hand, regulates the stability of overexpressed adenoviral proteins and, on 
the other hand, interacts with several viral proteins upon infection suggesting a 
complex regulatory network. More experiments are needed to understand the 
molecular mechanisms controlling these complex processes. 
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5 Discussion 

5.1 HAdV-C5 regulates NF-κB pathway during lytic infection  
Adenoviruses usually cause mild and self-limiting infections in immunocompetent 
individuals; however, it can also cause severe disease in immunocompromised 
patients, with fatal cases being reported (Carr et al., 2011; Savón et al., 2008; 
Siminovich & Murtagh, 2011). This fact denotes the importance of a functional 
immune system that is needed to control adenovirus infection and progression. 
Because adenoviral vectors have been widely generated for vaccine application and 
gene/cancer therapy, many studies have focused on investigating the innate immune 
activation upon administration of HAdV-C5 vectors. As a consequence, several 
reports have described the role of incoming adenoviral proteins from the virus 
particle on cytokine induction by activation of the NF-κB pathway (Borgland et al., 
2000; Duerksen-Hughes et al., 1989; Gooding et al., 1988). Further studies mainly 
focused on single early viral proteins by either applying plasmids expressing specific 
viral proteins or replication deficient vectors. However, no studies have focused on 
the NF-κB pathway in the context of productive infection with lytic wild type. 
Furthermore, only few reports have analyzed the activation of cytokine/chemokine 
production upon adenovirus infection. However, these studies were done at high 
multiplicity of infection (MOI). Therefore, the aim of this thesis is to investigate the 
molecular mechanisms behind NF-κB pathway and cytokine production in the 
context of wild type HAdV infection. 

5.1.1 Interplay between HAdV-C5 proteins and the NF-κB 
pathway 

This work demonstrates that there is a reciprocal interaction between HAdV-C5 
proteins and the NF-κB subunit p65. On the one hand, overexpression of p65 shows 
increased up-regulation of some adenoviral gene promoters, mainly E1A and E2A 
promoter genes, confirming the results obtained by Machitani et al. On the other 
hand, overexpression of different adenoviral proteins also increases the luciferase 
expression of a construct encoding the NF-κB promoter (Figure 16). Specifically, E1A 
protein shows a significant impact on NF-κB promoter induction. This observation is 
in line with the reports, which showed that many viral oncoproteins, such as Tax 
(HTLV) and LMP1 (EBV), also induce NF-κB activity (Hiscott et al., 2001). Such 
proteins either can be cancerogenic themselves or are associated with tumor 
development. E1A has been previously described to be both activator and inhibitor 
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of the NF-κB pathway depending on the viral genetic background (Schaack, 2005). 
E1A alone is sufficient to activate immune response, whereas fully suppression of 
HAdV-C5 induced inflammation needs further viral proteins from the E1 region 
(E1B-55K and E1B-19K) (Schaack, 2005; Schmitz et al., 1996). Moreover, proteins from 
the E3 region inhibit the immune response by counteracting TNFα-induced 
chemokine expression.  
Besides divergent regulatory mechanisms of E1A on cellular proteins in different cell 
lines, this viral factor has a multifaceted role as transcription factor in regulating NF-
κB pathway activation depending on the proinflammatory stimuli such as IL-1, 
tumor necrosis factor (TNF) and endotoxin (Siebenlist et al., 1994). It has been 
published that stably transfected HAdV-C5 E1A, which is transiently expressed in 
HepG2 and HeLa cells, represses IL-6 transcription after induction with IL-1 or TNFα 
(Siebenlist et al., 1994). Therefore, E1A interferes with the formation of appropriate 
NF-κB-DNA complexes (Janaswami et al., 1992). However, stable expression of 
transfected HAdV-C5 E1A in A549 cells stimulates exclusively adhesion molecule-1 
(ICAM-1) and IL-8 expression after lipopolysaccharide (LPS) treatment (Keicho et al., 
1999). Besides direct interaction between E1A and NF-κB (Schmitz et al., 1996), it is 
suggested that transcriptional regulation of E1A on NF-κB is mediated by the 
coactivators CBP, the cAMP-responsive element binding (CREB) binding protein, 
and the related protein p300 (Gerritsen et al., 1997; Parker et al., 1997). The repressive 
function of the adenoviral early protein on the NF-κB pathway by inhibiting IKK-
mediated IκB phosphorylation has been shown for HAdV-C5 (Shao et al., 1999). 
However, this inhibition could be mediated indirectly, as immunoprecipitation 
analysis indicated that there is no direct binding between E1A and IKKα/IKKβ, 
respectively (Shao et al., 1999). Although the molecular mechanism of E1A after 
transfection has been investigated in detail, its regulatory role in concert with further 
viral proteins during HAdV-C5 infection on the NF-κB pathway had not been 
investigated yet.  
Here we present results showing that the viral late non-structural L4-100K and the 
core proteins pV and pVII, which enter the cell with the viral capsid and are de novo 
expressed at late time point of infection, were also able to stimulate the NF-κB 
pathway, although at a lower rate (Figure 16).  
In contrast, overexpression of E1B-55K and pIX proteins failed to activate the NF-κB 
promoter in our reporter gene assay (Figure 16). Nothing is reported regarding the 
role of pIX on the NF-κB pathway regulation. However, E1B-19K can inhibit NF-κB 
activation in epithelial cell lines (Schmitz et al., 1996; Bergman & Shavit, 1988). Based 
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on our findings, it is likely that first activation of the NF-κB promoter is necessary in 
order to measure E1B-dependent inhibition of the NF-κB pathway.  
Taken together, the results show that a regulatory interplay exits between HAdV-C5 
proteins and the NF-κB pathway, suggesting a timely dependent regulation of the 
NF-κB pathway by different HAdV-C5 proteins, as both early as well as late 
expressed proteins are capable of activating the NF-κB promoter.  
 

