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 Viruses manipulate the cellular environment to promote productive 

infection.  Cells mount anti-viral defenses to combat and limit viral productivity.  

Viruses in turn either hijack the anti-viral responses or inactivate them in order 

to overcome cellular defenses.  Adenovirus (Ad) has been shown to inactivate 

the cellular DNA damage response by targeting the sensor for DNA damage, 

the MRN complex (composed of Mre11, Rad50, and Nbs1).  Our lab has 

shown that the adenoviral E1B55K/E4orf6 complex and E4orf3 proteins 

inactivate MRN.  E1B55K/E4orf6 promote the degradation of the MRN 

complex, while E4orf3 mislocalizes MRN into intranuclear tracks.  Infection 



 

xv 

with adenovirus lacking the E4 region is less productive than wild type Ad5 

infection and fails to inactivate MRN, which results in activation of the DNA 

damage response and concatemerization of viral genomes.  The impact of the 

DNA damage response proteins on the viral lifecycle was not well understood.  

The work presented in this thesis provides evidence that the DNA damage 

response proteins negatively affect the adenoviral lifecycle at multiple stages.  

Using mutants of E1B55K, we found that degradation of MRN requires distinct 

domains of E1B55K and promotes viral late protein synthesis.  We 

demonstrated that production of viral late proteins occurs independently of 

concatemer formation.  Using hypomorphic cell lines we have found that the 

MRN complex negatively impacts viral DNA replication independently of both 

concatemer formation and signaling by DNA damage response kinases, ATM 

and ATR.  We concluded that the viral proteins E1B55K, E4orf6, and E4orf3, 

promote viral DNA replication by inactivating the MRN complex.  Additionally, 

we found that ATR signaling, but not ATM signaling, negatively impacts the 

accumulation of late viral mRNA during "E4 viral infection.  We believe that 

the DNA damage response has multiple ways to limit adenoviral infection and 

that the virus has evolved strategies to inactivate these responses.  Our data 

elucidate the anti-viral activity of the MRN complex during adenoviral infection, 

and provides further insight into the functions of MRN and ATR signaling. 



1 

Chapter 1.  Introduction 

 

1.1 Viruses as Model Systems 

The small size, compact genome, and relative simplicity of viruses 

make them ideal to model cellular processes.  Viruses have evolved the ability 

to hijack many cellular processes and use them for their own benefit.  Much 

work has been done studying the interplay between viruses and cellular 

pathways.  These studies have made invaluable contributions to the fields of 

cellular, molecular, and cancer biology.     

 Researchers are able to take essential components of viruses and 

manipulate them to explore cellular pathways.  The small DNA virus simian 

virus 40 (SV40) has been crucial in understanding eukaryotic DNA replication.  

Many studies have used the SV40 replication origin in both in vitro and in vivo 

assays to determine the cellular players required for viral DNA replication and 

their potential function in cellular DNA replication (reviewed in (Fanning and 

Zhao, 2009)).  Similarly, studies utilizing the transcript encoded from the 

Adenovirus (Ad) major late promoter (MLP) have identified requirements for 

cellular splicing factors and splicing intermediates (reviewed in (Akusjarvi and 

Stevenin, 2003; Sharp et al., 1980)).  Adenovirus has also proven a useful 

system for studying oncogenic transformation because of its ability to re-target 

the pRb family of proteins and to inactivate p53 (reviewed in (Berk, 2005; 
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Shenk, 1996)).  Recent studies into Ad biology have led to the identification of 

key players in the cellular response to DNA damage and have provided 

insights into their function during this response (reviewed (Weitzman, 2005)).     

 Viral proteins target essential components of cellular processes by 

either re-localizing them to hijack their function or promoting their down-

regulation to prevent their activity.  Adenovirus E1A associates with histone 

acetyl transferases CBP and p300 (Arany et al., 1995; Barbeau et al., 1992; 

Stein et al., 1990; Wang et al., 1993) and re-distributes them to genes to 

provide a cellular environment conducive to viral infection, thereby altering the 

gene profile of the infected cell (Ferrari et al., 2008; Horwitz et al., 2008).  

Many viruses encode proteins that associate with components of cellular 

ubiquitin ligases to target cellular proteins for degradation.  One such example 

is the adenovirus proteins E1B55K and E4orf6 which associate with cellular 

proteins to form an E3 ubiquitin ligase to degrade p53 (Cathomen and 

Weitzman, 2000; Grand et al., 1994; Harada et al., 2002; Moore et al., 1996; 

Nevels et al., 1997; Querido et al., 2001; Querido et al., 1997; Steegenga et 

al., 1998), the DNA damage sensor MRN (composed of Mre11, Rad50, and 

Nbs1) (Stracker et al., 2002), and DNA ligase IV (Baker et al., 2007).  Studying 

targets of viral ubiquitin ligases allows for identification of many key regulators 

of cellular pathways with anti-viral activity and provides greater knowledge of 

cellular ubiquitin ligases. 
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1.2 Adenovirus 

Adenovirus (Ad) is a non-enveloped dsDNA virus originally identified 

from acute respiratory infection in army recruits and isolated from adenoid 

tissue and respiratory secretions (see cross section of Ad particle in Fig. 1-

1B)(reviewed in (Shenk, 1996)).  Adenovirus consists of 6 subgroups; 

subgroup C is most commonly found in nature and is also the most well 

studied.  Ad serotypes 2 and 5 make up subgroup C.  Entry of Ad serotype 5 

(Ad5) occurs by interaction of the cellular coxsackie adenovirus receptor 

(CAR) with the viral fiber protein, which sticks out at the vertices of the 

icosahedral capsid (see Fig. 1-1B).  An alternative route of entry can occur via 

the penton base and cell surface integrins (reviewed in (Meier and Greber, 

2004)).  Receptor-mediated endocytosis allows for rapid internalization of Ad5 

into most human cell types.  Additionally, the capsid protein, hexon, associates 

with the lung surfactant, disaturated phosphatidylcholine, to promote entry into 

alveolar epithelium, independently of viral-specific receptors (Balakireva et al., 

2003). Upon entry, the viral capsid is partially degraded and brought to the 

nuclear pore complex on the outer nuclear envelope (Wiethoff et al., 2005).  

Ad capsid associates with the nuclear pore complex member CAN/Nup214 

(reviewed in (Harel and Forbes, 2001)) and releases the viral genome into the 

host nucleus where viral gene expression and viral DNA replication occur.  

Adenovirus infection is broken up into two phases, an early phase and a late  
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Figure 1-1 Adenovirus Overview.  (A) Cross section of the Adenovirus 

capsid, adapted from (Shenk, 1996).  The capsid is primarily composed of 

hexon (purple circle) and fiber (the knob-like spokes).  The dsDNA genome is 

coated with protein VII and is protected inside the capsid.  Fiber mediates 

entry of the virus into the host cell via association with the cellular CAR 

receptor.  (B) Simplified schematic of the adenovirus dsDNA genome.  Each 

5!end is covalently attached to terminal protein (TP). The white boxes 

represent the inverted terminal repeats (ITR) on each end of the genome.  

Green arrows above or below the genome represent the early regions (E) and 

the orange arrows mark the late regions (L1-L5).  (C) Viral replication occurs in 

the nucleus at distinct centers visible by immunofluorescence with anti-DBP 

antibody.  DBP is the virally encoded single stranded DNA binding protein 

from the E2 region.  HeLa cells were infected with WT Ad5 and stained for 

DBP to mark replication centers. DAPI marks the cellular nucleus. 
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phase.  The early phase is characterized by the expression of the early 

proteins from four early regions: E1, E2, E3, and E4 (see schematic in Fig. 1-

1A). The late phase of infection is characterized by the expression of late viral 

genes from the Major Late Promoter (MLP).  Proteins encoded from the E1 

and E4 regions modify the cellular environment to ensure a productive 

infection (reviewed in (Shenk, 1996; Weitzman, 2005)).  The E3 region 

encodes proteins that protect the infected cells from lysis by cytotoxic T cells 

and the tumor necrosis factor (reviewed in (Lichtenstein et al., 2004)).  The E2 

region encodes proteins essential for viral replication, such as the viral DNA 

polymerase, single stranded DNA binding protein (DBP), and the 5! covalently 

attached terminal protein (TP) (reviewed in (Liu et al., 2003)).  

 Viral replication occurs at nuclear centers that can be visualized by 

staining infected cells with an antibody to the viral protein DBP (Fig. 1-1C) 

(Pombo et al., 1994).  Replication is initiated by the TP, which acts as a 

protein primer for viral DNA replication.  The model of Ad replication is 

schematically represented in figure 1-2 (reviewed in (Liu et al., 2003; Shenk, 

1996)).  Type I replication is initiated at either end of the Ad genome and 

processes through to the opposite end producing a newly synthesized DNA 

complementary to one parental strand.  The subsequently displaced parental 

strand then undergoes a conformational change to produce a circle through  
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Figure 1-2 Adenovirus DNA Replication.  Replication is initiated by the pre-

terminal protein (pTP) produced during the early phase of gene expression 

from the E2 region. The pTP and the virally encoded polymerase bind the ITR 

in a sequence-dependent manner. Priming occurs with the covalent 

attachment of pTP to dCMP, forming the first 5 residue of the Ad genome. 

Elongation requires the Ad polymerase, DBP and other cellular factors, which 

are not shown here for simplicity. Type I replication results in strand 

displacement; that single strand circularizes via the ITR sequences. Type II 

replication follows the same order of events as type I replication, producing a 

double stranded viral genome. The pTP is cleaved by the virally encoded 

protease to produce the mature TP. This occurs during the late stage of the 

viral infection for packaging of viral DNA.  Adapted from (Liu et al., 2003; 

Shenk, 1996). 
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annealing of complimentary termini, which mimics a double stranded DNA end 

covalently attached to the TP at the 5! end.  This conformational change 

allows for the viral polymerase to attach to the TP and initiate Type II 

replication.   

The late phase of infection is characterized by the expression of capsid 

and structural proteins from the MLP.  Production of the late viral proteins is 

essential for progeny production (Ginsberg et al., 1966; Sharp et al., 1975).  

Transcription of the MLP requires replication of the viral genome and 

expression of an early viral protein IVa2 (Shenk, 1996; Thomas and Mathews, 

1980).  It has been previously suggested that the late protein L4-33K also 

helps promote transcription from the MLP, demonstrating a positive feedback 

mechanism to promote production of late viral proteins (Ali et al., 2007; Farley 

et al., 2004; Lutz and Kedinger, 1996). 

Ad5 regions E1B and E4 encode proteins that promote and regulate 

viral infection.  Mutant viruses lacking these regions are defective for viral DNA 

replication, late viral protein synthesis, and production of progeny viruses 

(Bridge and Ketner, 1989, 1990; Halbert et al., 1985; Huang and Hearing, 

1989; Weinberg and Ketner, 1986).  Utilization of mutant adenoviruses led to 

the identification of proteins encoded by the E1B and E4 regions, which are 

E1B55K, E4orf6 and E4orf3, that are required to promote the viral functions 

listed above (Babiss et al., 1985; Bridge and Ketner, 1989, 1990; Halbert et 



  9 

 

al., 1985; Hemstrom et al., 1988; Huang and Hearing, 1989; Pilder et al., 

1986).  E1B55K and E4orf6 form a complex required for their ability to 

promote viral infection (Sarnow et al., 1984) and associate with cellular 

components Cullin 5, Rbx1, and Elongins B/C to form an E3-ubiquitin ligase 

(Harada et al., 2002; Querido et al., 2001).  Defects in viral DNA replication, 

viral late protein synthesis, and viral progeny production are more severe 

during infection with !E4 virus than !E1B virus because E4orf3 can partially 

compensate for the functions of the E1B55K/E4orf6 complex (Bridge and 

Ketner, 1989; Bridge et al., 1993; Huang and Hearing, 1989).  However, 

E1B55K and E4orf6 are primarily responsible for overcoming the cell cycle 

barrier to promote viral infection, which was revealed by decreased infection of 

!E1B virus in non-S phase cells  (Goodrum and Ornelles, 1997, 1999).   

E1B55K and E4orf6 are thought to promote the preferential export of 

viral genes and the shut-off of host protein synthesis (Babich et al., 1983; 

Bridge and Ketner, 1989; Pilder et al., 1986) (Babiss et al., 1985; Gonzalez 

and Flint, 2002; Leppard and Shenk, 1989; Weigel and Dobbelstein, 2000).  

During WT Ad5 infection, E1B55K and E4orf6 are primarily localized to the 

nucleus.  Nuclear localization of E1B55K requires association with E4orf6 

(Dobbelstein et al., 1997; Goodrum et al., 1996; Konig et al., 1999; Liu et al., 

2005; Orlando and Ornelles, 1999).  In the absence of E4orf6, E1B55K is 

predominantly localized to the cytoplasm because of a CRM1-mediated 



  10 

 

nuclear export signal (Dosch et al., 2001; Kratzer et al., 2000).  During viral 

infection, E1B55K co-localizes with DBP positive viral replication centers 

(Ornelles and Shenk, 1991).  Transcription of viral genes occurs at the 

periphery of these viral replication centers (Pombo et al., 1994).  It has been 

suggested that E1B55K promotes mRNA export by binding processed mRNA 

(Horridge and Leppard, 1998) localized at the periphery of the viral replication 

centers as detected by immunofluorescence of exon-junction complex proteins 

(Aspegren and Bridge, 2002; Bridge et al., 2003; Bridge et al., 1996; Bridge et 

al., 1995; Custodio et al., 2004; Gama-Carvalho et al., 2003; Lindberg et al., 

2004).  Additionally, E4orf6 has been shown to promote the export of AU-rich 

element (ARE)-containing mRNA in association with the HuR protein 

(Higashino et al., 2005), suggesting another possible mechanism for mRNA 

export by the E1B55K/E4orf6 complex.  However, many of the studies 

suggesting an effect on mRNA export by the viral proteins E1B55K and E4orf6 

are unable to distinguish between an effect on viral mRNA export or 

cytoplasmic viral mRNA stability.  E1B55K and E4 proteins may utilize cellular 

proteins to promote viral RNA stability, which results in increased cytoplasmic 

late mRNA. 

Many studies have tried to address how the E1B55K/E4orf6 complex 

affects RNA metabolism.  Researchers have identified cellular proteins that 

associate with E1B55K and E4orf6 to promote viral mRNA export.  In rodent 
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cells, the presence of E4orf6 is not sufficient to promote E1B55K nuclear 

retention (Goodrum et al., 1996), suggesting that a primate specific protein is 

required for the association of E1B55K and E4orf6.  A recent study suggested 

that RUNX1, a DNA-binding protein and protein scaffold, may act as the 

missing component of the E1B55K/E4orf6 complex in primate cells (Marshall 

et al., 2008).  RUNX1 localizes near nuclear viral replication compartments, 

leading researchers to suggest a potential link to viral mRNA export.  

Additionally, the E1B55K Associated Protein (E1B-AP5), a member of the 

hnRNP family of proteins, interacts with E1B55K and localizes to viral 

replication centers independently of E1B55K (Barral et al., 2005; Gabler et al., 

1998).  Over-expression of E1B-AP5 leads to an increase of cytoplasmic 

accumulation of cellular and viral messages (Gabler et al., 1998).  Recently, a 

study suggested a role for E1B-AP5 in promoting activation of the DNA 

damage response kinase, ATR, during viral infection.  E1B-AP5 was shown to 

associate with two known interactors of ATR, RPA and ATRIP, independently 

of adenoviral infection (Blackford et al., 2008), suggesting a possible role for 

ATR in mRNA metabolism.  From this body of work, it is clear that the E1B 

and E4 proteins promote viral RNA metabolism.  However, it is still not known 

how the viral E1B and E4 proteins promote mRNA stability or export and what 

cellular factors are involved.   
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E1B55K/E4orf6 and E4orf3 promote viral DNA replication and mRNA 

metabolism ultimately to produce late viral proteins and viral progeny.  Many 

groups have attempted to analyze the role of E1B55K/E4orf6 and E4orf3 on 

the production of late viral proteins.  They have shown that degradation of a 

cellular factor by the E3-ubiquitin ligase formed with E1B55K and E4orf6 is 

required for efficient late viral protein synthesis (Blanchette et al., 2008; 

Corbin-Lickfett and Bridge, 2003; Woo and Berk, 2007).  E1B55K and E4orf6 

are known to promote the degradation of p53, DNA ligase IV, and the MRN 

complex (Baker et al., 2007; Grand et al., 1994; Moore et al., 1996; Nevels et 

al., 1997; Querido et al., 2001; Querido et al., 1997; Steegenga et al., 1998; 

Stracker et al., 2002).  Additionally, our lab has shown that mislocalization of 

the MRN complex by E4orf3 correlates with an increase in late protein 

synthesis (Stracker et al., 2005).  However, it is still unclear whether the MRN 

complex, or any of the other currently known cellular targets, negatively 

impacts late protein synthesis.  In chapter 2 we characterize the regions of 

E1B55K and E4orf6 required to degrade the cellular substrates mentioned 

above.  This analysis will identify separation-of-function mutants that will be 

useful in determining the individual effects of these cellular substrates on the 

viral lifecycle. 
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1.3 Cellular Response to DNA Damage  

DNA damage can occur from ionizing radiation (IR), ultraviolet light, or 

other environmental or endogenous stresses.  Cells have a sophisticated 

response network set up to deal with damaged DNA known as the DNA 

damage response (DDR) (schematic in Fig. 1-3).  After sensor molecules 

detect the DNA damage, the damage signals are amplified through the 

phosphorylation of downstream effectors.  These downstream effectors 

promote cellular processes such as DNA repair, cell cycle arrest, 

transcriptional control, and apoptosis (reviewed in (Nyberg et al., 2002)).  The 

key regulators of the DDR include the MRN complex, composed of Mre11, 

Rad50, and Nbs1 (Xrs2 in S. cerevisiae), Ataxia Telangiectasia mutated 

(ATM), Ataxia Telangiectasia and Rad3-related (ATR), and DNA Protein 

Kinase (DNA-PK) (reviewed in (Abraham, 2004; D'Amours and Jackson, 2002; 

Zhou et al., 2006)).  The MRN complex is considered to be a sensor of DNA 

damage (Carney et al., 1998) and is necessary for a complete DDR mediated 

by ATM and ATR (Schematic in Fig. 1-3) (Carson et al., 2009; Carson et al., 

2003; Mirzoeva and Petrini, 2001; Olson et al., 2007; Stiff et al., 2005; Uziel et 

al., 2003).  ATM and ATR act as signal transducers and phosphorylate effector 

proteins involved in cell cycle, DNA repair, apoptosis, and transcriptional 

activity.  The two most common types of repair pathways initiated by the DDR  
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Figure 1-3 The cellular response to DNA damage.  See text for explanation 
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are non-homologous end-joining (NHEJ) or homologous recombination 

(Lieber, 2008; Lieber et al., 2004; Shrivastav et al., 2008; Sung and Klein, 

2006; Wyman et al., 2004).  While these repair pathways are genetically 

separable (reviewed in (D'Amours and Jackson, 2002)), recent evidence 

suggests they can work together to repair damaged DNA (Allen et al., 2003; 

Allen et al., 2002; Convery et al., 2005). 