5.1.2 HAdV-C5 infection counteracts TNFα-induced NF-κB 
activation 

The results of our studies in H1299 cells showed that the NF-κB pathway is not 
activated at early and late time point upon infection (Figure 17BC). This is in line 
with results from a publication investigating adenovirus respiratory tract infections 
(ARTI) of airway epithelial cells, which do not express inflammatory mediators 
(Zsengeller et al., 2000). However, during ARTI alveolar macrophages rapidly 
phagocytose internalized adenovirus-infected cells, and therefore induce expression 
of inflammatory mediators (Zsengeller et al., 2000). Furthermore, immediate early 
events in in vivo studies of HAdV-C5-mediated inflammation induce or release 
cytokines including TNFα, IL-6, IL-8, Mip-1α, IL-1 and Mip-2 (Cartmell et al., 1999; 
Muruve et al., 1999; Otake et al., 1998). This is also true after in vivo response to 
replication-deficient adenoviral vector transduction or infection with inactivated 
particles/capsids, suggesting that immune responses occur prior to detectable viral 
gene expression, potentially dependent only on binding and/or internalization of 
viral capsid components (Higginbotham et al., 2002).  
HAdV-C5 infection triggers the release of chemokines and cytokines by the immune 
cells, which are responsible in some cases for the physiopathology associated with 
severe HAdV infections (Guidotti & Chisari, 2001; Muruve et al., 1999; Schnell et al., 
2001). Moreover, it has been shown that specific serotypes induce different 
cytokine/chemokine response depending on the cell type (Diaz et al., 1999; Moro et 
al., 2009; Teigler et al., 2012; Zsengeller et al., 2000). In order to mimic the effects of 
cytokine release by the immune cells upon the NF-κB pathway activation in 
epithelial cells infected by HAdV-C5, H1299 cells were treated with TNFα and 
infected them with HAdV-C5 (Figure 17DE). We excluded the immunomodulatory 
functions of the E3 proteins, which have been widely implicated in controlling the 
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immune response upon HAdV-C5 infection, by using a HAdV-C5 virus that lacks 
part of the E3 region (Kindsmüller et al., 2007). 
Our results (displayed in Figure 17DE) showed that HAdV-C5 infection inhibited 
TNFα-mediated NF-κB activation in epithelial cells 24 hours post infection 
(Zsengeller et al., 2000). Similar results have been previously obtained during human 
cytomegalovirus (HCMV) infection, where TNFα as well as IL-1β signaling were 
blocked at later times post infection (Montag et al., 2006). TNFα is a pro-
inflammatory molecule, which is important in host defense against viruses and 
bacteria, in lymphoid organ architecture, and in immune cell activation and 
trafficking (Bradham et al., 1998; Gantzer et al., 2002; Lieber et al., 1997; Sedgwick et 
al., 2000). Therefore, circumventing the TNFα-induced immune response is beneficial 
for a successful virus infiltration in the host-targeted tissue. Moreover, 
understanding how HAdV-C5 regulates TNFα-mediated immune response could be 
useful to improve the design of adenovirus-based vector for the safe use in gene 
therapy approaches (Friedman & Horwitz, 2002). 
 