Mutations in members of the DDR pathway result in diseases (reviewed 

in (O'Driscoll and Jeggo, 2006)).  All of the components of the MRN complex 

are essential genes and null mutations of them are lethal in mice (Luo et al., 

1999; Xiao and Weaver, 1997; Zhu et al., 2001).  However, hypomorphic 

mutations in Mre11 result in Ataxia telangiectasia-like disorder (A-TLD) 

(Stewart et al., 1999).  Ataxia telangiectasia (A-T) results from hypomorphic or 

null mutations in ATM (Savitsky et al., 1995).  A-T is characterized by growth 

retardation, cerebellar ataxia, radiation sensitivity, and immune defects 

(Savitsky et al., 1995).  Similarly, Nijmegen Breakage Syndrome (NBS) 

patients have hypomorphic mutations in Nbs1 and are marked with 

microcephaly, growth retardation, and bird-like features (Cerosaletti et al., 

2000; Young and Painter, 1989).  Like the components of the MRN complex, 

ATR is also an essential gene (Brown and Baltimore, 2000; de Klein et al., 

2000).  However, a patient has been identified with Seckel syndrome that is 

linked to a splicing mutation of ATR (Alderton et al., 2004; O'Driscoll et al., 
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2003).  A recent mouse model of Seckel syndrome with this ATR mutation 

showed accelerated aging due to replicative stress (Murga et al., 2009).  

Sufferers of A-T, A-TLD, NBS, and Seckel syndrome have a predisposition for 

developing cancer at an early age (reviewed in (O'Driscoll and Jeggo, 2006)).  

Cell lines from patients suffering from these diseases have proven very useful 

in understanding the functions of the individual proteins in the response to 

damaged DNA. 

Components of the MRN complex have specialized activities within the 

functional complex (see schematic in Fig. 1-4).  Mre11 is a single stranded 

endonuclease and 5! to 3! exonuclease.  The nuclease activity of Mre11 is 

determined by phosphodiesterase motifs at the N-terminus (reviewed in 

(D'Amours and Jackson, 2002; Lavin, 2007; Stracker et al., 2004)).  Mre11 can 

associate with DNA via the DNA binding domains at its C-terminus (reviewed 

in (D'Amours and Jackson, 2002; Williams et al., 2007)).  Rad50 is a member 

of the sister maintenance chromosome (SMC) family of proteins, which are 

involved in chromosome condensation and sister chromatid cohesion 

(reviewed in (Connelly and Leach, 2002; Williams et al., 2007)).  The ATPase 

activity of Rad50 is required for the Mre11 nuclease function (Hopfner et al., 

2001).  Rad50 contains two walker domains that dimerize to associate with 

Mre11 (Anderson et al., 2001).  The walker domains are connected to the 

zinc-binding hinge via coiled-coiled regions.  Rad50 coordinates association  
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Figure 1-4 MRN complex.  Mre11 contains four phosphodiesterase motifs at 

the N-terminus (N1-N4) that coordinate the nuclease activity of Mre11 (see 

text).  The Rad50 coiled-coil domains twist around each other, allowing for the 

walker domains to dimerize and the hinge coordinates zinc to associate with 

other MRN complexes.  Nbs1 has an FHA and BRCT domain at the N-

terminus and two ATM/ATR phosphorylation sites.  Association of Nbs1 with 

Mre11 and ATM occurs via the C-terminus.  The 675del represents the most 

common mutation in patients with Nijmegen Breakage Syndrome.  
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between multiple MRN complexes by using zinc, which allows for bridging 

DNA pieces to be repaired together (Cahill and Carney, 2007; Chen et al., 

2001; de Jager et al., 2001; Hopfner et al., 2002; Klein and Kreuzer, 2002).  

The Nbs1 N-terminus contains forkhead-associated (FHA) and BRCA C-

terminal (BRCT) domains, which mediate protein-protein and phospho-protein 

interactions and are required for accumulation of MRN at DNA damage foci 

(Cerosaletti and Concannon, 2003; Desai-Mehta et al., 2001; Durocher et al., 

1999; Zhao et al., 2002) and association with chromatin (Kobayashi, 2004; 

Kobayashi et al., 2002; Lukas et al., 2004; Stucki and Jackson, 2006).  The 

Nbs1 C-terminus associates with Mre11 and ATM and is important for MRN 

localization (Desai-Mehta et al., 2001; Falck et al., 2005).  In the absence of 

Nbs1, Mre11 and Rad50 remain cytoplasmic and are unable to re-localize to 

damage centers (Carney et al., 1998; Desai-Mehta et al., 2001).  The C-

terminus of Nbs1 has been suggested to promote ATM activation via the ATM-

binding domain (Falck et al., 2005; You et al., 2005) and Nbs1 is 

phosphorylated by both ATM and ATR at serine residues 278 and 343 

(D'Amours and Jackson, 2001; Gatei et al., 2000; Lim et al., 2000; Wu et al., 

2000b; Zhao et al., 2000), suggesting a potential feedback mechanism in the 

pathway.  Together the MRN complex acts as the sensor for DNA damage 

and is responsible for activation of the DNA damage response.  
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ATM and ATR are members of the phosphoinositide 3-kinase-like 

kinases (PIKKs) family (reviewed in (Abraham, 2004)); they relay the message 

of the damaged DNA by phosphorylating downstream effectors at serines and 

threonines that are followed by a glutamine (SQ/TQ motifs) (O'Neill et al., 

2000).  ATM primarily responds to DNA double stranded breaks (reviewed in 

(Lavin, 2007)).  ATM is normally maintained as an inactive dimer but upon 

DNA damage it is thought to associate with Nbs1 and autophosphorylates at 

serine 1981 to become active monomers (Bakkenist and Kastan, 2003; Shiloh, 

2003; You et al., 2005).  ATR is activated by single stranded DNA (ssDNA) 

and stalled replication forks (reviewed in (Cimprich and Cortez, 2008)).  ATR 

activation requires association with the ATR-interacting protein, ATRIP, and 

ssDNA via interaction of ATRIP to replication protein A (RPA) (Cortez et al., 

2001; Zou and Elledge, 2003).  The PIKKs share downstream phosphorylation 

targets, causing redundancy and compensation during damage signaling.  

Recently some groups have published large-scale screens to identify 

previously unknown ATM and ATR targets upon DNA damage (Matsuoka et 

al., 2007; Paulsen et al., 2009; Smolka et al., 2007).  They have identified 

many substrates involved in various cellular processes, such as oncogenesis, 

chromatin remodeling, pre-mRNA processing, mRNA stability, and RNA 

transcription.  There has been limited work done to explore the relationship 

between the DDR and either RNA stability or pre-mRNA processing.  



  20 

 

Therefore, the large number of RNA metabolism proteins identified by these 

screens as substrates of ATM and ATR are particularly intriguing.  

Adenoviruses utilize host machinery for gene expression, RNA processing, 

and mRNA export (Akusjarvi and Stevenin, 2003; Berk, 2005; Carter et al., 

2003; Dobner and Kzhyshkowska, 2001; Flint and Gonzalez, 2003; Gabler et 

al., 1998; Marshall et al., 2008).  During infection adenoviral mRNA species 

are abundant and may provide a useful tool to explore further the impact of the 

DDR on RNA metabolism.   

1.4 Viruses and the DNA Damage Repair Machinery 

Many viruses utilize the host nucleus as a site for viral DNA replication.  

A large amount of exogenous viral DNA and aberrant viral DNA replication 

intermediates are likely recognized by the host as DNA damage and will illicit 

activation of the DNA damage response.  Therefore, the virus must overcome 

or exploit the activation of this signaling cascade.  Most of the viruses that 

have been examined both utilize some components of the DDR and inactivate 

others (reviewed in (Lilley et al., 2007)).  Herpes Simplex 1 (HSV1) and 

Epstein-Barr Virus (EBV) have been shown to utilize the MRN complex to 

promote a productive infection.  HSV1, a large DNA virus, uses activation of 

an ATM-mediated DDR to promote viral production.  Infection of HSV1 in cells 

defective for components of the MRN complex or ATM have reduced viral 

replication (Lilley et al., 2005).  HSV1 is primarily latent in neurons and these 
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cells fail to initiate an effective DDR upon HSV1 infection (Lilley et al., 2005). 

Failure to illicit a proper response upon HSV1 infection may limit a productive 

infection, thereby allowing the virus to go into its latent state.  EBV, a member 

of the herpes family of viruses, is maintained as a latent episome in B 

lymphocytes (Yates and Guan, 1991).  Stable maintenance of EBV episomes 

requires the MRN complex (Dheekollu et al., 2007).  EBV also recruits repair 

factors to sites of viral replication, which may aid in viral replication during lytic 

infection (Kudoh et al., 2005; Kudoh et al., 2009).  It is tempting to suggest that 

utilization of the MRN complex by HSV1 and EBV is an evolutionary 

consequence of remaining latent in cellular nuclei.   

Viruses also inactivate parts of the cellular DNA damage response by 

either re-localization or down-regulation of key DDR components.  Adenovirus 

utilizes both of these mechanisms to inactivate the MRN complex.  Our lab 

has shown that during infection with WT Ad5 early viral proteins 

E1B55K/E4orf6 promote the proteasome mediated degradation of the MRN 

complex, preventing both an ATM- and ATR-mediated DDR (See Fig. 1-5A for 

a schematic representation) (Carson et al., 2003; Stracker et al., 2002).  We 

have also shown that Ad5 E4orf3 mislocalizes the MRN complex into nuclear 

track-like structures, which prevents ATR signaling (Orazio et al.; Stracker et 

al., 2002).  The mislocalization of MRN by E4orf3 is subgroup specific; only 

adenoviruses from subgroup C are able to re-localize the MRN complex 
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(Stracker et al., 2005).  SV40 also inactivates the MRN complex during viral 

infection.  The SV40 large T antigen (Tag) has been extensively studied for it 

ability to transform cell lines (reviewed in (Ahuja et al., 2005; Pipas, 2009)).  

Tag can physically interact with Nbs1 (Wu et al., 2004) and has recently been 

shown to down-regulate the entire MRN complex in a proteasome-dependent 

manner in primate cells (Zhao et al., 2008).  Tag has been shown to associate 

with Cullin 7 (Kasper et al., 2005), a member of an SCF-like E3 ubiquitin ligase 

(Zhao et al., 2008).  This association with a cellular ubiquitin ligase may 

mediate the down-regulation of the MRN complex by Tag.  These observations 

demonstrate that the MRN complex is a key target of multiple viruses and 

suggests that MRN is part of the cellular anti-viral response.  SV40 has also 

been shown to utilize some aspects of the DNA damage response.  ATM 

phosphorylates the SV40 Tag and inhibition of ATM prevents formation of 

SV40 viral replication centers (Dahl et al., 2005; Shi et al., 2005; Zhao et al., 

2008).  Alternatively, infection of SV40 in cells deficient for Nbs1 expression 

increases viral DNA replication (Wu et al., 2004).  Our lab has also shown that 

degradation of the MRN complex by the E1B55K and E4orf6 adenoviral 

proteins promotes replication of the small single-stranded DNA parvovirus, 

Adeno Associated virus (AAV) (Schwartz et al., 2007).  However, it is unknown 

whether absence of the MRN complex affects adenoviral DNA replication or if 

degradation of the MRN complex by the viral ubiquitin ligase promotes viral 
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DNA replication.  In chapter 3 we will address the impact of the MRN complex 

on adenoviral DNA replication. 

Infection with mutant adenoviruses unable to inactivate the MRN 

complex, such as !E4 virus or !E1B55K/!E4orf3 virus, induces a DNA 

damage response mediated by both ATM and ATR.  In such infections the 

MRN complex localizes to viral replication centers (Carson et al., 2003; 

Stracker et al., 2002).  Activation of the DDR requires viral replication (Karen 

et al., 2009; Nichols et al., 2009).  Figure 1-5B identifies substrates of ATM 

and ATR that are phosphorylated during infection with !E4 virus.  These 

substrates are used in chapter 4 to demonstrate activation of the ATM and 

ATR kinases in mutant cell lines.  ATM specifically phosphorylates sister 

maintenance chromosome 1 (SMC1) (Kim et al., 2002), while Chk1 and RPA 

32 are ATR specific substrates (Carson et al., 2003; Liu et al., 2000; Zernik-

Kobak et al., 1997).  Nbs1 phosphorylation can be used to demonstrate 

activation of both kinases ATM or ATR (Carson et al., 2003).  Researchers 

have previously suggested that inhibition of PIKK activity during infection with 

!E4 virus correlates with an increase in late protein synthesis (Jayaram and 

Bridge, 2005).  This observation suggests that the DDR proteins may 

negatively impact the production of late viral proteins.  This possibility will be 

addressed in chapter 4. 
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Figure 1-5 The DNA damage response during adenoviral infection.  (A) 

Inactivation of MRN by the early viral proteins E1B55K/E4orf6 and E4orf3, 

which prevents activation of the DDR mediated by ATM and ATR.  (B) 
Activation of the DDR mediated by ATM and ATR during infection with !E4 

virus.  ATM will specifically phosphorylate SMC1, while ATR will phosphorylate 

Chk1 and RPA32. Nbs1 can be phosphorylated by ATM and ATR. 
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Infection with !E4 adenoviruses results in activation of the DDR and 

leads to a repair event where the viral genomes are concatemerized (Fig. 1-6 

and (Stracker et al., 2002; Weiden and Ginsberg, 1994)).  Concatemer 

formation of !E4 virus is abrogated in cell lines deficient for the MRN complex 

or components of the NHEJ pathway, such as DNA-PK and DNA ligase IV 

(Fig. 1-6)(Boyer et al., 1999; Stracker et al., 2002).  These results illustrate the 

requirement for MRN and NHEJ repair proteins to promote concatemerization 

of the viral genome.  Concatemer formation likely prevents productive infection 

since the concatemerized genomes are too large to be packaged (Boyer et al., 

1999; Stracker et al., 2002; Weiden and Ginsberg, 1994).  The ability to 

visualize the concatemerized adenoviral genomes during !E4 viral infection 

provides a powerful system to identify cellular DNA repair components. 

Currently, in the adenoviral field it is thought that concatemer formation inhibits 

the production of late viral proteins (Jayaram and Bridge, 2005).  However, it is 

unclear whether E1B55K/E4orf6 and E4orf3 inactivate the MRN complex to 

prevent concatemer formation or if the MRN complex affects the viral lifecycle 

independently of this repair event. 

Most viruses will selectively inhibit or utilize components of the DDR to 

promote their own productive infection.  Adenovirus has been shown to 

inactivate the DDR.  Thus, it provides a useful system to study how MRN and 
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Figure 1-6 Concatemer formation requires the MRN complex and 

components of NHEJ.  Formation of concatemers during WT Ad5 or !E4 

viral infection was visualized by PFGE in mutant cell lines.  The gene mutated 

in each cell-line is in parenthesis below the cell-line name. NHEJ components, 

DNA-PK and DNA ligase IV, are required for concatemer formation, as are 

components of the MRN complex.  A-TLD3 cell-lines complemented with WT 

Mre11 are able to restore concatemer formation.  These data were originally 

presented in (Stracker et al., 2002). 
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the DDR kinases act as cellular anti-viral defenses.  Additionally, using 

adenovirus to understanding more about the interplay between viruses and the 

DDR will provide further insight into the functions of the cellular DDR proteins 

in the response to damaged DNA. 
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Chapter 2.  Domains of E1B55K and E4orf6 required for degradation of 

cellular substrates, promoting late protein synthesis, and preventing 

concatemer formation 

 

Background 

Ad5 early regions E1B and E4 encode proteins that promote and 

regulate viral infection.  As mentioned in the introduction, studies using mutant 

viruses lacking the E1B and E4 regions led to the identification of viral proteins 

E1B55K, E4orf6 and E4orf3, required to promote viral DNA replication, late 

viral mRNA export, and late viral protein synthesis (Babiss et al., 1985; Bridge 

and Ketner, 1989, 1990; Bridge et al., 1993; Halbert et al., 1985; Huang and 

Hearing, 1989; Pilder et al., 1986).  Infection with !E4 virus also results in 

concatemerization of the viral genome (Weinberg and Ketner, 1986), which 

can be prevented by the presence of E4orf6 or E4orf3 (Stracker et al., 2002).  

E1B55K and E4orf6 associate to form a stable complex (Sarnow et al., 1984).  

Defects in viral late protein synthesis and viral DNA replication are more 

severe during infection with !E4 virus than !E1B virus, because E4orf3 can 

partially compensate for the functions of the E1B55K/E4orf6 complex (Bridge 

et al., 1993; Huang and Hearing, 1989).  The E1B55K/E4orf6 complex acts as 

an E3-ubiquitin ligase, that consists of cellular proteins: Cullin 5, Rbx1, and 

Elongins B/C (see schematic in Fig. 2-1A and (Querido et al., 2001)).  
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E1B55K is thought to act in substrate recognition while E4orf6 promotes 

assembly of the complex by associating with Elongins B and C (Harada et al., 

2002; Querido et al., 2001).  Degradation of cellular factors by the E3-ubiquitin 

ligase complex formed with E1B55K and E4orf6 is required for late viral 

protein synthesis (Blanchette et al., 2008; Corbin-Lickfett and Bridge, 2003; 

Woo and Berk, 2007).  E1B55K and E4orf6 are known to promote the 

degradation of cellular proteins p53 and the MRN complex (Baker et al., 2007; 

Carson et al., 2003; Cathomen and Weitzman, 2000; Grand et al., 1994; 

Moore et al., 1996; Nevels et al., 1997; Querido et al., 2001; Querido et al., 

1997; Steegenga et al., 1998; Stracker et al., 2002).  During the course of our 

studies DNA ligase IV was identified as a substrate for this viral ubiquitin 

ligase as well (Baker et al., 2007).  Down-regulation of all the cellular 

substrates during WT Ad5 infection can be visualized by western blotting (Fig. 

2-1B).  However, it is still unclear whether degradation of any of these 

substrates promotes late protein synthesis.  

E1B55K displays distinct patterns during viral infection and requires 

E4orf6 for nuclear localization (Dobbelstein et al., 1997; Goodrum et al., 1996; 

Konig et al., 1999; Liu et al., 2005; Orlando and Ornelles, 1999) and 

association with viral replication centers (Ornelles and Shenk, 1991).  In the 
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Figure 2-1  Degradation of cellular substrates by E1B55K and E4orf6  (A)  

Schematic of the E1B55K/E4orf6 E3 Ubiquitin ligase complex.  E1B55K is 

thought to bind to the cellular substrate, while E4orf6 associates with Elongins 

B and C, thereby recruiting the Cullin-containing ligase. (B)  U2OS cells 

infected with wild-type Ad5 (MOI=25) lysates were made from cells harvested 

at the various times indicated.  Protein levels were compared to mock infected 

cells (M).  GAPDH serves as a loading control. 
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absence of E4orf6, E1B55K is localized to the cytoplasm (Dobbelstein et al., 

1997; Goodrum et al., 1996; Konig et al., 1999; Liu et al., 2005; Orlando and 

Ornelles, 1999) due to its CRM1-mediated nuclear export signal (Dosch et al., 

2001; Kratzer et al., 2000).  Export deficient mutants form distinct nuclear foci, 

which also contain cellular substrates (Endter et al., 2005; Hartl et al., 2008), 

strengthening the argument that E1B55K is required for substrate binding.  

The regions of E1B55K required for association with p53 have been identified 

and overlap with the region required for E4orf6 binding (see schematic on Fig. 

2-5) (Kao et al., 1990; Rubenwolf et al., 1997; Yew and Berk, 1992).  

However, the regions of E1B55K required for association with the MRN 

complex have yet to be determined. 

E4orf6 contains several regions required for its function and they are 

illustrated in the schematic in figure 2-2.  A fragment of the amino-terminus of 

E4orf6 is responsible for association with both E1B55K and p53 in vitro 

(Querido et al., 2001; Rubenwolf et al., 1997).  However, the carboxy-terminal 

amphi-pathic "-helix structure of E4orf6 is required for retention of E1B55K in 

the nucleus (Orlando and Ornelles, 1999, 2002), which may demonstrate a 

functional link between these two viral proteins.  Mutations in this region are 

still able to complement viral growth (Orlando and Ornelles, 2002), 

demonstrating a separation-of-function between the re-localization of E1B55K 

into the nucleus from the ability for E4orf6 to support productive infection.  
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However, the ability for these E4orf6 "-helix mutants to promote MRN 

degradation remains unknown.  

In this chapter we identify the regions of E4orf6 and E1B55K required 

for degradation of MRN and p53.  We have found that many E4orf6 "-helix 

mutants down-regulated targets without retaining E1B55K in the nucleus, 

suggesting that nuclear retention of E1B55K and down-regulation of cellular 

substrates are separable events.  Additionally, we identified separation-of-

function mutants for E1B55K demonstrating that distinct regions of E1B55K 

are required to degrade MRN and p53.  These separation-of-function E1B55K 

mutants will allow for further characterization of the impact of the cellular 

degradative substrates on the adenoviral lifecycle.     

 

Results 

Nuclear retention of E1B55K is not required for production of late 

proteins and inhibition of concatemer formation. 

 E4orf6 contains a positively charged amphi-pathic "-helix at its carboxy 

terminus (see schematic in Fig. 2-2).  This "-helix region is required for 

nuclear retention of E1B55K (Orlando and Ornelles, 1999, 2002) yet mutants 

in this area maintain the ability to complement viral infection (Orlando and 

Ornelles, 2002).  To assess the impact of this E4orf6 region on MRN  
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Figure 2-2  Schematic of E4orf6  Shown above E4orf6 are relevant 

functional domains.  In black are the putative BC-box sequences thought to 

mediate the interaction with Elongin C (Blanchette et al., 2004).  The putative 
arginine rich "-helix region is shown in gray above E4orf6 (Orlando and 

Ornelles, 1999).  The region required for association with E1B55K has been 

mapped near the N-terminus of the protein (Querido et al., 2001; Rubenwolf et 

al., 1997).  Amino acid positions are indicated by the numbers. 

 

 



  35 

 

 

 

 



  36 

 

degradation, late protein synthesis, and concatemer formation we obtained 

point mutants at the various arginine residues to alanine or glutamic acid, 

altering the charge of the "-helix.  Expression and localization of these 

mutants was similar to that of WT E4orf6 (data not shown).  Expression of 

E4orf6 "-helix mutants into cells stably expressing WT E1B55K confirmed the 

inability for E1B55K to be retained in the nucleus, compared to WT E4orf6 

(Fig. 2-3 and (Orlando and Ornelles, 1999, 2002)).  Consistent with previous 

reports, we found that E4orf6 R241A was still able to retain some E1B55K in 

the nucleus (Orlando and Ornelles, 2002).  However, Orlando et al also 

suggested that E4orf6 R243A was also able to localize E1B55k to the nucleus 

(Orlando and Ornelles, 2002).  This result is in conflict with our observations 

that demonstrate that E1B55K is cytoplasmic in the presence of this mutant.  

This discrepancy may be due to cell type differences.  The Orlando et al study 

used HeLa cells, while we used U2OS cells.   

To address whether the E4orf6 "-helix mutants were competent for 

MRN degradation we visualized the levels of Nbs1 by immunofluorescence 

(Fig. 2-3).  We found that, with the exception of L245P and R243A, all of these 

mutants were able to promote down-regulation of Nbs1, which was used as a 

marker for the MRN complex.  The L245P mutant was found previously to be 

defective for p53 degradation (Nevels et al., 2000) and the double mutant  
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Figure 2-3  Nuclear retention of E1B55K by E4orf6 "-helical mutants  

Stable U20S cells expressing wild-type E1B55K were transfected with the 

indicated E4orf6 "-helical mutants.  Cells were fixed and processed for 

immunofluorescence 44 hours post transfection.  DAPI marks the cell nuclei in 

the merged images.  The white arrows indicate cells in which Nbs1 is 

degraded. 
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L245P/R243A was unable to bind E1B55K or degrade p53 (Cathomen and 

Weitzman, 2000; Grifman et al., 1999).  E4orf6 mutants L245P and R243E are 

also defective for complementation of viral infection (Orlando and Ornelles, 

2002) and association with members of the E3 ubiquitin ligase (Blanchette et 

al., 2004).  To confirm our results regarding MRN down-regulation by the 

E4orf6 "-helix mutant we examined degradation of the MRN complex by 

immuno-blotting during viral infection (Fig. 2-4A).  We observed similar results 

to those found by immunofluorescence (Fig 2-3).  These results suggest that 

nuclear retention of E1B55K is not necessary for MRN degradation. 

We also determined whether the E4orf6 "-helix mutants were able to 

complement infection with !E4 virus for the production of late viral proteins 

(Fig. 2-4A) and inhibition of concatemer formation (Fig. 2-4B).  HeLa cells 

were transfected with WT E4orf6 or the "-helix mutants prior to infection with 

!E4 virus.  Degradation of MRN correlated with an increase in the levels of 

late viral proteins, as detected by the levels of fiber.  E4orf6 mutants able to 

degrade the MRN complex and complement late protein production were also 

able to inhibit concatemer formation (Fig. 2-4B).  Interestingly, R241A and 

R241E were able to complement !E4 viral infection for MRN degradation, late 

protein synthesis, and inhibition of concatemer formation, suggesting that they 

are functional.  However, the expression of these proteins was not detectable  
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Figure 2-4  Effect of E4orf6 "-helical region on late protein synthesis and 

concatemer formation  HeLa cells transiently transfected with E4orf6 "-

helical mutants for 24 hours and then infected with !E4 virus (dl1004).  Cells 

were harvested 48 hours post infection (hpi) and processed for  western blot 

(A) or pulse-field gel electrophoresis (B).  Infection with wild-type Ad5 or mock 

infected were used for comparison of protein levels and concatemer formation.  

Arrowhead indicates the linear viral genome.  
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by immuno-blotting (Fig. 2-4A).  It is possible that either the antibody was 

unable to recognize these proteins, or that these proteins are insoluble and 

were therefore not visible in the soluble lysate shown here.  Additional 

experiments are needed to confirm their ability to degrade the MRN complex.  

These results demonstrate that nuclear retention of E1B55K is separable from 

degradation of MRN.  Table 2-1 summarizes our results.    

The MRN complex is required for concatemer formation during !E4 

viral infection (Stracker et al., 2002).  As expected, we observed a strong 

correlation between degradation of the MRN complex and inhibition of 

concatemer formation (Table 2-1).  Additionally, we found that degradation of 

MRN and inhibition of concatemer formation correlated with an increase in late 

protein synthesis.  These data seem to corroborate a previously published 

report suggesting that inhibition of concatemer formation promotes late protein 

synthesis (Jayaram and Bridge, 2005).  However, unless we can differentiate 

between concatemer formation and MRN degradation, we will be unable to 

distinguish which of these events affects late protein synthesis.  Our results 

demonstrating substrate down-regulation and inhibition of concatemer 

formation by the arginine "-helix mutants likely explains their ability to 

complement mutant virus infection.   
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Table 2-1 Summary of E4orf6 Mutants 

      

Degradation 

Mutant 

Nuclear 

Retention of 

E1B55K 
MRN   

complex 
p53 

Formation of 

concatemers 

Production 

of late viral 

proteins 

WT E4orf6 ++ + + _ + 

L245P _ _ _ + _ 

R241E _ + + _ + 

R241A partial + + _ + 

R243E _ + + _ + 

R243A _ _ _ + _ 

R240,251E _ + + _ + 

AXA _ _ _ + _ 

S128A ++ + + _ + 

C124,126S _ _ _ + _ 
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Degradation of substrates by the E1B55K/E4orf6 complex requires 

distinct regions of E1B55K 

E1B55K is thought to mediate substrate recognition for the ubiquitin 

ligase complex it forms with E4orf6 (Baker et al., 2007; Carson et al., 2003; 

Cathomen and Weitzman, 2000; Kao et al., 1990; Lin et al., 1994; Shen et al., 

2001; Yew and Berk, 1992).  Previous studies have described many E1B55K 

mutants (Fleisig et al., 2007; Rubenwolf et al., 1997; Shen et al., 2001; 

Teodoro et al., 1994; Yew and Berk, 1992), but not all of them have been 

examined for their ability to degrade MRN or DNA ligase IV.  We have 

previously identified two E1B55K separation-of-function mutants: H354, which 

could degrade p53 but not MRN, and R240A, which could degrade MRN but 

not p53 (Carson et al., 2003).  We extended these studies by characterizing 

viruses expressing mutant forms of E1B55K, including either small insertions 

or point mutations.  Some of these mutants are illustrated in the schematic in 

figure 2-5.  Infection with viruses expressing an insertion at residue 443 in the 

E1B55K protein (labeled as R443) (Yew et al., 1990) demonstrated separable 

degradation phenotypes compared to WT Ad5 infection and the !E1B55K 

virus (dl110) infection (Fig. 2-6).  We show that this mutant was defective for 

degradation of all three components of the MRN complex, which led to 

activation of the cellular DNA damage response as shown by the presence of  
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Figure 2-5  Schematic of E1B55K and mutants.  Representation of E1B55K 

functional regions and the mutants with their relative locations made and 

tested during this study.  Regions responsible for p53 association are shown 

below E1B55K, as are the regions required for E4orf6 binding.  Also, in black 

are the two cysteine-rich regions at the C-terminus, important for degradation 

of cellular substrates.   
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Figure 2-6  Cysteine-rich regions required to degrade the MRN complex  
U2OS cells were infected with WT Ad5, !E1B55K (dl110) virus, or virus 

encoding mutant E1B55K (R443).  Cells were harvested at the indicated time 

post infection.  Lysates were analyzed by immuno-blotting with the indicated 

antibodies and were compared to a mock-infected control (M).  GAPDH serves 

as a loading control.  
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phosphorylated Nbs1 at serine 343.  Infection with the R443 virus was able to 

down-regulate p53, as described previously (Yew et al., 1990), as well as DNA 

ligase IV; however, the kinetics of both seemed delayed compared to WT Ad5 

infection.  E1B55K mutants R443 and H354, which are unable to degrade 

MRN, are localized near the C-terminal cysteine–rich regions which resemble 

zinc-finger motifs (Gonzalez and Flint, 2002).  Zinc-fingers are thought to 

mediate protein-protein interactions (Gamsjaeger et al., 2007).  The E1B55K 

cysteine-rich regions may be responsible for association with MRN.   

To characterize further the role of these cysteine-rich regions on the 

degradation of the known cellular substrates, we cloned various E1B55K 

mutants into retroviral vectors.  We produced stable cell-lines expressing 

individual E1B55K mutants by retroviral transduction.  Expression and 

localization of the mutant E1B55K proteins was examined in these cell-lines by 

immunofluorescence in the presence or absence of E4orf6 (Fig. 2-7).  WT 

E1B55K was localized to cytoplasmic aggregates in the absence of E4orf6 

and then diffusely nuclear in the presence of E4orf6.  Many E1B55K mutants 

expressed a similar pattern to WT E1B55K in the presence and absence of 

E4orf6.  However, R443 and a point mutation at position 444 from a tyrosine to 

an alanine (Y444A) displayed distinct localization patterns.  Mutant R443 had 

a diffuse cytoplasmic pattern, while Y444A produced elongated cytoplasmic 

foci in the absence of E4orf6.  We also assessed MRN degradation in the 
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presence of E4orf6 by examining levels of Nbs1 by immunofluorescence (Fig. 

2-7 and summarized in Table 2-2).  Residue 224 is not located within the C-

terminal cysteine-rich regions and the mutant with an insertion at this site was 

able to degrade MRN.  This result strengthens our initial hypothesis that the 

cysteine-rich regions at the E1B55K C-terminus are important for MRN 

degradation.  With the exception of Y444A, all of the mutants in the cysteine 

region were able to down-regulate Nbs1.  We confirmed these observations by 

western blot and assessed degradation of p53 and DNA ligase IV.  The results 

are presented on Table 2-2.  We found that the double point mutations of 

cysteine to serine at residues 361,366 and 454,456 prevented degradation of 

all the known substrates.  These mutants were retained in the nucleus to a 

similar level as H224, which was competent for MRN degradation, in the 

presence of E4orf6 (Fig. 2-7).  Therefore, an inability to associate with E4orf6 

is not a possible explanation for failing to degrade all the cellular substrates.    

 The studies presented here suggest that the cysteine-rich regions of 

E1B55K C-terminus are responsible for degradation of the MRN complex and 

are not important for degradation of p53 or DNA ligase IV.  We conclude that 

the E1B55K protein possesses distinct substrate specificity. 

Degradation of MRN or DNA ligase IV is sufficient to inhibit concatemer 

formation 
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Figure 2-7  Characterization of E1B55K mutants for MRN degradation  

U2OS cells stably expressing wild type or mutant E1B55K were either 

uninfected or infected with recombinant adenovirus expressing E4orf6 

(MOI=50).  Cells were fixed and processed for immunofluorescence 24 hours 

post infection.  DAPI was used as a marker for the cell nucleus in the top and 

bottom panels.  

 



  50 

 

 



  51 

 

Formation of viral genome concatemers requires both the MRN 

complex and DNA ligase IV (Boyer et al., 1999; Stracker et al., 2002).  To 

assess whether degradation of DNA ligase IV is sufficient to prevent 

concatemer formation, we examined concatemerization of viral genomes in 

E1B55K stable cell lines during !E1B55K/!E4orf3 mutant viral infection.  We 

used the !E1B55K/!E4orf3 virus (dl3112) (Babiss et al., 1984; Shepard and 

Ornelles, 2004) since E4orf3 can independently suppress concatemer 

formation (Stracker et al., 2002).  As expected, cells lacking E1B55K (GFP) 

were unable to prevent concatemer formation during infection with the mutant 

virus (Fig. 2-8).  We found that concatemers were prevented by mutants able 

to degrade both MRN and DNA ligase IV (cells expressing R240A, H224, 

Y444A) and by mutants only able to degrade DNA ligase IV (cells expressing 

H354 and H373A) (Fig. 2-8 and Table 2-2).  There was no correlation 

between degradation of p53 and concatemer formation (Table 2-2).  E1B55K 

mutants C361,366S and C454,456S, which were unable to degrade any of the 

known substrates, were unable to prevent concatemer formation during a 

mutant viral infection (Fig. 2-8 and Table 2-2).  In our experiments, E1B55K 

mutant R443 was unable to prevent fully concatemer formation and 

demonstrated delayed kinetics in DNA ligase IV degradation (Fig 2-6 and 

Table 2-2).  These observations confirm the requirement of DNA ligase IV in 

concatemer  
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Figure 2-8  Degradation of MRN or DNA ligase IV prevents concatemer 

formation  U2OS cells stably expressing the indicated E1B55K mutants were 
infected with !E1B55K/!E4orf3 virus (dl3112) at an MOI=10.  DNA was 

extracted at 30 hpi for analysis by PFGE.  Viral DNA was visualized by 

staining the gel with Sybr green and an arrow indicates the position of linear 

viral genome.   
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formation.  They also demonstrate that degradation of DNA ligase IV is 

sufficient to prevent concatemer formation and that the virus has at least two 

mechanisms by which E1B55K and E4orf6 prevent concatemer formation.   

 

Discussion 

In this chapter we examined the domains of the viral proteins E1B55K 

and E4orf6 required for degradation of the cellular substrates: MRN complex, 

p53, and DNA ligase IV.  Using mutants of the E4orf6 arginine-rich "-helix 

region, we found that nuclear retention of E1B55K is dispensable for MRN 

degradation.  Additionally, using mutants of E1B55K, we demonstrated that 

degradation of the MRN complex requires distinct domains of E1B55K. 

Nuclear retention of E1B55K by E4orf6 was thought to represent a 

functional interaction between these two proteins, but we have observed that 

nuclear retention of E1B55K is not necessary for degradation of cellular 

substrates (Fig. 2-3).  These observations suggest that the two viral proteins 

can still interact transiently to degrade the cellular substrates.  E4orf6 "-helix 

mutants unable to retain E1B55K in the nucleus are able to complement viral 

growth (Orlando and Ornelles, 2002), associate with E3 ubiquitin ligase 

components (Blanchette et al., 2004), degrade the MRN complex, and prevent 

concatemer formation (summarized on Table 2-2).  
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Table 2-2 Summary of E1B55K mutants 

     

Degradation 

Mutant MRN   

complex 
p53 

DNA 

ligase IV 

Concatemer 

formation 

WT 

E1B55K 
+ + + _ 

K104R + + ND ND 

H224 

insertion 
+ + + _ 

R240A + _ + _ 

H354 

insertion 
_ + + _ 

C361,366S _ _ _ + 

H373A _ + + _ 

R443 

insertion 
_ partial partial + 

Y44A + + + _ 

C454,456S _ _ _ + 
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However, the L245P and R243A E4orf6 "-helix mutants were unable to 

degrade cellular substrates or complement mutant virus infection (Table 2-1), 

suggesting that these amino acids are functionally important.  We also noticed 

that E1B55K mutants with decreased nuclear expression are still able to 

degrade cellular factors (Fig. 2-7).  This demonstrates that even transient or 

minimal association of E1B55K and E4orf6 is sufficient to promote the down-

regulation of these cellular substrates. 