5.1.3 IKK complex proteins are targeted upon adenoviral infection 

Based on transcriptome data from Miller et al., E1B-55K seems to be necessary for 
gene repression of genes that mediate antiviral and immune defenses (Miller et al., 
2009). Therefore, we decided to investigate the role of E1B-55K on interfering with 
NF-κB pathway protein complexes. We detected interaction between the viral 
protein E1B-55K and IKKα, IKKβ and NEMO after cotransfection (Figure 20). 
Besides, we could observe a significant reduction in the IKK complex formation upon 
HAdV-C5 infection, which indicates that HAdV-C5 targets the NF-κB pathway by 
physically affecting the IKK complex formation (Figure 20). The IKK complex is a 
common target for several viruses such as Merkel Cell Polyomavirus Small T 
Antigen (ST), which interacts with NEMO and thereby inhibits IκB phosphorylation 
by IKKα/IKKβ preventing NF-κB activation (Griffiths et al., 2013). The reduction of 
the IKK complex formation upon HAdV-C5 infection could explain the inhibition of 
TNFα mediated NF-κB activation, which was detected in Figure 17DE. However, the 
decrease of IKK complex formation can only partially be responsible for the entire 
disruption of TNFα mediated NF-κB inhibition at 24 hpi as a significant amount of 
IKK complex formation was still detectable. In line with this, the remaining amount 
of IKK complexes could be responsible for reduced protein levels of IκBα upon 
HAdV-C5 infection (Figure 18, Figure 31, Figure 32). IκBα is the inhibitor of the NF-
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κB pathway that is proteasomally degraded when this pathway is activated. By this, 
the transcription factor NF-κB consisting of p50/p65 (canonical pathway) can enter 
the nucleus and activate the expression of genes involved in the immune response. 
Although the IκBα levels upon HAdV-C5 infection is reduced (Figure 18, Figure 31, 
Figure 32), a nuclear relocalization of p65 after infection is not detectable (Figure 19). 
These results suggest that HAdV-C5 might not affect IκBα proteasomal degradation; 
in contrast, it might abrogate NF-κB pathway activation through the inhibition of p65 
nuclear localization. This inhibition has already been shown for poxviruses. For 
example, chordopoxviruses like CPV (Cowpox virus), which express the CP77 
protein that targets both p65 and the E3 ubiquitin ligase complex. Both functions are 
essential for inhibition of NF-κB relocalization into the nucleus (Chang et al., 2009). 
Furthermore, other poxviral proteins directly interact with p65 or inhibit its 
phosphorylation to prevent its activation and/or nuclear relocalization (Camus-
Bouclainville et al., 2004; Mohamed et al., 2009a). Further investigations are needed to 
describe the adenoviral factors that might inhibit NF-κB pathway activation by 
preventing p65 nuclear relocalization. 
IL-1 and TNFα signaling converge in the IKK complex, which is phosphorylated, 
promoting the ubiquitinylation and subsequent degradation of the NF-κB inhibitory 
molecule IκBα (Basak & Hoffmann, 2008; Karin, 1999). Therefore, it seems logical 
that the virus targets the IKK complex because of its central role in controlling NF-κB 
pathway. This way, HAdV-C5 could benefit from NF-κB pathway-independent 
functions of the IKK complex proteins. In this regard, it is known that the activity of 
the IKK complex components is not only restricted to the NF-κB-dependent 
pathway, but it is also involved in cross-talk with further signalling cascades, such as 
mTOR and MAPK (Dan et al., 2014). Besides, IKKα is a key component of the non-
canonical NF-κB pathway that is activated by the NF-κB-inducing kinase (NIK). Up 
to date, the IKKα components form the central complex of the non-canonical NF-κB 
pathway, as all inducers of the pathway identified so far sense the signals through 
NIK (Claudio et al., 2002; Coope et al., 2002a; Dejardin et al., 2002; Kayagaki et al., 
2002). IKKα and NIK process the p100 protein into a smaller isoform, named p52, 
which forms the RelB/p52 heterodimer that is translocated into the nucleus. 
Targeting IKKα during HAdV-C5 infection could be a mechanism to modulate the 
non-canonical NF-κB pathway. This has already been shown for EBV LMP1 protein, 
which activates the pathway via a NIK- and IKKα dependent mechanism (Soni et al., 
2007). Furthermore, KSHV and EBV activate the non-canonical NF-κB pathway via 
vFLIP, which occurs through a NIK-independent but NEMO- and IKKα-dependent 