The E1B55K/E4orf6 complex redirects components of a cellular E3 

ubiquitin-ligase, Cullin5, Rbx1, and Elongins B/C, to degrade cellular 

substrates such as p53 (Harada et al., 2002; Querido et al., 2001).  E4orf6 has 

been shown to mediate the association with these cellular ubiquitin ligase 

components, via interaction with Elongin C.  Elongin C-binding proteins 

contain a conserved sequence, termed the BC-box motif (Kamura et al., 2001; 

Kamura et al., 1998), which is not present in E4orf6.  However, three potential 

BC-box sequences have been identified in E4orf6: a VIF-like BC-box, and two 

others based on the SOCS BC-box motif (Blanchette et al., 2004; Mehle et al., 

2004; Yu et al., 2004).  Mutations in the VIF-like BC box have diminished E3 

ligase recruitment and are partially defective for substrate down-regulation 

(Luo et al., 2007)(RS and MDW unpublished).  Mutants in the other two BC-

box regions have decreased association with Elongin C and Cullin 5, as well 

as, E1B55K (Blanchette et al., 2004).  Blanchette et al used that observation 
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to suggest that E1B55K requires the formation of the E4orf6, Elongin C, Cullin 

5 complex prior to its association with E4orf6 (Blanchette et al., 2004).  We 

have identified mutants of the E4orf6 "-helix region that are unable to retain 

E1B55K in the nucleus but are still able to degrade the MRN complex, 

suggesting that binding of E4orf6 with the E3 ubiquitin ligase components is 

not sufficient to promote stable association with E1B55K.  E4orf6 mutants 

were not screened for degradation of DNA ligase IV, since at the time of the 

E4orf6 mutational analysis DNA ligase IV had not yet been identified as an 

E1B55K/E4orf6 substrate.  However, utilizing the results from our analysis of 

E1B55K mutants (Table 2-2), we would predict that E4orf6 mutants able to 

down-regulate p53 and MRN would also degrade DNA ligase IV.  In our 

characterization of mutant E4orf6 proteins, a tight correlation emerged 

between MRN degradation, prevention of concatemer formation, and 

production of late viral proteins (summarized in Table 2-1).  E4orf6 mutants 

were unable to separate substrate degradation from concatemer formation.  

Thus, they will not be useful in distinguishing the individual effects of MRN 

degradation and concatemer formation on the viral lifecycle.  However, 

analysis of these mutants was able to demonstrate the importance of the E3 

ubiquitin ligase on the viral lifecycle. 

We also analyzed many E1B55K mutant proteins to define the viral 

requirements for degradation.  We found that degradation of the MRN complex 
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by E1B55K/E4orf6 complex is separable from DNA ligase IV and p53 (Table 

2-2).  Our observations indicate that the C-terminal cysteine-rich regions are 

critical for MRN degradation.  During viral infection, mutants unable to degrade 

the MRN complex are unable to prevent activation of the DNA damage 

response (Fig. 2-6).   However, they are still able to prevent concatemer 

formation.  This effect is likely due to the degradation of DNA ligase IV (Table 

2-2).  This suggests that degradation of DNA ligase IV occurs independently of 

p53 or the MRN complex. 

During our analysis of E1B55K mutant proteins, we identified cysteine 

residues (C361,366 and C454,456) that when mutated to serine exhibited 

defects in degradation of the cellular substrates (p53, MRN, or DNA ligase IV) 

and were unable to prevent concatemer formation (summarized in Table 2-2).  

These mutants are able to associate with p53, but not MRN (Schwartz et al., 

2008), consistent with the idea that E1B55K C-terminus cysteine-rich regions 

are not important for association with p53.  In contrast to our findings, Hartl et 

al recently demonstrated that the C454,456S E1B55K mutant was able to 

degrade exogenous p53 and was able to mislocalize Rad50, but not Mre11 in 

baby rat kidney cells (Hartl et al., 2008).  These discrepancies may be due to 

the different cell types; E1B55K and E4orf6 are known to behave differently in 

rodent cells compared to human cells (Goodrum et al., 1996).  Our data 

suggest that these residues may play a more universal role in substrate 
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degradation.  The cysteine residues (C361,366 and C454,456) may be 

required to modify the cellular substrates with ubiquitin or some other marker 

required for their degradation.  Further insight from studies exploring the ability 

for these cysteine mutants to associate with DNA ligase IV in vivo, and 

perhaps more in vitro studies exploring association and modification of these 

cellular substrates, are required to understand the function of these residues. 

A recent study has identified yet another cellular substrate down-

regulated by the E1B55K/E4orf6 complex, Integrin "3 (Dallaire et al., 2009).  

Integrin "3, a secondary receptor for Ad5, co-localizes with E1B55K in 

possible aggresome-like structures in the cytoplasm (Dallaire et al., 2009).  

This study, along with our observations that nuclear retention of E1B55K is not 

required for degradation (Table 2-1), raises the interesting question of where 

E1B55K associates and targets cellular substrates for degradation.  Nuclear or 

cytoplasmic localization of the substrate does not seem to be relevant, since 

some substrates are nuclear (MRN, p53, and DNA ligase IV), and Integrin "3 

is located on the cell surface or in recycling endosomes (Dallaire et al., 2009).  

However, E1B55K does seem to associate with all these cellular substrates in 

aggresome-like structures in the absence of E4orf6.  E1B55K-expressing cells 

(293 or the engineered cell lines presented here) form aggresome-like 

structures in the peri-nuclear space that contain E1B55K and the cellular 

substrates p53 and MRN (Blair Zajdel and Blair, 1988; Brown et al., 1994; 
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Endter et al., 2005; Fleisig et al., 2007; Kopito, 2000; Liu et al., 2005; 

Maheswaran et al., 1998; Schwartz et al., 2008; Zantema et al., 1985).  This 

suggests that E1B55K aggresome-structures may be required for degradation 

of these cellular substrates, and that protein aggregation is a strategy for 

protein inactivation (Liu et al., 2005).  It is difficult to reconcile exactly how the 

E1B555K/E4orf6 complex is mechanistically promoting the degradation of 

these substrates.  Further studies are needed to examine the localization of 

the cellular components, such as Cullin5, Rbx1, and Elongins B/C, which are 

required to degrade these substrates.  Live cell imaging approaches may be 

useful to visualize E1B55K or E4orf6 with other cellular components in real 

time during viral infection to examine where and when these components 

associate with each other. 

 The observations in this chapter demonstrate that stable association 

between E4orf6 and E1B55K, as measured by the nuclear retention of 

E1B55K, is not required for substrate degradation and that distinct regions of 

E1B55K promote down-regulation of the various substrates.  Our data also 

identified a strong correlation between degradation of cellular substrates by 

the E1B55K/E4orf6 complex and the ability of these viral proteins to promote 

late protein synthesis and prevent concatemer formation.  However, the 

substrate responsible for preventing these activities has yet to be determined.  
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In chapter 3 we will explore this idea further by determining the impact of one 

of the substrates, the MRN complex on the viral lifecycle. 

 

Materials and Methods 

E1B55K mutagenesis and cloning 

Previously described E1B55K mutants were amplified from 

corresponding viruses (Shen et al., 2001; Yew et al., 1990) with PCR primers 

RVF (forward primer: 5!-CCGCTCGAGATGGAGCGAAGAAACCCATC-3!) and 

RVR (reverse primer: 5!-CCATCGATTCAATCTGTATCTTCATCGCTAG-3!) 

and cloned into the Xho1 and Cla1 sites of a modified version of the pCLNC 

retroviral vector, as previously described (Carson et al., 2003). Site-directed 

mutagenesis was performed using QuikChange mutagenesis kit (Stratagene) 

on E1B55K in either the pDC516 backbone vector (provided by H. Young) or 

pCLNC using the primers in Table 2-3. Mutants were screened as described in 

the text and interesting mutants in the pDC516 vector were PCR amplified 

using RVF and RVR primers (and subcloned into Xho1 and Cla1 sites of 

pCLNC (Carson et al., 2003). All mutants used in this study were verified by 

sequencing.  
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Cell lines   

HeLa, U2OS, and 293 cells were purchased from the American Tissue 

Culture Collection. W162 cells for growth of !E4 viruses were a gift from G. 

Ketner.  Stable cell lines derived from HeLa and U2OS that express wild-type 

(WT) and mutant E1B55K from retrovirus vectors are described below. All 

cells were maintained as monolayers in Dulbecco modified Eagle!s medium 

(DMEM) supplemented with 10 or 20% fetal bovine serum (FBS) and 

pen/strep. All cells were incubated at 37°C in a humidified atmosphere 

containing 5% CO2.  

Generation of E1B55K cell lines   

To generate stable expressing E1B55K cell lines, E1B55K was PCR 

amplified from either wild-type Ad5 or E1B55K mutant viruses. The products 

were cloned under control of the CMV promoter in a modified version of the 

pCLNC retrovirus vector. GFP was also cloned into pCLNC as a control. All 

constructs were confirmed by DNA sequencing. Retroviruses were generated 

by transfection of a packaging cell line with the pCLNC E1B55K plasmids and 

a plasmid expressing the VSV-G envelope protein. HeLa and U2OS cells were 

infected with retrovirus supernatants and selected in 900 µg/ml G418. Cell 

lines were maintained in 400µg/ml G418. Expression of E1B55K was 

assessed by immuno-blotting and immunofluorescence and pools of resistant 

clones were used for experiments.   
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Viruses and infections 

Wild-type Ad5 was obtained from the American Tissue Culture 

Collection.  The mutant viruses dl1004 (!E4), dl110 (!E1B55K), dl1016 

(!E1B55K/!E4orf3) and dl3112 (!E1B55K/!E4orf3) have previously been 

described (Bridge and Ketner, 1989; Ginsberg et al., 1999; Shepard and 

Ornelles, 2004), and were gifts from G. Ketner and D. Ornelles.  Wild-type 

Ad5, dl110, dl1016, and dl3112 were propagated in 293 cells.  The dl1004 

virus was propagated on W162 cells, a Vero-derived E4-complementing cell 

line (Weinberg and Ketner, 1983). The H224, H354 and R443 viruses with 

mutations in E1B55K have been previously described (Yew et al., 1990) and 

were obtained from A. Berk. The Y444A (ONYX85) virus has been previously 

described (Shen et al., 2001) and was obtained from Y. Shen. The E1-deleted 

recombinant adenovirus vector expressing E4orf6 (rAdE4orf6) was obtained 

from P. Branton and was described in (Querido et al., 1997).  All viruses, 

except !E4 (dl1004) virus, were propagated on 293 cells, and purified by two 

sequential rounds of ultracentrifugation in cesium chloride gradients, and 

stored in 40% glycerol at -20oC.  Infections were performed on monolayer of 

cells in DMEM supplemented in 2% FBS.  After 2h at 37oC, additional serum 

was added to obtain a total concentration of 10%. 
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Plasmids and transfections 

Plasmids encoding mutations in the E4orf6 "-helix region encoded in 

pCMV were provided by D. Ornelles (Orlando and Ornelles, 2002).  Sub-

confluent monolayers of cells were transfected with Lipofectamine 2000 

(Invitrogen) according to the manufacturer!s recommendations. 

 

Pulsed field gel electrophoresis  

Cells were infected with wild-type Ad5 or the !E1B55K/!E4orf3 mutant, 

dl3112, at a multiplicity of infection (MOI) of 10. PFGE was performed 

essentially as previously described (Boyer et al., 1999; Weiden and Ginsberg, 

1994). 60-100 cm plates of infected cells were infected as described in the 

figure legends and text. Cells were washed 2X with PBS, scraped in 1 ml of 

PBS, and transferred to 1.5 ml tubes. Cells were pelleted at low speed and re-

suspended in 100-350 µl of PBS with 125 mM EDTA. Cells were mixed 1:1 

with 1% InCert agarose (BioWhitaker Molecular Applications), which was 

melted in 50 mM Tris pH 7.4 with 125 mM EDTA, and transferred to a plug 

mold. Hardened plugs were transferred to proteinase K solution (1.2% SDS, 

0.12 mM EDTA, 5 mg/ml pro K) at 50°C overnight.  Plugs were washed 

extensively and stored in 50 mM EDTA. Plugs were loaded into a 1% agarose 

gel made with 0.5X TBE and Seakem HGT agarose (BMA). Gels were run at 

200V in 0.5X TBE in a Contour Clamped Homogenous Electric Field System 
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(CBS Scientific Co.), chilled to 4°C, and controlled by a Programmable Power 

Inverter (MJ Research).  Viral DNA was visualized by staining the gel with 

ethidium bromide or sybr green. 

Antibodies   

Primary antibodies were purchased from Serotech (DNA ligase IV), 

Santa Cruz (p53 C-19), Research Diagnostics Inc. (GAPDH), Novus 

Biologicals Inc. (Nbs1, Nbs1-P-NB100-284), Genetex (Mre11-12D7, Rad50-

13B3), Santa Cruz (Ku70, Ku86, p53,), Immunologic (Fiber), and Calbiochem 

(p53 Ab-6).  The E4orf6 mAb RSA#3 (Marton et al., 1990) was obtained from 

D. Ornelles.  Antibodies to DBP and E1B55K were from A. Levine.  Polyclonal 

rabbit antisera to DBP was from P. van der Vliet.  Secondary antibodies were 

purchased from Jackson Laboratories or Eurogentec.  

Western analysis 

Cells were washed and harvested in PBS, pelleted, and incubated with 

lysis buffer (PBS containing 1% NP40, 0.1% SDS, 0.25% Triton X-100, 1X 

Complete protease inhibitors (Roche), 1mM PMSF and the phosphatase 

inhibitors 20 mM NaF, 1 mM Na3VO4, and #-glycerophosphate) for 30 min on 

ice. Lysates were cleared by centrifugation at 14,000g at 4°C and protein 

concentration was measured by the Lowry assay (Biorad). Proteins were 

electrophoresed on poly-acrylamide gels and transferred to ECL membrane at 

4°C (100V/hr) using Biorad mini-protean II apparatus. Pre-cast 3-8% Tris-
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Acetate gels (Invitrogen) were used to resolve the phosphorylated forms of 

Nbs1. Novex Mini-cell gel and X-Cell2 transfer apparatus (Invitrogen) was 

utilized according to manufacturer instructions. Membranes were blocked in 

PBS-T (PBS with 0.1% Tween-20) with 5% dry milk overnight at 4°C. Blots 

were rinsed and incubated with the primary antibody in PBS with 3% BSA. 

After washing with PBS-T, blots were incubated with the secondary antibody 

(anti-rabbit or mouse conjugated to peroxidase, Jackson) in PBS-T with 5% 

dry milk for 1 hour at room temperature. After extensive washing with PBS-T, 

blots were treated with Western Lightning chemi-luminescence substrate 

(Perkin Elmer) according to manufacturer!s instructions and exposed to film 

(Kodak X-omat) for varying times. 

Immunofluorescence   

Cells were grown on glass cover-slips in 24-well dishes and infected 

with wild-type or mutant viruses according to the figure legends. The cells 

were washed with phosphate-buffered saline (PBS) and fixed at -20°C for 30 

min with ice-cold methanol/acetone (1:1).  In all cases, control staining 

experiments showed no cross-reaction between the fluorophores and images 

obtained by staining with individual antibodies were the same as those shown 

for double-labeling.  Nuclear DNA was stained with 4!,6-diamidino-2-

phenylindol (DAPI) and coverslips were mounted using Fluoromount-G 

(Southern Biotechnology Associates). Secondary fluorophore-conjugated 
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antibodies were purchased from Jackson Laboratories. Immuno-reactivity was 

visualized using a Nikon microscope in conjunction with a CCD camera 

(Cooke Sensicam). Images were obtained in double or triple excitation mode 

and processed using SlideBook and Adobe Photoshop. 
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Chapter 3.  Differential requirements of the C-Terminus of Nbs1 in 

suppressing Adenovirus DNA replication and promoting concatemer 

formation 

 

Background 

Virus infection activates host cell responses that serve to limit virus 

replication and progeny production.  We previously demonstrated that the 

cellular DNA repair machinery presents an obstacle to productive infection for 

human adenoviruses (Stracker et al., 2002).  The DNA repair apparatus 

consists of an elaborate network of cellular factors that monitor the integrity of 

genomic DNA and activate signaling pathways in response to DNA damage 

(reviewed in Refs. (Kastan and Bartek, 2004; McGowan and Russell, 2004)).  

The Mre11, Rad50 and Nbs1 proteins form the MRN complex, which is 

involved in the cellular DNA damage response and is required for damage 

signaling (D'Amours and Jackson, 2002; Lavin, 2007; Stracker et al., 2004; 

Williams et al., 2007).  The PI3 kinase-like kinases (PIKKs) Ataxia-

telangiectasia mutated (ATM) and ATM-Rad3 related (ATR) activate a central 

part of the cellular response to DNA damage.  These protein kinases 

phosphorylate multiple substrates involved in cell cycle checkpoints (Kastan 

and Lim, 2000; Matsuoka et al., 2007; Shiloh, 2003).  The MRN complex is 

required for full activation of ATM in response to double-stranded breaks 
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(DSBs) in genomic DNA (Carson et al., 2003; Lee et al., 2007; Lee and Paull, 

2004, 2005; Usui et al., 2001; Uziel et al., 2003) and plays a role in mediating 

signaling by ATR in response to some types of damage (Difilippantonio et al., 

2005; Jazayeri et al., 2006; Stiff et al., 2005).  The Nbs1 protein is required for 

nuclear localization of Mre11 and Rad50 (Desai-Mehta et al., 2001) and for 

DNA binding and unwinding by the complex (Lee et al., 2003; Paull and 

Gellert, 1999).  The C-terminus of Nbs1 contains separate motifs required for 

direct interaction with Mre11 (Desai-Mehta et al., 2001; You et al., 2005) and 

ATM (Cerosaletti et al., 2006; Falck et al., 2005; You et al., 2005).  In addition 

to its roles as a sensor of DNA damage (Petrini and Stracker, 2003) and as a 

tethering scaffold for breaks in double-stranded DNA (Williams et al., 2007), 

the MRN complex is also required for removal of the covalently attached 

Spo11 protein during meiotic recombination (Borde, 2007). 

The adenovirus (Ad) genome is a double-stranded DNA molecule of 36 

Kb that is maintained as linear monomers during wild-type infection.  Infection 

with adenoviruses lacking the early region E4 results in activation of the 

cellular DNA damage response and signaling through the ATM and ATR 

pathways (Carson et al., 2003; Stracker et al., 2002).  Infection with !E4 

adenoviruses also results in the formation of virus genome concatemers in a 

process that requires the MRN complex, as well as proteins involved in the 

cellular non-homologous-end joining DNA repair pathway (Boyer et al., 1999; 
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Stracker et al., 2002; Weiden and Ginsberg, 1994).  DNA damage signaling 

responses and genome concatemerization are both prevented during infection 

with wild-type Ad5 (Carson et al., 2003; Stracker et al., 2002).  The E4orf3 and 

E4orf6 proteins are products from the E4 region that play redundant functions 

in promoting viral DNA replication and late protein synthesis (reviewed in Refs. 

(Tauber and Dobner, 2001; Weitzman, 2005).  E4orf3 and E4orf6 from Ad5 

can also prevent genome concatemerization and modulate ATM and ATR 

pathways (Stracker et al., 2002; Weiden and Ginsberg, 1994).  Induction of 

proteasome-mediated degradation of the MRN complex by E4orf6, in 

conjunction with the viral E1B55K protein, blocks concatemer formation and 

damage signaling (Carson et al., 2003; Stracker et al., 2002).  The 

E1B55K/E4orf6 complex also induces degradation of DNA ligase IV protein 

(Baker et al., 2007) and this may contribute to inhibition of DNA repair during 

infection (Boyer et al., 1999).  Expression of the viral E4orf3 protein results in 

mislocalization of the MRN complex (Araujo et al., 2005; Evans and Hearing, 

2003, 2005; Stracker et al., 2002; Stracker et al., 2005), which also inhibits 

concatemer formation (Evans and Hearing, 2003; Stracker et al., 2002; 

Stracker et al., 2005) and ATR signaling (Carson et al., 2009).  