Discussion  

 

 121 

mechanism (Sun & Cesarman, 2011). It remains to be investigated whether HAdV-C5 
targets NEMO and IKKα in order to modulate the non-canonical NF-κB pathway. 
 
Taken together, these results provide first insights into the NF-κB pathway 
regulation in human epithelial cell lines by counteracting the formation of the IKK 
complex upon HAdV-C5 infection. 

5.2 IKKα exerts pro-viral functions upon HAdV-C5 infection 
The real time PCR data from this thesis indicated that IKKα activates the E1A 
promoter after HAdV-C5 infection, which was verified by IKKα knock-down 
experiments (Figure 32A). In line with these results, the amounts of E1A and E1B 
mRNA transcripts at 12 hpi were increased (Figure 32AB). Interestingly, at 24 hpi the 
mRNA levels of both E1A and E1B were downregulated, indicating a regulatory 
switch from slight activation to repression by IKKα upon HAdV-C5 infection (Figure 
32AB). This switch was confirmed by an increase in the E1A levels upon IKKα 
knocked-down, although this increase was rather mild (Figure 32A). The repression 
of the viral gene expression correlates with the time point of IKKα nuclear 
localization, as detected by immunofluorescence analysis in Figure 27. However, 
although mRNA transcript levels of E1B are increased in the absence of IKKα (Figure 
32B), the virus yield analysis indicates that this cellular protein is important for 
proper HAdV-C5 progeny production. Depletion of IKKα resulted in highly reduced 
virus yields in different cell lines (Figure 30), although at different degrees. While a 
six-fold reduction in virus yield in H1299 with IKKα knocked-down cells (Figure 
30D) could be detected, a ten-fold decrease was observed in A549 IKKα knocked-
down cells (Figure 30E). These results indicate that IKKα has important distinct pro-
viral functions for HAdV-C5 early upon infection. In line with this, it has been shown 
that other pro-viral cellular proteins relocalize juxtaposed to viral replication centers 
into track like structures, such as Sp100A. There, these factors promote viral DNA 
replication that takes place at the periphery of the replication centers (Berscheminski 
et al., 2014). Furthermore, the relocalization of IKKα is independent on E1B-55K 
(Figure 28) and that it does not affect the IKK complex formation (Figure 29). 
Therefore, we assume that the interaction between both proteins is important to 
regulate a NF-κB pathway-independent function of IKKα during lytic infection. It is 
known that various functions of E1B-55K are regulated by different posttranslational 
modifications such as phosphorylation and SUMOylation. Hence, we investigated 
the interaction between IKKα and mutants of E1B-55K in posttranslational modified 
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sites to reveal the nature of their interaction. Immunoprecipitation analysis showed 
that posttranslational modifications of E1B-55K are not necessary for these protein 
interactions (Figure 24). To further characterize the interaction between E1B-55K and 
IKKα, different single-amino acid substitution mutants throughout E1B-55K that 
have been well characterized were tested (Kindsmüller et al., 2007; Schwartz et al., 
2008; Shen et al., 2001). We could show that IKKα has reduced binding affinity to the 
E1B-55K-RF6 mutant, which could abolish the transformation potential of E1B-55K, 
although transactivation of p53 is repressed (Härtl et al., 2008). This observation was 
unexpected, as repression of the transactivation activity of p53 was believed to be a 
prerequisite for efficient cellular transformation (Zeller, 2003). Furthermore, the E1B-
55K-RF6 mutant disturbs the integrity of the perinuclear bodies as it localizes in 
many distinct dot-like structures within the cytoplasm, close to the nucleus. It is 
assumed that the contribution of one or several additional p53-independent factors 
together with E1B-55K could stimulate the E1A-induced transformation efficiency 
(Zeller, 2003). Therefore, it is reasonable to assume that IKKα could be such a factor, 
enhancing the transformation capability of E1B-55K by a so far unknown mechanism 
(Perkins, 2012). In general, previous studies showed that prolonged activation of NF-
κB pathway can promote cell survival and malignant phenotypic changes, which is 
important in development and progression of squamous cell carcinomas (SCC) and 
other cancers (Van Waes et al., 2007). Intriguingly, IKKα-mediated phosphorylation 
has been shown to positively regulate cell proliferation and consequently 
tumorigenesis via NF-κB-independent pathways (Chariot, 2009). Thereby, IKKα 
interacts with steroid receptor coactivator (SRC) that, in turn, regulates genes such as 
cyclin D1 and c-Myc, leading to oestrogen-dependent cell proliferation induction 
(Park et al., 2005; Wu et al., 2002). Additionally, prometastatic function was also 
linked to nuclear IKKα, which is correlated with phosphorylated nuclear IKKα and 
reduced expression of maspin, a gene suppressor that belongs to the serpin family 
(Luo et al., 2007). Therefore, nuclear IKKα is recruited to the maspin promoter 
presumably through the recruitment of a so far unidentified DNA methyltransferase 
by IKKα (Luo et al., 2007). However, there are several publications, which showed 
the role of IKKα as a tumor suppressor in SCC. In a murine model, expression of 
IKKα promoted terminal differentiation and reduced proliferation, angiogenesis and 
metastasis (Liu et al., 2006; Maeda et al., 2007). Therefore, it remains to be elusive, 
whether IKKα contributes to transformation with the adenoviral oncogenes E1A and 
E1B-55K. 
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HAdV-C5 targets IKKα and redirects it into the nucleus, juxtaposed to the viral 
replication centers (Figure 27; Figure 28). It has been shown that IKKα also exerts 
NF-κB pathway-independent regulatory functions within the cytoplasm and the 
nucleus (Chariot, 2009). Additional kinase substrates, which mainly localizes within 
the nucleus, have been identified. Therefore, the variety of its biological functions 
beside immune response regulation is obvious, which is increased by its 
cytoplasmic/nuclear shuttling capability (Jiang et al., 2003; Lamberti et al., 2001).  
The first identified stimulant for IKKα nuclear translocation is TNFα (Anest et al., 
2003; Yamamoto et al., 2003b), which was followed by lymphotoxin β and CD40 
(Huang et al., 2007). Later on, nuclear IKKα has been identified to regulate NF-κB-
dependent and –independent gene transcription as reviewed by Huang and Hung 
(Huang & Hung, 2013). Therefore, IKKα translocates into the nucleus in response to 
a variety of stimuli, and enhances chromatin accessibility at NF-κB-responsive 
promoters, which is mediated by phosphorylation of Histone H3 at Ser10 
(Yamamoto et al., 2003b). Additionally, IKKα kinase activity regulates corepressor 
and coactivator complexes on chromatin, thereby enhancing acetylation of p65 by 
p300 and it enables full transcriptional activity (Hoberg et al., 2006). Due to the 
described NF-κB-independent functions of IKKα, we could assume that a so far 
unidentified nuclear function of IKKα is beneficial for adenoviral lytic infection. 
Whether this function needs nuclear relocalization of IKKα, which has been observed 
at late time points upon HAdV-C5 infection, remains to be proved by mutation of the 
nuclear localization signal (NLS) of IKKα.  
  