The contribution of concatemerization, the MRN complex, and DNA 

damage signaling to the replication and late protein defects of !E4 virus 

remains unclear.  The formation of genome concatemers may be detrimental 
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to virus growth for multiple reasons.  It has been suggested that 

concatemerization interferes with viral DNA replication (Baker et al., 2007) and 

late gene expression (Jayaram and Bridge, 2005) and that concatemers are 

too large to be packaged efficiently into virus particles (Baker et al., 2007; 

Stracker et al., 2002; Weiden and Ginsberg, 1994).  The MRN complex is 

required for concatemer formation, but it might also have additional inhibitory 

effects on virus growth.  Degradation of the Mre11 protein during infection with 

wild-type Ad5 correlates with the time at which viral replication initiates 

(Mathew and Bridge, 2007) and it has been suggested that MRN has a 

detrimental effect on initiation of viral DNA replication (Evans and Hearing, 

2005; Mathew and Bridge, 2007).  The MRN complex is required for full 

activation of the cellular DNA damage response to Ad infection (Carson et al., 

2003), and these signaling cascades could also interfere with efficient viral 

infection.   

In this chapter we examine the impact of DNA damage signaling and 

viral genome concatemerization on DNA replication.  We develop a 

quantitative PCR assay to measure accumulation of viral DNA in infected cells 

and we compare infections in matched cell lines.  Using mutant E1B55K 

proteins that differentially degrade cellular substrates, we demonstrate that 

viral replication and late protein production are enhanced in the absence of 

MRN, independently of concatemer formation.  The E4orf3 protein from Ad4 
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cannot mislocalize the MRN complex (Stracker et al., 2005) and we show that 

replication of Ad4 virus is more sensitive to deletion of E1B55K than Ad5.  

These results establish that inactivation of MRN through degradation by 

E4orf6/E1B55K and mislocalization by E4orf3 promotes viral DNA replication, 

and this can explain the redundancy in phenotypes observed for mutations in 

these virus genes (Bridge and Ketner, 1989; Halbert et al., 1985; Huang and 

Hearing, 1989).  Our results also show that Ad DNA replication is not impacted 

by concatemerization of Ad genomes and DNA damage signaling.  The 

defective DNA replication of !E4 virus is rescued in NBS cells that lack 

functional MRN, while inhibition can be restored by complementing with wild-

type full-length Nbs1.  We demonstrate that the Mre11-binding region in the C-

terminus of Nbs1 is required for complete nuclear localization of Rad50, 

recruitment to viral replication centers, and inhibition of Ad DNA replication.  

Additionally, we show that the final 47 residues in Nbs1 are required to 

suppress Ad DNA replication but are dispensable for concatemer formation.  

We conclude that there are multiple steps at which the cellular DNA repair 

machinery acts as a barrier to productive Ad infection.   

 

Results 

Late protein production is enhanced by MRN degradation, independently 

of concatemer formation 
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We previously identified mutants of E1B55K that can distinguish 

between degradation targets (Carson et al., 2003).  In the presence of E4orf6, 

the R240A mutant induces degradation of the MRN complex but not p53, 

whereas the H354 mutant degrades p53 but not MRN.  We employed stable 

cell lines expressing these E1B55K proteins to determine what effect 

degradation of the MRN complex has on late protein production (Fig. 3-1).  

HeLa-derived cell lines (Carson et al., 2003) were infected with 

!E1B55K/!E4orf3 mutant adenoviruses (dl1016 or dl3112), and lysates were 

analyzed by immuno-blotting at 30 hpi.  The defective virus was 

complemented in the cell line expressing wild-type (WT) E1B55K, and 

together with the E4orf6 expressed from the virus, E1B55K expression 

resulted in degradation of the MRN complex (Fig. 3-1A).  In these cells there 

was robust expression of late Ad gene products, as detected by immuno-

blotting with antibodies to the hexon and fiber proteins.  Similar results were 

obtained in cells expressing the R240A mutant, which retains the ability to 

degrade MRN.  In contrast, in the GFP control cell line or in the presence of 

the H354 mutant, MRN was not degraded and the production of late proteins 

was significantly diminished.  Both the R240A and H354 mutants retained the 

ability to degrade DNA ligase IV (Fig. 3-1A), which was recently identified as 

an E1B55K/E4orf6 substrate (Baker et al., 2007).  The same pattern of protein  
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Figure 3-1  Degradation of the MRN complex by the E1B55K/E4orf6 

proteins correlates with enhanced Ad late protein production and DNA 

replication.  Stable cell lines expressing either E1B55K proteins or GFP were 
infected with !E1B55K/!E4orf3 mutant adenoviruses (either dl1016 or 

dl3112).  (A)  Immuno-blot analysis of viral and cellular proteins in lysates from 

cells infected with dl1016 harvested at 30 hpi.  Ku86 served as a loading 

control.  (B)  Viral DNA was extracted from cells infected with dl3112 

harvested at 4, 18, 24, and 30 hpi, and analyzed by quantitative PCR.  

Accumulation of viral DNA is represented as fold increase over input viral 

DNA, as determined at the 4 h time point. 
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 production was observed in stable E1B55K-expressing cell lines derived from 

U2OS (data not shown).  These data demonstrate a correlation between MRN 

degradation and production of late viral proteins. 

 The decreased late protein production observed in the presence of the 

MRN complex could reflect defects in viral DNA replication, RNA processing, 

protein translation, or a combination of factors.  It has previously been 

suggested that concatemers affect late protein production during infection with 

!E4 mutants (Jayaram and Bridge, 2005).  We assessed concatemer 

formation during infection of the E1B55K mutant cell lines in chapter 2 (Fig. 2-

8).  In these two E1B55K mutant cell lines the virus DNA was predominantly 

present as linear monomers.  This reflects the fact that the R240A and H354 

mutants both retain the ability to degrade DNA ligase IV (Fig. 3-1A) and 

shows that this is sufficient to prevent concatemers.  This result indicates that 

the defect of late protein production is not due to concatemer formation. 

Inactivation of the MRN complex by E4 proteins of Ad5 correlates with 

increased virus DNA replication 

 To assess whether MRN degradation could promote viral DNA 

replication, we used quantitative PCR (QPCR) to measure the accumulation of 

total Ad genomic DNA over a time course of infection (Fig. 3-1B).  The GFP 

and E1B55K cell lines were infected with the !E1B55K/!E4orf3 mutant virus 

and extracted viral DNA was analyzed using primers to the Ad5-DBP gene.  
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Results demonstrated robust DNA replication of the mutant virus in cells that 

expressed E1B55K proteins that degrade MRN (WT and R240A), and 

defective replication in cells that could not degrade MRN (GFP and H354).  

Therefore MRN degradation correlates with increased virus DNA replication.  

Together, these data demonstrate that Ad5 late protein production and virus 

DNA replication are defective when the MRN complex is not degraded, but 

these defects are both independent of concatemer formation.  

 The E4orf3 protein of Ad5 serves functions redundant to 

E1B55K/E4orf6 in its requirement for efficient virus production (Bridge and 

Ketner, 1989; Halbert et al., 1985; Huang and Hearing, 1989) and inhibition of 

concatemer formation (Stracker et al., 2002; Weiden and Ginsberg, 1994).  

The Ad5-E4orf3 protein also inactivates the MRN complex through 

redistribution of components into intranuclear track-like structures and 

cytoplasmic aggregates (Araujo et al., 2005; Evans and Hearing, 2003, 2005; 

Stracker et al., 2002; Stracker et al., 2005).  We assessed whether E4orf3 was 

sufficient to promote DNA replication by utilizing an Ad5 virus that lacked 

E1B55K and was therefore unable to induce MRN degradation (Fig. 3-2A).  

Replication of the E1B55K-deleted virus dl110 (Ginsberg et al., 1999) was 

very similar to wild-type Ad5.  Similar results were obtained with the Ad5-

derived virus dl1017 (Bridge and Ketner, 1990)  that is deleted of both E1B55K 

and E4orf6 (data not shown).  In contrast, replication of !E4 virus that lacks 
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both E4orf3 and E4orf6 was defective in HeLa cells.  To confirm that the MRN 

complex is the target of the E4 proteins, we compared virus DNA accumulation 

in a HeLa-derived cell line that stably expresses an shRNA to knockdown 

Mre11 protein levels (Vo et al., 2005).  Knockdown of Mre11 was confirmed by 

immuno-blotting (data not shown).  The DNA replication defect of the !E4 

virus was rescued to WT levels in this cell line (Fig. 3-2A), in agreement with 

previous reports (Evans and Hearing, 2005; Mathew and Bridge, 2007).  

These results suggest that viruses unable to inactivate MRN are defective for 

viral DNA replication.   

 We have previously reported that the E4orf3 protein from serotype Ad4 

is unable to target the MRN complex, although the Ad4-E1B55K/E4orf6 

complex retains the ability to induce MRN degradation (Stracker et al., 2005).  

We therefore examined replication of WT Ad4 and a mutant that does not 

express E1B55K (Fig. 3-2B).  Compared to WT Ad4 virus, the E1B55K mutant 

was severely defective for virus DNA replication in the HeLa cells, but this 

defect was rescued to a significant extent in the shMre11 knockdown cells.  

Transcription of viral proteins was confirmed by RT-PCR analysis of mRNA 

extracted from infected cells using serotype-specific primers (Fig. 3-2C).  

Together these results suggest that mislocalization and inactivation of the 

MRN complex by the Ad5-E4orf3 protein promotes viral DNA replication.  
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Figure 3-2  Mislocalization of the MRN complex by the viral Ad5-E4orf3 

protein correlates with enhanced Ad DNA replication.  Viral DNA 

replication was assessed by quantitative PCR analysis of DNA extracted from 

cells harvested at 4, 18, and 30 h after infection with either wild-type or mutant 

forms of Ad5 (A) and Ad4 (B).  Accumulation of viral DNA is represented as 

fold increase over the input viral DNA, which was determined at the 4 h time 

point.  Infections were compared between HeLa cells and HeLa-derived cells 

stably expressing shRNA directed to reduce the level of Mre11 protein.  (C)  

Transcription of viral genes was demonstrated by RT-PCR analysis of RNA 

extracted from infected lysates using primer sets specific to gene and serotype 
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The MRN complex is responsible for the replication defect of !E4 

viruses 

 Based on the results from E1B55K and E4orf3 mutants, we also 

examined viral DNA replication in NBS cell lines that lack a functional MRN 

complex (Fig. 3-3).  We infected the NBS-ILB1 cell line that is derived from a 

patient with Nijmegan breakage syndrome (NBS) and harbors a hypomorphic 

Nbs1 mutation, and compared it to a matched cell line that has been 

complemented with the wild-type Nbs1 cDNA (Cerosaletti et al., 2000).  

Immuno-blotting of cell lysates from cells infected with the !E4 virus (dl1004) 

and harvested over a time course of infection demonstrated appropriate Nbs1 

expression and comparable levels of Ad5-DBP (Fig. 3-3A) and other viral 

proteins (data not shown).  Replication of the !E4 mutant virus dl1004 was 

defective in NBS cells complemented with Nbs1, but was rescued to WT levels 

in the NBS cells transduced with an empty vector (Fig. 3-3B).  Wild-type Ad5 

DNA replication was not significantly affected by the presence of Nbs1, 

presumably because the E4 proteins inactivate MRN.  These data in matched 

cell lines demonstrate that the MRN complex has a detrimental effect on DNA 

replication of !E4 Ad, consistent with results in Mre11 knockdown cells (Fig. 

3-2A). 
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Figure 3-3  The replication defect of E4-deleted mutant Ad5 is rescued in 

the absence of functional MRN complex.  (A)  Immuno-blot of lysates from 
NBS cells infected with the !E4 virus (dl1004).  Infections were compared in 

NBS cells transduced with an empty retrovirus vector or with a vector that 

expresses full-length Nbs1 protein.  DBP demonstrated that early virus protein 

synthesis was comparable in the two cell lines.  M represents lysates from 

mock infection and Ku86 served as a loading control.  (B)  Replication of the 
!E4 virus is similar to wild-type Ad5 in NBS cells transduced with empty 

vector, but is significantly compromised in cells expressing Nbs1.  Cells were 

infected with either wild-type Ad5 or dl1004 and viral DNA extracted over a 

time course was analyzed by QPCR.  Accumulation of viral DNA is 

represented as fold increase over the input viral DNA, determined at the 4 h 

time point.  
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Concatemerization and DNA damage signaling are not responsible for 

the inhibition of Ad DNA replication 

 Since we have previously demonstrated that the MRN complex is 

required for virus genome concatemerization and also for activation of ATM 

and ATR signaling in response to !E4 Ad (Carson et al., 2003; Stracker et al., 

2002), we addressed whether DNA damage signaling mediated by MRN has 

any impact on DNA replication.  Viral DNA replication was analyzed by 

infections of cells with inactivated PIKKs (Fig. 3-4).  We first examined 

infections in cells derived from an Ataxia Telangiectasia A-T patient with a 

mutation in ATM that renders them defective for ATM-dependent damage 

signaling.  Replication of dl1004 mutant virus was defective in A-T cells, 

demonstrating that the absence of ATM signaling does not rescue the !E4 

virus phenotype.  We also examined infection in A-T cells treated with caffeine 

at a concentration (5 mM) that inhibits ATR activity (Sarkaria et al., 1999), and 

found that replication of mutant virus was not rescued by caffeine treatment 

(Fig. 3-4A).  To test further the effect of ATR signaling we performed infections 

in cells expressing an inducible kinase-dead trans-dominant negative version 

of ATR (Fig. 3-4B) and in cells expressing shRNA to ATR (data not shown).  

In both cases, replication of the !E4 virus was defective and was not rescued 

by ATR inactivation.  Inactivation of ATR was confirmed by reduced 

phosphorylation of ATR substrates (Chk1-S345 and Nbs1-S343) as assessed 
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by immuno-blotting with phospho-specific antibodies (data not shown).  

Together these data show that damage signaling through ATM and ATR does 

not affect viral DNA replication.  We also examined concatemer formation 

during these infections.  We found that blocking ATM or ATR signaling alone 

had no effect on concatemerization, but concatemers were prevented in A-T 

cells by caffeine treatment (Fig. 3-4C; data not shown).  This result suggests 

that damage signaling may be involved in concatemerization but that the 

defective replication of !E4 virus is independent of concatemer formation. 

The C-terminus of Nbs1 is sufficient to inhibit Ad DNA replication. 

There are a number of distinct functional domains within the Nbs1 

protein (Fig. 3-5A).  At the N-terminus are forkhead-associated (FHA) and 

BRCA C-terminal (BRCT) domains, protein-protein interaction motifs that are 

required for accumulation of MRN at IR-induced foci (Cerosaletti and 

Concannon, 2003; Desai-Mehta et al., 2001; Zhao et al., 2002) and 

association with chromatin (Kobayashi, 2004; Kobayashi et al., 2002; Lukas et 

al., 2004; Stucki and Jackson, 2006).  Two ATM/ATR-dependent 
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Figure 3-4  DNA damage signaling does not affect Ad replication.  Cells 
were infected with either wild-type Ad5 or !E4 (dl1004) mutant.  Viral DNA 

was extracted at the indicated time post-infection for analysis by QPCR and 

PFGE.  Accumulation of viral DNA is represented as fold increase over input 
viral DNA, determined at the 4 h time point.  (A)  Replication of !E4 virus was 

defective in A-T cells with and without 5 mM caffeine.  (B) !E4 virus was not 

rescued when ATR signaling was compromised by over-expression of 

inducible kinase dead ATR.  Cell lines derived from U2OS that express 

inducible WT (ATR-WT) or kinase dead (ATR-KD) ATR transgenes were 

induced with doxycycline and infected with Ad5 and dl1004 for 30 h.  (C)  

Caffeine treatment (5 mM) blocks concatemer formation in A-T cells.  DNA 

was prepared at 30 hpi and analyzed by PFGE.  Viral DNA was visualized by 

staining the gel in Sybr Green and the arrow indicates the position of linear 

viral genome. 
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phosphorylation sites are located at S278 and S343 (Gatei et al., 2000; Lim et 

al., 2000; Wu et al., 2000b).  At the C-terminus is a region that binds Mre11 

(Desai-Mehta et al., 2001; You et al., 2005) and a conserved motif that 

interacts with ATM (Cerosaletti et al., 2006; Falck et al., 2005; You et al., 

2005).  To gain further insights into the functions of the MRN complex that 

impact the viral lifecycle, we first determined which domains of Nbs1 are 

required for inhibition of Ad DNA replication.  We infected NBS cells 

complemented with truncated forms of Nbs1 (Desai-Mehta et al., 2001) with 

WT Ad5 and dl1004.  Expression of wild-type and truncated Nbs1 proteins in 

these cells was confirmed by immuno-blotting (Fig. 3-5B).  DNA extracted 

from cells over a time course of infection with the !E4 virus dl1004 was 

analyzed for replication by QPCR (Fig. 3-5C) and for concatemers by PFGE 

(data not shown).  The 652 N-terminal fragment of Nbs1 contains the FHA and 

BRCT protein interaction domains but these were not required for inhibition of 

Ad replication or concatemer formation.  The FR5 fragment restored both 

inhibition of Ad DNA replication and concatemers, demonstrating that the C-

terminus of Nbs1 is necessary and sufficient for these activities.  
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Figure 3-5  The C-terminus of Nbs1 is responsible for inhibition of Ad 

replication.  (A)  Schematic of the domains in wild-type Nbs1 and Nbs1 

truncation mutants.  (B)  Immuno-blot of lysates from NBS cells expressing 

wild-type and mutant Nbs1 proteins.  GAPDH served as a loading control.  (C)  

The C-terminus of Nbs1 is responsible for inhibiting mutant Ad DNA 

replication.  NBS cells expressing wild-type or mutant Nbs1 were infected with 

the E4-deletion mutant virus (dl1004) and DNA was extracted over a time 

course of infection for analysis by QPCR.  Accumulation of viral DNA is 

represented as fold increase over input viral DNA, determined at the 4 h time 

point.   
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We also used immunofluorescence to examine localization of mutant 

proteins and recruitment to viral replication centers (Fig. 3-6).  The full-length 

Nbs1 protein, as well as the 652 and FR5 fragments, were localized in the 

nucleus of NBS cells, as previously reported (Desai-Mehta et al., 2001).  The 

Nbs1 and FR5 proteins retain interaction with Mre11, and re-localized Rad50 

from the cytoplasm to the nucleus in NBS cells.  In contrast, the 652 fragment 

lacks the Mre11 interaction domain and Rad50 remained predominantly 

cytoplasmic.  During infection with !E4 virus dl1004, the nuclear localized 

Rad50 accumulated at viral replication centers in cells expressing WT Nbs1 

and FR5.  These results demonstrate that the C-terminus of Nbs1 is sufficient 

to localize MRN components into the nucleus and into virus replication 

centers.  