5.3 NEMO regulates stability of important HAdV-C5 regulatory 
proteins 

This work demonstrates that E1B-55K protein levels were reduced upon 
cotransfection with NEMO independent of the proteasomal degradation pathway 
(Figure 35, 37). This reduction was also observed for E4orf6 (Figure 38), a viral 
protein that is known to exert important functions for the virus life cycle in 
cooperation with E1B-55K. These two proteins together are able to induce the 
proteasomal degradation of several antiviral factors such as p53, Mre11, the DNA 
ligase IV, the bloom helicase, ATRX, Tip60, SPOC1, and the integrin α3 (Blanchette et 
al., 2004a; Blanchette et al., 2004b; Boyer et al., 1999; Dallaire et al., 2009b; Forrester et 
al., 2011; Gupta et al., 2012; Harada et al., 2002; Liu et al., 2005b; Orazio et al., 2011; 
Schreiner et al., 2013a; Schreiner et al., 2013b; Schreiner et al., 2012b; Stracker et al., 
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2002a; Stracker et al., 2002b; Woo & Berk, 2007). Moreover, NEMO and E1B-55K 
overexpression were accompanied by relocalization of cytoplasmic E1B-55K into the 
perinuclear bodies (Figure 36b), whereas NEMO lost its diffuse cellular localization 
within the cytoplasm (Figure 36e) and relocalized into the nucleus as well as into 
perinuclear bodies (Figure 36i), where it colocalizes with E1B-55K (Figure 36l). 
Proteins are mainly degraded through proteasomal or lysosomal degradation. This is 
usually following a prior covalent linkage of proteins with ubiquitin, which targets 
them for degradation processes. Proteasomal degradation is mostly ubiquitin-
dependent, whereas ubiquitinylation is a rare event prior to lysosomal degradation 
(Glick et al., 2010; Jariel-Encontre et al., 2008; Kirkin et al., 2009; Knecht et al., 2009). 
Staining of E1B-55K does not indicate lysosomal degradation, as it is associated with 
cytoplasmic dot like structures in immunofluorescence staining. Therefore, it is 
remaining to be investigated how NEMO influences E1B-55K protein levels within 
the infected cell.  
 

5.4 The nuclear localization of NEMO might play a role upon 
adenovirus infection 

Besides reduced protein levels of E1B-55K and E4orf6 (Figure 21), cotransfection of 
E1B-55K and NEMO induces complete relocalization of diffusely cytoplasmic 
distributed E1B-55K into perinuclear bodies (Figure 36). Conversely, HAdV-C5 
infection induces the nuclear relocalization of NEMO, which colocalizes with 
thereplication centers where viral DNA replication takes place (Figure 40). It has 
already been observed that cellular proteins, which have regulatory roles in lytic 
infection, are relocalized into replication centers. Some examples are ATRX, Daxx, 
SPOC1, STAT1 and Sp100 B, C and HMG, which exert antiviral functions 
(Berscheminski et al., 2014; Schreiner et al., 2013a; Schreiner et al., 2013b). However, 
proviral cellular proteins such as Sp100A and TIF1α have been observed to relocalize 
juxtaposed to the viral replication centers (Berscheminski et al., 2014; Vink et al., 
2012). This is also true for IKKα as shown in Figure 33. NEMO dependent reduction 
of E1B-55K after cotransfection of NEMO and E1B-55K (Figure 35) and nuclear 
relocalization of NEMO into viral replication centers after infection (Figure 42) 
suggest its role as a negative regulator of adenovirus lytic infection. However, 
depletion of NEMO reduces adenovirus progeny production (Figure 45). More 
detailed investigations showed that although E1B-55K is regulated by NEMO, cells 
infected with a HAdV-C5 E1B-55K null mutant, still show relocalization of NEMO 
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into the viral replication centers (Figure 40). Interestingly, the relocalization of 
NEMO in replication/transcription active nuclear bodies has been shown in the 
presence of the viral protein Tax, from HTLV-1. Tax-containing nuclear bodies are 
constituted preferentially in close spatial proximity to a variety of proteinaceous 
nuclear structures, including PML bodies, Cajal bodies, and the nucleoli (Freiman & 
Tjian, 2003). Their loss prevents transcriptional activation due to the ineffective 
accumulation of components that are important for transcription, formation of 
splicing complexes, of the two subunits of NF-κB, and of the transcriptional co-
activator CBP/p300 (Bex et al., 1997; Bex et al., 1998). SUMOylated Tax is important to 
drive NEMO nuclear localization, specifically within the nuclear bodies (Lamsoul et 
al., 2005; McCool & Miyamoto, 2012). Both proteins have in common that they 
interact with the N-terminal domain of the transcriptional co-activator CBP. The 
interaction of NEMO with CBP counteracts the positive action of CBP/RelA/IKKα 
complexes on the transcription initiated at NF-κB-responsive promoters (Verma, 
2003), whereas Tax-CBP interaction is critical for Tax transcriptional activities (Kwok 
et al., 1996). Analogous to HTLV, HAdV-C5 encodes for two proteins (E1A and E2A), 
which target host cell regulation. Therefore, E1A and E2A disrupt the same cellular 
protein complex by targeting CBP and SrCap, respectively (Xu et al., 2003). In this 
thesis we could show that NEMO interacts with the main viral replication center 
protein E2A (Figure 43), which could be in line with Tax being responsible for 
regulating the subcellular localization of NEMO upon infection, which could be 
needed to support HAdV-C5 progeny production (Figure 45). Moreover, NEMO 
interacts with the viral late non-structural protein L4-100K with multiple essential 
functions for efficient completion of lytic virus infection during the late phase of 
infection. These comprises the modulation of the cellular translation machinery in 
favor of translating large amounts of virus products and functioning as a chaperone 