We reasoned that if the only role of the Nbs1 protein is to recruit Mre11 

into the nucleus, then expression of Mre11 independently localized to the 

nucleus of NBS cells via a nuclear localization signal (NLS) should inhibit Ad 

DNA replication.  We therefore examined E4 mutant virus replication in NBS 

cells transduced with a retrovirus that expresses the Mre11 transgene with an 

NLS at the C-terminus (Cerosaletti et al., 2006).  Immunofluorescence 

demonstrated that this Mre11 protein was localized to the nucleus (Fig. 3-7A). 
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Figure 3-6 The C-terminus of Nbs1 is responsible for localizing Rad50 at 

viral replication centers. Localization of Nbs1 and Rad50 proteins in the 

absence and presence of virus infection.  NBS-derived cell lines either 
uninfected or infected with !E4 virus (dl1004) were fixed and analyzed by 

immunofluorescence at 24 hpi.  Virus replication centers were visualized in 

infected cells by staining with an antibody to DBP.  Cell nuclei were marked by 

staining with DAPI.  
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Surprisingly, we observed that Rad50 remained predominantly cytoplasmic, 

even though this Mre11-NLS fusion protein has been shown to interact with 

Rad50 (Cerosaletti et al., 2006).  As a control we used an NBS cell line 

expressing WT Mre11 without an NLS, which remained predominantly 

cytoplasmic.  When the NBS cell lines were infected with !E4 virus, 

accumulation of viral DNA was only inhibited when cells were complemented 

with wild-type Nbs1 (Fig. 3-7B).  This suggests that Nbs1 is required for virus 

inhibition through some function other than merely nuclear localization of 

Mre11.  

Inhibition of Ad DNA replication requires Mre11-binding by the C-

terminus of Nbs1 

The C-terminus of Nbs1 encompassed by the FR5 fragment contains 

sequences known to interact with Mre11 and ATM (Cerosaletti et al., 2006; 

Desai-Mehta et al., 2001; Falck et al., 2005; You et al., 2005).  In order to 

ascertain whether these domains are involved in inhibition of Ad DNA 

replication, we generated FR5 fragments with specific mutations that disrupt 

the Mre11 and ATM interactions and introduced them into NBS cells by 

retrovirus transduction (Fig. 3-8).  The FR5-2K fragment contains the 

KK685/686EE mutations that disrupt Mre11 binding (You et al., 2005).  The 
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Figure 3-7  Nuclear localization of Mre11 is not sufficient to inhibit Ad 

replication. (A)  Localization of Mre11 and Rad50 proteins in the absence and 

presence of virus infection.  NBS cells over-expressing wild-type (WT) Mre11 

and Mre11-NLS were infected with dl1004 mutant Ad and analyzed by 

immunofluorescence at 24 hpi.  The Mre11-NLS protein was detected with an 

antibody to the HA epitope tag.  Virus replication centers were visualized by 

staining with antibody to DBP and cell nuclei were marked by staining with 
DAPI.  (B)  Replication of !E4 virus is inhibited by Nbs1 but not by Mre11-

NLS.  NBS cells transduced with empty vector (LXIN) or vectors expressing 

Nbs1, WT Mre11 and Mre11-NLS were infected with the E4-deletion mutant 

virus dl1004.  Viral DNA was extracted over a time course of infection for 

analysis by QPCR.  Accumulation of viral DNA is represented as fold increase 

over input viral DNA, determined at the 4 h time point.  
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FR5-!47 fragment contains a stop codon at residue 706 that results in deletion 

of the last 47 amino acids at the C-terminus, and thus this mutant lacks the 

ATM binding region (Cerosaletti et al., 2006; You et al., 2005).  Expression of 

these proteins was confirmed by immuno-blotting (Fig. 3-8B).  All of the C-

terminal fragments showed nuclear localization by immunofluorescence (Fig. 

3-9A).  The FR5 and FR5-!47 contain the Mre11-binding domain, and they 

both recruited Rad50 into the nucleus, where it was found co-localized with 

viral replication centers (Fig. 3-9A).  In contrast, cells expressing the binding 

mutant FR5-2K displayed predominantly cytoplasmic localization of Rad50 

both with and without infection, similar to what was observed in the LXIN and 

652 cells (see Fig. 3-6).  Association of FR5 and its mutants FR5-2K and FR5-

!47 with the other components of the Mre11 complex was confirmed by 

immuno-precipitation with Nbs1 antibody (Fig. 3-9B).  As expected the FR5-

2K mutant was unable to pull down Mre11 and Rad50, while FR5-!47 still 

retained association with Mre11 and Rad50.  NBS cells expressing the C-

terminal truncation and mutants were infected with the !E4 virus dl1004 in 

order to assess viral DNA replication by QPCR (Fig. 3-10A) and concatemer 

formation by PFGE (Fig. 3-10B).  The FR5 fragment was sufficient to inhibit  
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Figure 3-8  Production of mutants in the C-terminus of Nbs1.  (A)  

Schematic of motifs in the C-terminus of Nbs1 proteins and the mutations 

generated.  (B)  Immuno-blot of lysates from NBS cells transduced with 

retroviruses expressing wild-type and mutant Nbs1 proteins.  GAPDH served 

as a loading control.  
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Figure 3-9  Association of Mre11 and Rad50 by the C-terminus of Nbs1.  

(A). Localization of Nbs1 and Rad50 proteins in NBS cells in the absence and 

presence of virus infection.  NBS-derived cell lines either uninfected or infected 

with dl1004 were fixed and analyzed by immunofluorescence at 24 hpi.  Virus 

replication centers were visualized in infected cells with an antibody to DBP, 

and cell nuclei were marked by staining with DAPI.  (B)  Binding of Mre11 or 

Rad50 by Nbs1 C-terminal mutants.  Immuno-precipitation of lysates from 
NBS-derived cell lines either infected or uninfected with !E4 virus (dl1004) at 

24 hpi by anti-Nbs1 antibody.  Non-specific IgG was used as negative control 

to ensure that precipitation of cellular proteins was specific to Nbs1.   
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replication of mutant Ad, whereas both FR5-2K and FR5-!47 did not inhibit 

viral DNA accumulation.  Concatemer formation was observed in cells 

expressing the FR5 fragment and the FR5-!47 mutant, but not in cells with 

FR5-2K.  This result shows that Nbs1 binding to Mre11 is required for 

concatemer formation.  The loss of mutant Ad replication inhibition by both 

FR5-2K and FR5-!47 mutants suggests that binding to an additional factor at 

the end of the Nbs1 protein contributes to inhibition of virus DNA replication.   

Discussion 

 In this chapter we set out to explore the relationship between the DNA 

damage response machinery and viral DNA replication.  Deletion of the early 

E4 region of Ad5 is associated with defects in viral DNA replication, viral 

mRNA nucleo-cytoplasmic transport, and late protein synthesis (reviewed in 

Refs. (Tauber and Dobner, 2001; Weitzman, 2005).  Infection with !E4 viruses 

also leads to activation of DNA damage signaling and the formation of viral 

concatemers, both of which require the cellular MRN complex (Boyer et al., 

1999; Carson et al., 2003; Stracker et al., 2002; Weiden and Ginsberg, 1994).   

In this study we developed a quantitative PCR assay that specifically 

measures accumulation of viral DNA in infected cells, and we used multiple 

cell systems to examine the effects of MRN and damage signaling on Ad DNA 
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Figure 3-10  Requirement of Nbs1 C-terminus for inhibition of viral DNA 

replication and promoting concatemer formation. (A) The effect of 

mutations in the C-terminus fragment of Nbs1 on mutant Ad DNA replication.  

NBS cells expressing wild-type or mutant Nbs1 proteins were infected with 
!E4 mutant virus (dl1004) and DNA was extracted over a time course for 

quantitation by QPCR.  Accumulation of viral DNA is represented as fold 

increase over input viral DNA, determined at the 4 h time point. (B)  

Complementation of concatemer formation by C-terminal fragments of Nbs1.  
NBS cells expressing FR5, FR5-2K and FR5-!47 were infected with dl1004 

and DNA was prepared at 30 hpi for analysis by PFGE.  Viral DNA was 

visualized by staining the gel in ethidium bromide and the arrow indicates the 

position of linear viral genome.  
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replication.  We utilized viral mutants with distinct defects to demonstrate that 

MRN inactivation promotes viral replication.  We also compared infections in 

hypomorphic cells and their matched counterparts.  Finally, we used isogenic 

cells that differ only in expression of a single shRNA targeted to a specific 

repair factor.  Our results demonstrate that the MRN complex has a 

detrimental effect on replication of !E4 Ad and that this is counteracted by E4 

proteins that target the MRN proteins.  We provide evidence that damage 

signaling and concatemers are not responsible for inhibition of mutant Ad DNA 

replication.  These observations extend studies from Hearing (Evans and 

Hearing, 2005) and Bridge (Mathew and Bridge, 2007, 2008) that suggested 

an effect of MRN on virus replication.  Furthermore, we identify an essential 

role for the C-terminus of Nbs1, but demonstrate that there is a distinction in 

the requirements for inhibition of mutant virus replication and for concatemer 

formation. 

The E4 proteins have evolved to attenuate cellular innate defenses 

against viral infection (Weitzman, 2005).  The E4orf3 and E4orf6 proteins of 

Ad5 can compensate for each other to promote efficient viral DNA replication 

and progeny production (Bridge and Ketner, 1989; Halbert et al., 1985; Huang 

and Hearing, 1989).  The MRN complex is a common target of both the 

E4orf6/E1B55K ubiquitin ligase activity and the E4orf3 protein (Carson et al., 

2003; Evans and Hearing, 2003, 2005; Stracker et al., 2002).  Our data 
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demonstrate that both are independently sufficient to inactivate MRN and that 

this target is relevant to the promotion of Ad5 DNA replication.  Targeting of 

MRN may therefore explain the known redundancy between E4orf3 and 

E4orf6.  It has been suggested that all the phenotypes of viruses deleted of 

E1B55K/E4orf6 may be due to the lack of E3 ubiquitin ligase activity 

(Blanchette et al., 2008; Woo and Berk, 2007) and that proteasome activity is 

required for E4orf6 stimulation of late gene expression (Corbin-Lickfett and 

Bridge, 2003).  We show that degradation of the MRN complex is sufficient to 

explain the DNA replication phenotype.  It will be interesting to see whether 

this substrate is also responsible for all other phenotypes.  Our analysis of late 

protein production with E1B55K mutants (Fig. 3-1A) indicates that enhanced 

expression correlates with MRN degradation, but does not separate this from 

increased virus DNA replication.  We previously showed that degradation of 

MRN is a feature conserved across E1B55K/E4orf6 proteins from different Ad 

serotypes, but that mislocalization of MRN by E4orf3 is unique to subgroup C 

viruses (Stracker et al., 2005).  Consistent with the importance of inactivating 

MRN to promote efficient viral DNA replication, we found that replication of the 

Ad4 serotype was less efficient than Ad5 in HeLa cells.  Deleting E1B55K had 

minimal effect on Ad5 DNA replication but had a dramatic effect on Ad4 in 

HeLa cells (Fig. 3-2).  This suggests that mislocalization of MRN by the E4orf3 

protein of subgroup C viruses provides a growth advantage and could 
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contribute to their high prevalence in the human population compared to other 

serotypes.  

The MRN complex acts as a sensor of DNA damage and is required for 

signaling cascades that activate checkpoints to block cellular replication 

(Bartek and Lukas, 2007; Lavin, 2007; McGowan and Russell, 2004).  We 

have previously demonstrated that MRN is required for activation of damage 

signaling in response to virus infection (Carson et al., 2003); however, our 

data now show that the ATM and ATR kinase pathways do not affect viral 

DNA replication.  The defective DNA replication of !E4 Ad is also not due to 

concatemer formation, as demonstrated by the following observations: (i) the 

E1B55K mutants R240A and H354 both prevent concatemers through 

degradation of DNA ligase IV but only R240A, which degrades MRN, can 

promote Ad replication, (ii) concatemers were prevented by blocking both ATM 

and ATR signaling through treatment of A-T cells with caffeine but this did not 

rescue the defective replication of !E4 Ad, (iii) the FR5-!47 mutant promotes 

concatemers but does not inhibit replication, and (iv) concatemers were not 

observed in DNA ligase IV mutant cells, but the !E4 virus was still defective 

for replication in these cells (data not shown).  Defective replication of !E4 and 

!E1B55K/!E4orf3 viruses is also not rescued in cells with mutant DNA-PKcs 

that do not form concatemers (Mathew and Bridge, 2008; Shepard and 

Ornelles, 2004).  This conclusion is also supported by E4orf3 mutants that 
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show genetic separation of function in Ad DNA replication and inhibition of 

concatemers (Evans and Hearing, 2003).  Our QPCR assay measures 

accumulation of total virus DNA, but does not give an indication of the impact 

on final progeny virus production.  It was previously suggested that 

concatemer formation contributes to defective late protein production (Jayaram 

and Bridge, 2005); however, we now show that preventing concatemers does 

not rescue the late protein production defect of !E1B55K/!E4orf3 mutant Ad 

(see late protein immuno-blots from infections with H354 in Fig. 3-1A).  

Therefore, concatemer formation does not appear to be responsible for either 

the DNA replication or late protein defects of !E4 viruses.  Concatemers 

however will be too large to be packaged into virus particles and therefore may 

need to be prevented in order to maximize production of infectious viral 

progeny.  Although DNA damage signaling does not directly affect virus 

replication, it may lead to modification of cellular proteins that could have a 

negative impact on late protein production (Chapter 4). 

Replication of the Ad genome is initiated by a viral terminal protein that 

is covalently attached to the 5! end of each strand of the viral DNA (Robinson 

et al., 1979).  We have suggested that the MRN complex may be involved in 

removal of the terminal protein from the end of the viral genome (Stracker et 

al., 2002).  The yeast Mre11 protein has been implicated to function with the 

Sae2 protein in removal of covalently linked Spo11p from double-strand 
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breaks that initiate meiotic recombination (Moreau et al., 1999).  Removal of 

the Ad terminal protein may be analogous to Spo11p cleavage and could lead 

to inhibition of replication initiation, as well as joining of viral genomes.  

Support for this hypothesis comes from the observation that Mre11 with a 

mutation in the nuclease domain cannot complement hypomorphic cells for 

concatemer formation (Stracker et al., 2002).  It has recently been suggested 

that Mre11 can physically associate with the Ad genome in a manner that 

requires Nbs1 (Mathew and Bridge, 2008).  Consistent with this proposal we 

show that the C-terminus of Nbs1 is required for inhibition of mutant Ad DNA 

replication.  The result of the Mre11-NLS fusion protein suggests that nuclear 

localization of Mre11 is not sufficient to inhibit mutant Ad DNA replication (see 

Fig 3-5; (Mathew and Bridge, 2008).  However, this experiment is difficult to 

interpret because Rad50 does not appear to be recruited into the nucleus by 

Mre11-NLS, suggesting that the protein may be misfolded or functionally 

impaired.  The FR5-2K mutant suggests that Nbs1 interaction with Mre11 is 

required for complete nuclear localization of Mre11/Rad50, recruitment to viral 

replication centers, and inhibition of virus DNA replication.  Interestingly the 

FR5-!47 mutant is able to recruit Rad50 to viral replication centers but does 

not inhibit viral DNA replication, demonstrating that localization is not 

sufficient.  Although the FHA and BRCT domains of Nbs1 are required for 

checkpoint activation and focus formation in response to irradiation 
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(Cerosaletti and Concannon, 2003; Difilippantonio et al., 2007; Kobayashi, 

2004; Zhao et al., 2002), the N-terminus was not required for accumulation of 

MRN at viral replication centers or concatemer formation.  These observations 

imply that recognition of viral genomes is different from sensing of DNA breaks 

in the context of cellular chromatin.  The results with the FR5-!47 mutant 

suggest that binding to another factor is also required for inhibition of viral 

replication.  The Nbs1 C-terminus has been shown to regulate apoptosis in 

response to irradiation (Difilippantonio et al., 2007; Stracker et al., 2007), 

although the proteins that interact with this region have not been identified.  

Other factors may function cooperatively with the MRN proteins or modulate 

their activities (Limbo et al., 2007; Sartori et al., 2007).  Understanding how the 

MRN complex works with other cellular proteins to affect the adenoviral 

lifecycle will provide further insights into the functions of this complex in DNA 

repair and replication 

 

Materials and Methods 

Cell lines   

Cell lines were described in Chapter 2.  A-T cells (AT221JET and 

complemented version) were gifts from Y. Shiloh.  HeLa cells expressing 

shRNA to Mre11 were a gift from C. Her (Vo et al., 2005).  The U2OS-derived 

cells that express inducible wild-type (GW33) and kinase-dead (GK41) ATR 

proteins were gifts from S. Schreiber and were induced with doxyclycine as 
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previously described (Nghiem et al., 2001).  Immortalized NBS (NBS-ILB1) 

cells transduced with retrovirus expressing the Nbs1 cDNA or the empty 

vector were previously described (Carson et al., 2003; Cerosaletti et al., 2000).  

NBS cells expressing the FR5 and 652 fragments of Nbs1, and Mre11-NLS 

were gifts from P. Concannon and have been previously described (Cerosaletti 

and Concannon, 2004; Cerosaletti et al., 2006; Desai-Mehta et al., 2001).  All 

cells were maintained as monolayers in Dulbecco modified Eagle!s medium 

(DMEM) supplemented with 10 or 20% fetal bovine serum (FBS), at 37°C in a 

humidified atmosphere containing 5% CO2. 

Plasmids and transfections  

Retroviral plasmids based on pLXIN and those expressing full-length 

Nbs1 and the Myc-tagged FR5 fragments were gifts from K. Cerosaletti and 

have been previously described (Cerosaletti et al., 2000; Desai-Mehta et al., 

2001).  Plasmids used as standards for quantitative PCR replication assays 

contained cloned cDNAs for the Ad5-DBP and Ad4-E4orf3 genes (Stracker et 

al., 2005). To generate retroviruses expressing mutant FR5 fragments of 

Nbs1, a retrovirus vector plasmid containing FR5 with a Myc-epitope tag was 

mutated by site-directed mutagenesis (Stratagene kit).  Primers used to 

generate the FR5-2K and FR5-D47 mutants are listed in Table 3-1.  These 

plasmids were used to generate retrovirus vectors that were used to transduce 
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NBS-ILB1 cells, which were subsequently selected with G418 (1 mg/ml) as 

described previously (Cerosaletti et al., 2000; Desai-Mehta et al., 2001).  