for hexon trimerization and preventing apoptosis by inhibition of granzyme-B. 
Several different HAdV-C5 proteins with various functions interact with NEMO 
suggesting that it could have a broad range of functions in regulating adenovirus 
infection. 
Besides the activation of the NF-κB pathway, NEMO is also functionally associated 
with an additional role to communicate between the nuclear DNA damage activated 
kinase ATM (Ataxia telangiectasia mutated) and the cytoplasmic IKK complex to 
induce NF-κB signaling in response to genotoxic agents (Miyamoto, 2010). 
Adenoviruses as DNA viruses are perceived by the cell as damaged DNA, which are 
protected from the DNA damage response (DDR) by the adenoviral core protein VII 
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upon cell entry (Karen & Hearing, 2011). However, after viral DNA entry into the 
nucleus, DDR is activated leading to concatenation of viral genomes, which has been 
shown to be counteracted by HAdV-C5 encoded early proteins in order to ensure 
proper virus propagation (Forrester et al., 2011; Weitzman & Ornelles, 2005). 
Interestingly, NEMO targets the adenoviral proteins E1B-55K and E4orf6 which are 
known to inhibit the DNA damage response (DDR) by ubiquitin-mediated 
degradation of DDR proteins such as components of the MRN complex (Carson et al., 
2003; Forrester et al., 2011; Stracker et al., 2002a), the DNA ligase IV (Baker et al., 2007; 
Forrester et al., 2011), p53 (Forrester et al., 2011; Harada et al., 2002; Querido, 2001) 
and TOPBP1 (Blackford et al., 2008; Forrester et al., 2011) or by relocalizing MRN 
from viral replication centers (Carson et al., 2009; Evans & Hearing, 2003; Stracker et 
al., 2002a). For nuclear sensing of DNA damage response activation to induce NF-κB 
pathway, SUMO modification of NEMO is required (Huang et al., 2003). One 
putative reason for relocalization of NEMO into viral replication centers could be the 
inhibition of NF-κB activation induced by DNA damage response sensing. Therefore, 
SUMOylated NEMO would be trapped within viral replication centers and cannot 
bridge the DDR to NF-κB pathway activation anymore. However, we could not 
detect changes in NEMO SUMOylation upon infection (Figure 44). Furthermore, 
expression of E1B-55K after adenoviral infection is not necessary to mediate nuclear 
relocalization of NEMO (Figure 41). Besides the already mentioned E1B-55K and 
E4orf6 proteins, there are further proteins known, which are involved in 
counteracting the DDR such as E4orf3 and E4orf4 (Brestovitsky et al., 2016; Shah & 
O'Shea, 2015). Therefore, E4orf3 assembles a multivalent polymer network within the 
nucleus that sequesters MRN (Ou et al., 2012; Stracker et al., 2002a), whereas E4orf4 
reduces phosphorylation of ATM and ATR (Ataxia telangiectasia and Rad3 related) 
and thereby inhibiting DNA damage repair (Brestovitsky et al., 2016). More 
investigations are needed to examine whether relocalization of NEMO upon 
adenovirus infection into the viral replication centers has influence on the DDR. 
It has been published that overexpression of NEMO can result in inhibition of NF-κB 
signaling, suggesting that the expression levels of NEMO regulate its own function. 
Therefore, it is important to take into account the different amounts of NEMO 
expressed in different cell systems, which could explain contradictory results upon 
comparison of infection or overexpression of E1B-55K protein levels with 
endogenous or overexpressed NEMO. We could detect reduced protein levels of 
E1B-55K and E4orf6 after cotransfection with NEMO (Figure 35). However, also 
depletion of NEMO resulted in reduced protein levels of E1B-55K and E4orf6 after 



Discussion  

 

 127 

adenovirus infection (Figure 46). Furthermore, interaction of E1B-55K with NEMO is 
only detectable upon HAdV-C5 infection and overexpression of NEMO. 
Beside functional switch dependent on the expression levels of NEMO, other viral 
proteins alone or together with E1B-55K could be responsible for the contradictory 
results.  
 
All together, our data support already published studies, which indicate that 
adenoviruses efficiently infect susceptible cells that are then activated and secrete 
pro-inflammatory cytokines such as TNFα. On one hand, these cytokines activate 
different signaling pathway (i.e. apoptosis) in the surrounding epithelial cells, 
sensing the presence of an adenovirus infection that needs to be controlled. On the 
other hand, adenoviruses inhibit NF-κB activation in highly susceptible and 
permissive epithelial cell lines at late time points of infection in order to escape the 
immune response and to prolong cell survival, reaching a most efficient viral 
progeny production. In order to answer the question how adenoviruses inhibit TNFα 
mediated NF-κB activation, we investigated the IKK complex in which different 
upstream signaling pathways converge. In our experiments, we could show for the 
first time, that the IKK complex components IKKα and NEMO have an important 
role in adenoviral infection as their depletion affects viral progeny production. 
However, more experiments are needed to understand whether the NF-κB activation 
is inhibited through targeting the IKK complex. We hypothesize that these proteins 
might exert their proviral functions in a NF-κB pathway-independent manner, being 
the aim of current investigations. 
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