Viruses   

WT Ad5 and mutants were described in Chapter 2.  The Ad4!E1B55K 

mutant was generated in a bacterial artificial chromosome (BAC) by 

recombination in E. coli and is deleted from 2201 to 3170 bp in the Adenovirus 

type 4 (Ad4) genome.  The Ad4 genome was captured and modified as 

previously described (McSharry et al., 2008).  Briefly, purified human Ad4 

(strain RI-6) viral DNA was co-transformed into induced SW102 bacteria with a 

modified bacterial artificial chromosome (BAC) based vector based on 

pBeloBAC11 (New England Biolabs) in which the left hand (1-452bp) and right 

hand (35135-35994bp) ends of the Ad4 genome had been cloned.  

Chloramphenicol resistant colonies were grown, and BAC DNA was extracted 

and digested with the appropriate enzyme to confirm the Ad4 genome had 

been successfully cloned.  E1B55K (2201-3170bp) was deleted using 

“recombineering” technology (Warming et al., 2005) with a selectable marker 

cassette that allows both positive and negative selection (sacB/lacZ/ampr).  

The selectable marker was amplified using PCR primers that contain 

homology to the targeted regions of the Ad4 genome (see Table 3-1).  

Following successful recombination, the selectable marker was then removed 

using a single stranded DNA oligonucleotide leaving the appropriate deletion 
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(Table 3-1).  The Ad4 genome in the BAC vector is flanked by PacI recognition 

sites, which were used to recover viral DNA for transfection into 293 cells in 

order to generate virus.  Viral DNA was isolated, digested and sequenced to 

confirm the predicted genomic structure.  All viruses were purified by two 

sequential rounds of ultra-centrifugation in cesium chloride gradients and 

stored in 40% glycerol at -20oC.  Infections were performed on monolayers of 

cells in DMEM supplemented with 2% FBS using a multiplicity of infection 

(MOI) of 10.  After 2-4 h at 37°C cells were washed with PBS and replaced 

with fresh media containing 10% FBS.  Infections with Ad4 and Ad4!E1B55K 

were performed at MOI=10, and equal input DNA was recovered from infected 

cells at 4 hpi, although the amount was less than from Ad5 infected cells.  

Pulsed Field Gel Electrophoresis  

PFGE was performed as previously described Chapter 2. 

Antibodies   

Viral replication centers were visualized by staining for adenovirus DBP 

with either mouse monoclonal antibody (B6-8) or rabbit polyclonal antisera, 

which were gifts from A. Levine and P. van der Vliet, respectively. Primary 

antibodies to the following proteins were purchased from commercial sources 

and used at the indicated dilutions: Nbs1 (1:1000, Novus Biologicals), ATR 

(1:500, Santa Cruz), Rad50 (1:500, GeneTex), Mre11 (1:500, GeneTex), 

GAPDH (1:50,000, Research Diagnostics Inc.), ATM (1:500, Epitomics), FLAG 
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(1:5,000, Sigma), DNA Ligase IV (1:500, Serotype), HA (1:2,000, Covance), 

Ku86 (1:1000, Santa Cruz), adenoviral Hexon protein (1:5,000, Abcam), and 

adenoviral Fiber protein (1:10,000, Neomarkers).  Antibody to adenoviral 

protein E1B55K (used at 1:500) was a gift from A. Levine.  Secondary 

antibodies were from Jackson Laboratories or Eurogentec.  

Real-time quantitative PCR analysis of DNA replication  

Cells were harvested over a time-course of infection and total DNA was 

extracted from cells using the DNeasy kit (Qiagen).  Quantitative PCR analysis 

was performed on all samples in triplicate using primers to the Ad5-DBP or 

Ad4-E4orf3 genes (see Table 3-1 for primers).  Amplified products were 

detected on an AB Prism 7900 sequence detection system with Sybr Green.  

Plasmid standards for Ad5-DBP and Ad4-E4orf3 were used to quantitate the 

number of viral genomes.  The 4 h time point was used for normalization to 

input internalized viral DNA. Results are presented as the mean and standard 

error of the mean from triplicate experiments. We further analyzed data by 

student t test, comparing fold changes in replication to appropriate controls.  

Reverse Transcription - PCR 

For analysis of E1B55K and E4orf3 expression in cells infected with 

Ad4 and Ad5 viruses deleted of the E1B55K gene, RNA was isolated from 

infected cells using the RNAqueous kit (Ambion).  Total RNA was DNase 

treated using the Turbo DNA free kit (Ambion) and 1 µg of RNA was then used 
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to make cDNA with random hexamers and the High Fidelity cDNA Synthesis 

Kit (ABI).  PCR was performed on 4 µL of cDNA reaction for Ad4 E1B55K, Ad4 

E4orf3, Ad5 E1B55K, or Ad5 E4orf3 using oligonucleotide primers listed in 

Table 1.  PCR products were separated on a 1% agarose gel and visualized 

on an Alpha Imager. 

Western analysis 

Cells lysates were prepared as described in Chapter 2.  Proteins were 

electrophoresed on poly-acrylamide gels and transferred to ECL membrane at 

4°C (100V/hr) using Novex mini-cell gel and X-Cell2 transfer apparatus 

(Invitrogen) according to manufactures instructions. Pre-cast 3-8% Tris-

Acetate gels (Invitrogen) were used to resolve the phosphorylated forms of 

ATM, Nbs1, BRCA1 and other high molecular weight proteins (ATM, ATR, 

DNA-PKcs).  Immuno-blotting was preformed as described in Chapter 2. 

Immuno-precipitation 

NBS complemented cell lines were lysed with buffer containing 50 mM 

Tris (pH 7.5), 150 mM NaCl, 0.5% NP-40, and 1X protease inhibitors without 

EDTA (Roche) for 30 min on ice. After spinning out cellular debris, 500 µg of 

total protein per reaction was pre-cleared with protein A/G beads (Santa Cruz) 

for 1 hour at 4°C.  2 ug of either the anti-Nbs1antibody (Novus) or rabbit anti-

mouse IgG (Jackson Labs), as a control, was added to the pre-cleared 

supernatant along with protein A/G beads, and the mixture was rotated 
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overnight at 4°C. Beads were then washed three times for 30 min each in 

fresh lysis buffer before boiling in SDS loading buffer and running on SDS-

polyacrylamide gels for the resolution of interacting proteins by immuno-

blotting.  

Immuno-fluorescence   

Cells were grown on glass cover slips in 24-well dishes and infected 

with wild-type or mutant viruses according to the figure legends. The cells 

were washed with phosphate-buffered saline (PBS) and fixed in 3% 

paraformaldehyde for 20 min and extracted with 0.5% triton-X 100 in PBS for 

10 min. Immunofluorescence was performed as in Chapter 2. 
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Chapter 4.  ATR negatively impacts the production of late viral proteins. 

 

Background  

Viruses encode proteins that alter the cellular environment to promote 

productive infection.  Infection with Adenovirus serotype 5 (Ad5) lacking the 

early region 4 (!E4) induces activation of the cellular DNA damage response 

(DDR) (Carson et al., 2003; Stracker et al., 2002).  The E4 region encodes two 

proteins to prevent this response, E4orf6 and E4orf3, which do so by 

inactivating the MRN complex (Stracker et al., 2002).  Adenovirus E4orf6 

forms a complex with the early viral protein E1B55K (Sarnow et al., 1984).  

This complex promotes proteasomal-mediated degradation of cellular 

substrates including the MRN complex (Chapter 2).  E4orf3 also inactivates 

the MRN complex by mislocalizing it into nuclear tracks (Stracker et al., 2002).  

Infection with !E4 virus is defective for viral DNA replication, viral mRNA 

export, viral late protein synthesis, viral progeny production, and shut-off of 

host protein synthesis (Babiss et al., 1984; Bridge and Ketner, 1989, 1990; 

Flint and Gonzalez, 2003; Halbert et al., 1985; Hemstrom et al., 1988; Huang 

and Hearing, 1989; Pilder et al., 1986; Weinberg and Ketner, 1986).   

Adenoviral late genes encode structural proteins essential for viral 

capsid formation.  The major late promoter (MLP) transcribes one long 

transcript that is subsequently divided into regions based on different 
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polyadenylation signals producing all of the late viral messages.  All late genes 

maintain the same 5! sequence referred to as the tri-partite leader sequence 

(reviewed in (Flint and Gonzalez, 2003; Shenk, 1996)).  Transcription and 

processing of the messages from the MLP utilize the cellular machinery in 

combination with early viral genes (Flint and Gonzalez, 2003).  A protein from 

late region 4 (L4) is produced earlier during infection than the other late 

proteins.  This L4-100K protein preferentially promotes the translation of late 

viral genes by utilizing the tripartite leader sequence (Cuesta et al., 2000, 

2004).   

Production of late viral proteins is dependent upon replication of the 

viral genome (Thomas and Mathews, 1980) and proteasomal-mediated 

degradation of cellular substrates by the E1B55K/E4orf6 complex (Corbin-

Lickfett and Bridge, 2003).  In chapter 3 we demonstrated that E1B55K/E4orf6 

or E4orf3 promote viral DNA replication by inactivating the MRN complex, 

which promotes viral late protein production (Fig. 3-1)(Stracker et al., 2005).  

However, increased cytoplasmic export or stability of late viral messages also 

promotes late viral protein synthesis.  E1B55K and the E4 proteins promote 

the preferential export of viral mRNA from the nucleus (Babich et al., 1983; 

Babiss et al., 1985; Bridge and Ketner, 1989, 1990; Gonzalez and Flint, 2002; 

Halbert et al., 1985; Huang and Hearing, 1989; Pilder et al., 1986).  However, 

studies demonstrating the role of E1B55K and E4 proteins in mRNA export do 
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so by measuring the amount of cytoplasmic mRNA in relation to nuclear 

mRNA.  This method is unable to distinguish between increased mRNA export 

and increased cytoplasmic mRNA stability (Babiss et al., 1984; Pilder et al., 

1986).  The preferential export or stabilization of late viral mRNA by E1B55K 

and the E4 proteins is also thought to explain their ability to shut-off host 

protein synthesis at late times during viral infection (Babich et al., 1983; Liang 

et al., 1995; Pilder et al., 1986).  While many studies have been performed 

exploring the relationship between these early viral proteins and viral mRNA 

metabolism (Babiss et al., 1984; Blanchette et al., 2008; Bridge and Ketner, 

1989, 1990; Gonzalez and Flint, 2002; O'Shea et al., 2004; Pilder et al., 1986; 

Sandler and Ketner, 1989; Weigel and Dobbelstein, 2000; Woo and Berk, 

2007), it is still not clear what cellular proteins are required and how they 

function mechanistically to promote or prevent the production of late viral 

proteins. 

As mentioned in the introduction, our lab recently demonstrated that the 

mislocalization of MRN by E4orf3 prevents activation of ATR, but not an ATM 

response (Carson et al., 2009).  This observation suggests that perhaps 

activation of ATR is inhibitory to the viral lifecycle.  Additionally, previous 

studies inactivating the DDR kinases in HeLa cells by treatment with caffeine 

or wortmannin, which are known to prevent activation of PIKKs in vitro 
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(Sarkaria et al., 1999; Sarkaria et al., 1998), correlated with an increase in late 

protein synthesis (Jayaram and Bridge, 2005). 

In chapter 3 we found that activation of the DDR mediated by ATM 

and/or ATR had no effect on viral DNA replication.  Therefore, we predict that 

an effect of these kinases on the production of late viral proteins is due to an 

impact at a post-replication stage of the viral lifecycle.  In this chapter we set 

out to determine whether activation of the DDR, mediated by ATM or ATR, 

impacts the production of late viral proteins.  Using mutant cell-lines and 

shRNA to knockdown these kinases, we found that ATR activation, but not 

ATM activation, negatively affects the synthesis of late viral proteins.  

Additionally, we found that inactivation of ATR had no effect on the efficiency 

of viral mRNA export of early or late messages.  We observed that activation 

of ATR negatively affects the accumulation of late viral mRNA, suggesting an 

impact on RNA transcription, RNA splicing, or mRNA stability. 

 

Results 

Absence of ATM has no effect on viral late protein synthesis  

To determine whether activation of ATM signaling affects the viral 

lifecycle, we examined the production of late viral proteins in cells from 

patients with Ataxia-Telangiectasia (A-T), which lack functional ATM (Savitsky 

et al., 1995).  A-T cells complemented with an empty vector or wild type ATM 
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were infected with !E4 virus and cellular lysates were analyzed for ATR 

activation, ATM inactivation, and the levels of late viral proteins (Fig. 4-1).  

The substrates used to verify activation of these kinases are illustrated in 

figure 1-5B.  As expected, phosphorylation of SMC1 at serine 957 was 

abolished in A-T cells during !E4 viral infection, but was restored in A-T cells 

reconstituted with WT ATM.  To demonstrate that A-T cells are competent for 

ATR activation, we examined the phosphorylation of Nbs1 at serine residue 

343, a known ATR and ATM substrate.  Phosphorylation of Nbs1 was 

observed in both cell-lines during !E4 viral infection, confirming the activation 

of ATR.  Expression of E1B55K was used as a marker for the production of 

early proteins and to ensure equal infection between these cell-lines.  Based 

on the levels of E1B55K in these two cell-lines, we concluded that ATM had no 

effect on the production of early proteins and that there was equal infection in 

these two cell types (Fig. 4-1).  Production of late viral proteins was detected 

by immuno-blotting for the adenoviral capsid proteins fiber and hexon.  The 

levels of fiber and hexon during infection with !E4 virus were unaltered 

between A-T cells alone and those complemented with WT ATM.  This result 

suggests that an ATM-mediated DDR has no effect on late viral protein 

synthesis.  
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Figure 4-1 ATM-mediated DDR has no effect on the production of late 

viral proteins.  A-T cells complemented with empty vector or WT ATM were 
infected with !E4 (dl1004) virus.  Cells were harvested at the indicated times 

and immuno-blotted for phosphorylation of ATR and/or ATM substrates.  

E1B55K served as a marker for equal production of early proteins in these 

cells.  M indicates mock infected lysates and Ku70 served as a loading control. 
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Inactivation of ATR leads to an increase in late viral protein synthesis 

In order to determine whether ATR activation affects the production of 

late viral proteins, we treated A-T cells with 5 mM caffeine prior to and during 

infection (Fig. 4-2).  As in figure 4-1, we confirmed ATR activation in A-T cells 

by immuno-blotting lysates for Nbs1 phosphorylation.  We also observed the 

hyper-phosphorylated shift of RPA 32, a specific ATR substrate known to be 

phosphorylated during !E4 viral infection (Fig. 4-2) (Carson et al., 2003).  

These phosphorylation events were abrogated upon the treatment of caffeine, 

demonstrating that ATR signaling is prevented in A-T cells treated with 5 mM 

caffeine.  Similar expression levels of the early viral protein E1B55K 

demonstrate equal infection rates in A-T cells, with or without caffeine 

treatment.  Interestingly, treatment of A-T cells with caffeine led to an increase 

in the levels of late proteins, fiber and hexon, during infection with !E4 virus 

(Fig. 4-2).  This observation suggests that inactivation of ATR correlates with 

an increase in the production of late viral proteins.  

Caffeine is known to prevent ATM and ATR activity in vitro; however, it 

may not behave the same way in vivo (Cortez, 2003).  We employed two 

different methods to confirm that ATR-mediated signaling affects the 

production of late viral proteins.  First, we transfected HeLa cells with shRNA 

targeting ATR as described in (Azzalin and Lingner, 2006b).  Second, we 

utilized a U2OS-derived cell-line stably expressing an inducible wild type ATR   
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Figure 4-2 Treatment with caffeine increases the production of late viral 
proteins.  A-T cells were treated with 5 mM caffeine and infected with !E4 

(dl1004) virus.  Lysates produced from infected cells harvested at the times 

indicated were immuno-blotted for activation of ATR-mediated DDR and viral 

late proteins. E1B55K served as a marker for equal production of early 

proteins in these cells.  Ku86 serves as a loading control. 
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(ATR-WT) or a dominant negative kinase dead ATR (ATR-KD) as 

previously described in (Nghiem et al., 2001) (Fig. 4-3). Knockdown of ATR by 

shRNA is sufficient to prevent activation of the ATR-mediated DDR upon 

hydroxyurea treatment (Azzalin and Lingner, 2006a) and here we show that 

the same is true during infection with !E4 virus.  Phosphorylation of the ATR 

specific substrate Chk1 was undetectable upon knockdown of ATR (Fig. 4-

3A).  ATM activation was still intact, demonstrated by Nbs1 phosphorylation 

during !E4 viral infection in cells expressing shRNA to ATR.  We concluded 

that only ATR activation was affected by expression of this shRNA.  

Knockdown of ATR led to an increase in the levels of late viral proteins fiber 

and hexon (Fig. 4-3A).  This result suggests that ATR affects the production of 

late viral proteins.  We confirmed this result in U2OS cells stably expressing 

an inducible FLAG-tagged ATR with a point mutation in the kinase domain, 

resulting in a dominant negative kinase-dead ATR cell-line (ATR-KD).  

Activation of ATR-mediated signaling during !E4 viral infection is diminished in 

ATR-KD cells compared to ATR-WT cells (Fig. 4-3B and (Carson et al., 

2003)).  Equal expression of either FLAG-tagged ATR-KD or ATR-WT was 

confirmed by immuno-blotting.  Again, production of fiber and hexon was 

increased in cells in which ATR function was compromised.  This result 

confirms that ATR activation negatively impacts the production of late viral 
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Figure 4-3 Inactivation of ATR-mediated DDR promotes late protein 

synthesis.  Activation of ATR and ATM along with the levels of late and early 
proteins were analyzed during infection with !E4 (dl1004) virus in (A) HeLa 

cells transfected with shRNA to GFP or ATR or (B) U2OS based inducible 

FLAG-ATR kinase dead (ATR-KD) or FLAG-ATR wild type (ATR-WT) cells.  

DBP demonstrate equal infection in these cells.  GAPDH or Ku86 serve as 

loading controls.  M indicates mock infected cells and U indicates un-induced 

cells. 
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proteins.  During the course of these experiments we noticed that levels of the 

early protein E1B55K were increased in shATR cells compared to shGFP cells 

and in ATR-KD cells compared to ATR-WT cells (Fig. 4-3A and data not 

shown).  We excluded the possibility that ATR affected the production of early 

viral proteins since levels of early proteins E1A and DBP were unaltered upon 

inactivation of ATR (Fig. 4-3A).  Previous studies using !E1B viruses have 

demonstrated the requirement for E1B55K in promoting the export or 

cytoplasmic stabilization of late viral messages (Babiss et al., 1984; Pilder et 

al., 1986).  Additionally, efficient cytoplasmic accumulation of L4-100K, 

required for translation of late viral messages, is dependent upon expression 

of E1B55K (O'Shea et al., 2004).  Thus, we examined whether the increase in 

late proteins upon ATR inactivation was due to the increase in E1B55K levels.  

We determined the production of late viral proteins in the absence of ATR 

during infection with viruses lacking E1B55K.  Since E4orf3 can prevent 

activation of ATR signaling (Carson et al., 2009), we used a virus lacking both 

E1B55K and E4orf3 (!E1B55K/!E4orf3 virus), thereby still activating the DDR 

(Carson et al., 2003).  Infection of cells expressing shRNA to ATR with 

!E1B55K/!E4orf3 virus produced more late viral proteins compared to cells 

with shRNA to GFP (Fig. 4-4).  Our data demonstrate that activation of ATR 

negatively impacts the production of late viral proteins independently of 

E1B55K. 
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Figure 4-4 ATR impacts the production of late viral proteins 

independently of E1B55K.  HeLa cells transfected with shRNA to GFP or 
ATR were infected with !E1B55K/!E4orf3 (dl1016) virus.  Lysates were made 

from infected cells at the times indicated and immuno-blotted for the 

production of viral proteins.  DBP indicates equal infection between the two 

treatments and GAPDH served as a loading control. 
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 We also observed an increase in the levels of hexon and fiber during 

WT Ad5 infection upon inactivation of ATR by shRNA knockdown (Fig. 4-5A) 

and in ATR dominant negative cell-lines (Fig. 4-5B).  Our lab has previously 

demonstrated that ATR is localized to sites of viral replication during infection 

with WT Ad5 or !E4 virus (Carson et al., 2003).  It is possible that ATR is 

acting at these viral replication centers to prevent the production of late viral 

proteins.  These effects on WT Ad5 were only seen at low multiplicity of 

infection (MOI).  Since ATR signaling is only robustly seen with !E4 viral 

infections, we chose to examine the impact of ATR on the viral lifecycle by 

using the !E4 mutant virus. 

ATR has no effect on the efficiency of viral mRNA export 

We demonstrated in chapter 3 (Fig. 3-4) that ATM and ATR had no 

effect on viral DNA replication and we concluded that ATR activation impacts a 

post-replication stage of the viral lifecycle.  Previous studies have suggested a 

potential defect in viral mRNA export in the absence of E1B55K or the E4 

proteins (Babiss et al., 1984; Bridge and Ketner, 1990; Leppard and Shenk, 

1989; Pilder et al., 1986; Weigel and Dobbelstein, 2000).  To assess whether 

ATR altered the export of viral mRNA, we measured total and cytoplasmic 

levels of early mRNA, DBP and E1A, and late mRNA, fiber and L4-100K, by 

quantitative-PCR (Q-PCR) at 24 hours post infection (hpi) with !E4 virus.  We 
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Figure 4-5 Inactivation of ATR correlates with an increase in late protein 

synthesis during WT Ad5 infection.  Lysates were produced from (A) HeLa 

cells transfected with shRNA to GFP or ATR, or (B) ATR-WT and ATR-KD 

cells infected with WT Ad5 at an MOI=5 at the times indicated.  Production of 

early and late viral proteins was examined by immuno-blotting for DBP, E1A, 

E1B55K, and fiber.  Ku86 served as a loading control. 
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determined the efficiency of mRNA export by examining the relative ratio of 

cytoplasmic levels to total levels (Fig. 4-6).  We found that there was no 

difference in the efficiency of viral early or late mRNA export upon knockdown 

of ATR.  A similar result was observed during infection with !E1B55K/!E4orf3 

virus (data not shown).  We also observed that messages from the early 

phase of the viral infection, such as E1A, were not exported to the same 

extent as late mRNA at 24 hpi.  This observation is consistent with previous 

studies demonstrating that at late times during infection there is inefficient 

accumulation of early viral mRNA in the cytoplasm (Pilder et al., 1986).  

Interestingly, this is not the case for DBP, which was exported as efficiently as 

the late mRNA fiber at 24 hpi.  This result may reflect the transcriptional 

increase of this gene observed during mutant viral infection (Leppard and 

Shenk, 1989; Pilder et al., 1986).  These observations suggest that ATR 

activation does not affect the export of viral mRNA and that it must be acting 

on either some other RNA metabolism step, such as RNA transcription or  
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Figure 4-6 ATR has no effect on the efficiency of viral mRNA export. 

Cytoplasmic mRNA and total mRNA were extracted from HeLa cells 
transfected with shRNA to ATR or GFP during infection with !E4 virus at 24 

hpi.  Relative abundance of early and late viral messages was measured by 

Q-PCR using primers listed in Table 4-1.  Efficiency of viral mRNA export is 

represented as the ratio of cytoplasmic to total RNA. Mean and standard error 

are shown for three replicates of each sample from a representative 

experiment. 
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mRNA stability, or on translation of viral mRNA to affect the production of late 

viral proteins. 

ATR activation negatively affects the accumulation of late mRNA 

To examine which post-replication stage of the viral lifecycle is altered 

by ATR activation, we measured the total levels of late viral mRNA by Q-PCR 

(Fig. 4-7).  We compiled the data from four independent experiments 

performed in triplicate and examined the accumulation of late messages, fiber, 

hexon, and L4-100K.  We found that the total levels of late viral mRNA were 

increased during !E4 viral infection upon ATR inactivation.  Fiber mRNA levels 

were increased about six-fold over shGFP at 24 hpi and four-fold at 30 hpi 

(Fig. 4-7A).  The increase in hexon levels was more consistent over time and 

demonstrated that absence of ATR resulted in approximately a five-fold 

increase in the levels of hexon mRNA (Fig. 4-7B).  L4-100K levels were 

increased about four-fold over shGFP levels upon knockdown of ATR (Fig. 4-

7C).  We also observed that the accumulation of late mRNA was increased 

during infection with !E1B55K/!E4orf3 virus in shATR cells (data not shown).  

These results suggest that ATR negatively impacts the accumulation of late 

viral mRNA.  

 To assess whether the increase in mRNA accumulation upon ATR 

inactivation was only specific to late viral mRNA, we measured the 

accumulation of early viral mRNA during infection with !E4 virus in shATR 
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cells (Fig. 4-8).  Over the course of four independent experiments, we found a 

slight increase in the levels of early viral mRNA upon inactivation of ATR, but 

this increase was not statistically significant except in the case of E1B55K.  

We observed a consistent and significant increase in the levels of E1B55K at 

24 hpi.  This result likely explains the increase in E1B55K protein levels upon 

ATR inactivation.   The mechanism by which ATR negatively impacts E1B55K 

expression remains unknown and requires further analysis of E1B55K RNA 

levels during inactivation of ATR signaling.  The increase in late viral 

messages upon knockdown of ATR was statistically significant for all time 

points and all late messages examined.  Our observations demonstrate that 

ATR activation negatively impacts the accumulation of late viral mRNA, 

suggesting that ATR signaling negatively impacts transcription, splicing, or 

stability of late viral messages. 

Inactivation of ATR does not affect viral progeny production 

The late proteins, fiber and hexon, make up the majority of the viral 

capsid (reviewed in (Shenk, 1996)) and we have been able to demonstrate 

that inactivation of ATR results in an increase in the levels of late viral 

proteins.  To determine whether the increase in late viral proteins corresponds 

with an increase in viral progeny production, we measured viral production in  
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Figure 4-7 ATR-mediated DDR inhibits the accumulation of late viral 

messages.  Total levels of late viral messages, Fiber (A), Hexon (B), and L4-

100K (C) were measured in HeLa cells expressing shRNA to ATR or GFP 
infected with !E4 (dl1004) virus for 24 or 30 hpi.  Relative abundance was 

measured by Q-PCR and normalized to the large ribosomal protein (RPLPO), 

which served as the endogenous control.  Mean and standard error are shown 

for the results of four independent experiments performed in triplicate.  

Asterisks represent statistically significant differences based on tTest (pValue 

<=0.05). 
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Figure 4-8 Impact of ATR on the accumulation of early viral messages.  

Total levels of early viral messages, DBP (A), E1A (B), and E1B55K (C) were 
measured in HeLa cells expressing shRNA to ATR or GFP infected with !E4 

(dl1004) virus for 24 or 30 hpi.  Relative abundance was measured by Q-PCR 

and normalized to RPLPO, which served as the endogenous control.  Mean 

and standard error are shown for the results of four independent experiments 

performed in triplicate.  Asterisks represent statistically significant differences 

based on tTest (pValue <=0.05). 
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ATR-WT and ATR-KD cells infected with either WT Ad5 or !E4 virus (Fig. 4-

9A).  Viral progeny was not increased in the ATR-KD cells compared to ATR- 

WT cells during either infection, suggesting that inactivation of ATR signaling 

is not sufficient to increase the production of viral progeny.  Of note is that 

inactivation of ATR does not prevent concatemer formation during infection 

with !E4 virus (Fig. 4-9B) and previous studies have suggested that 

concatemerized viral genomes are too large to be packaged (Boyer et al., 

1999; Ginsberg et al., 1966; Stracker et al., 2002).  This observation suggests 

that concatemerization of the !E4 viral genome prevents any increase in viral 

progeny production despite the availability of more capsid proteins.   

Discussion 

In this chapter, we have examined the impact of the DDR mediated by 

ATM and ATR on the production of adenoviral late proteins.  Adenoviruses 

lacking the E4 region have defects in viral mRNA stability, viral mRNA export, 

and the production of late viral proteins (Bridge and Ketner, 1990; Pilder et al., 

1986; Weigel and Dobbelstein, 2000).  Infection with !E4 virus induces a 

cellular DNA damage response (Carson et al., 2003).  We used multiple 

systems to inactivate the DNA damage response signal transducers, ATM and 

ATR.  Complemented disease patient cell lines and their matched controls 

demonstrated that ATM had no effect on the production of late viral proteins.  

However, matched cells differing only in their inducible expression of a point 
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Figure 4-9 Production of viral progeny upon ATR inactivation.  ATR-WT 
and ATR-KD cells were infected with WT Ad5 or !E4 (dl1004) virus at an 

MOI=25 to assess the production of progeny viruses (A) or concatemer 

formation by PFGE (B).  Production of progeny viruses was measured by 

plaque assay on W162 cells.  Mean and standard error are shown for three 

replicates of each sample from a representative experiment.    
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mutant of ATR or expression of a shRNA to specifically knockdown ATR 

resulted in an increase in the levels of late viral proteins during adenoviral 

infection.  Previously, we demonstrated that activation of ATR had no effect on 

viral DNA replication (chapter 3).  This suggests that ATR is acting at a stage 

post-replication in the viral lifecycle. In this chapter we used Q-PCR to 

measure total and cytoplasmic levels of viral mRNA.  This allowed us to 

extrapolate the efficiency of viral mRNA export and measure the overall 

accumulation of these messages over time.  Analysis of cytoplasmic and total 

levels of early or late viral mRNA by Q-PCR during !E4 viral infection revealed 

that ATR signaling affected the accumulation of late viral messages, but had 

no effect on the efficiency of viral mRNA export.  We conclude that activation 

of ATR prevents the accumulation of late viral mRNA, which leads to a 

decrease in the production of late viral proteins.  This demonstrates a link 

between ATR-mediated signaling and mRNA metabolism.   

Inactivation of ATR leads to an increase in the production of late 

proteins in all viruses we tested (Fig. 4-3, 4-4, 4-5).  We demonstrated that 

inactivation of ATR does not lead to an increase in the production of viral 

progeny during WT Ad5 or !E4 viral infection (Fig. 4-9), which can be 

explained by the presence of concatemers during !E4 viral infection.  

However, further studies exploring the impact of ATR signaling on viral 

progeny production are needed to establish whether an increase in late viral 
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proteins promotes viral progeny production when viral DNA replication is 

unaltered.  The E1B55K protein H354, which degrades DNA ligase IV but not 

MRN (Fig. 3-1), prevents concatemer formation (Fig. 2-8), and has no effect 

on viral DNA replication (Fig. 3-1), provides a system to examine the impact of 

ATR inactivation on viral progeny production.  Infection of !E1B55K/!E4orf3 

virus in stable E1B55K H354 cell-lines transfected with shRNA to ATR should 

promote late viral protein synthesis and prevent concatemer formation.  Thus, 

examination of adenoviral progeny production during !E1B55K/!E4orf3 viral 

infection in H354 expressing cell-lines upon ATR inactivation will determine 

whether an increase in late protein synthesis promotes an increase in viral 

progeny production.  Infection with WT Ad5 in ATR-KD cells correlates with an 

increase in late protein synthesis and prevents concatemer formation (Fig. 4-5 

and Fig. 4-9B), but no increase in viral progeny production was observed (Fig. 

4-9).  This observation suggests that the levels of late viral proteins are not 

limiting during viral progeny production.  However, we believe that the MOI of 

Ad5 used in the experiment presented in figure 4-9 (MOI=25) was too high to 

observe a change in the levels of late viral proteins.  Future work should 

include a systematic analysis of the effects of particle number and MOI on viral 

progeny production and late protein synthesis, which will determine the critical 

threshold of viral particles to overcome the inhibitory effect of ATR.   
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The adenoviral protein E1B55K is implicated in the preferential export 

of viral mRNA.  This function is thought to promote the ability of E1B55K to 

produce late viral proteins and shut-off host protein synthesis (Babiss et al., 

1985; Gonzalez and Flint, 2002; Pilder et al., 1986).  However, many of the 

studies examining E1B55K and viral mRNA export do so by measuring the 

ratio of cytoplasmic mRNA levels to nuclear mRNA levels (Babiss et al., 1985; 

Blanchette et al., 2008; Gonzalez and Flint, 2002; Pilder et al., 1986; Weigel 

and Dobbelstein, 2000; Woo and Berk, 2007).  This method cannot distinguish 

between cytoplasmic export of viral messages and increased cytoplasmic 

mRNA stability.  This is also true for studies exploring the role of E4orf6 and 

E4orf3 in the export of late viral messages (Blanchette et al., 2008; Pilder et 

al., 1986; Weigel and Dobbelstein, 2000).  Thus, we measured the 

comparative efficiency of mRNA export between two samples.  By normalizing 

the amount of cytoplasmic mRNA to total mRNA, we are able to account for a 

stabilization of these messages and only consider the proportion of the total 

mRNA in the cytoplasm at a given time.  We conclude from figure 4-6 that 

there is no effect of ATR signaling on viral mRNA export.  This observation 

suggests that the E4 proteins inactivate ATR to promote RNA transcription, 

RNA splicing, or mRNA stability.  Previous studies have demonstrated that the 

E4 proteins and E1B55K have no effect on viral mRNA transcription (Sandler 

and Ketner, 1989); (Babiss et al., 1984).  The role of E4orf3 and E4orf6 



  148 

 

proteins in mRNA stability has been observed (Sandler and Ketner, 1989).  

Researchers have also shown that the E4 proteins, E4orf6 and E4orf3, affect 

late mRNA splicing, but it is independent of E1B55K (Nordqvist and Akusjarvi, 

1990; Nordqvist et al., 1994; Ohman et al., 1993).  Thus, it is likely that E4 

proteins along with E1B55K impact viral mRNA stability.  Together with the 

data presented in this chapter, we hypothesize that ATR negatively impacts 

viral mRNA stability during the late phase of viral infection.  Therefore, 

E1B55K and the E4 proteins promote mRNA stability by inactivating the MRN 

complex to prevent activation of ATR. 

Our results add to previous studies addressing the requirements for the 

production of late viral proteins.  Earlier reports have demonstrated that 

proteasomal-mediated degradation of cellular substrates by the viral ubiquitin 

ligase, consisting of E1B55K and E4orf6, promotes viral late protein synthesis 

(Blanchette et al., 2008; Corbin-Lickfett and Bridge, 2003; Woo and Berk, 

2007).  Our lab has shown that the E1B55K/E4orf6 complex promotes the 

degradation of the MRN complex, which prevents activation of the DDR 

mediated by ATM and ATR (Carson et al., 2003; Stracker et al., 2005).  

Recently, our lab demonstrated that the mislocalization of MRN by E4orf3 

specifically prevents ATR signaling (Carson et al., 2009).  This result suggests 

that E4orf3 may specifically inhibit ATR signaling to promote the production of 

late viral proteins.  The ability of E4orf3 to mislocalize the MRN complex into 
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tracks is specific to adenovirus serotype 5 and 2, while other adenovirus 

serotypes are unable to inactivate the MRN complex in this manner (Stracker 

et al., 2005).  Since Ad5 and Ad2 are most commonly found in nature, the 

ability to prevent specifically an ATR-mediated response by mislocalizing the 

MRN complex may explain why these serotypes have been successful.  

Consistent with this, a recent study observed ATR-dependent phosphorylation 

of RPA32 during infection with WT Ad12 (Blackford et al., 2008).  Ad12 E4orf3 

is unable to mislocalize MRN (Stracker et al., 2005) and the kinetics of MRN 

degradation during WT Ad12 infection are slower compared to WT Ad5 

(Blackford et al., 2008).  An inability to inactivate properly MRN during Ad12 

infection leads to ATR activation and may explain why Ad12 infections are less 

efficient than Ad5. 

The cellular DNA damage response is an obstacle that most viruses 

encounter in the nucleus and have evolved ways to either overcome or exploit 

(reviewed in (Lilley et al., 2007)).  Similar to our observations in this chapter, 

other viruses also specifically inactivate ATR signaling.  One such example is 

Herpes Simplex Virus 1 (HSV1).  It was recently suggested that ICP0, an 

immediate early protein of HSV1, mislocalizes the ATR interacting protein, 

ATRIP, from ATR during viral infection to prevent ATR activation and likely to 

promote a productive HSV1 infection (Wilkinson and Weller, 2006).  Our 

observation that ATR activation inhibits late viral protein synthesis at a stage 
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post-replication provides a system for studying the impact of ATR signaling on 

mRNA metabolism. 

 

Materials and Methods 

Plasmids and transfections 

Knockdown of ATR was performed by transfection of plasmids 

expressing shRNA to ATR as described in (Azzalin and Lingner, 2006b).  

Briefly, HeLa cells were transfected with a plasmid expressing shRNA 

targeting sequence: 5!-GGAGATTTCCTGAGCATGT-3!, using lipofectamine 

2000 (Invitrogen).  Cells were selected with 1µg/mL of puromycin 24 hours 

post transfection for up to 72 hours to optimize knockdown of ATR. 

Cell lines and drug treatments 

All cells lines used in this chapter were described in detail in Chapter 3.  

Treatment of A-T cells with caffeine was also described in Chapter 3.  

Viruses and infections  

The mutant viruses dl1004 (!E4) and dl3112 (!E1B55K/!E4orf3) were 

originally described in (Bridge and Ketner, 1989, 1990), and were obtained 

from G. Ketner.  All virus propagation and infection conditions are described in 

Chapter 2.  Multiplicity of infection (MOI) for each virus used in these 

experiments was 10 unless otherwise noted. 

Antibodies and immuno-blotting 
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Primary antibodies were purchased from Sigma (Flag M2), Santa Cruz 

(ATR N-19), Epitomics (ATM), Research Diagnostics Inc. (GAPDH), Bethyl 

Laboratory (RPA32), Rockland (SMC S957), and Cell Signaling (Chk1 S345, 

Chk1 S317).  Immuno-blotting and all other antibodies are described in 

Chapters 2 and 3. 

DNA extraction 

Viral DNA Replication was measured for each independent RNA 

experiment.  Viral DNA was extracted and quantified by Q-PCR as described 

in Chapter 3.  

Cytoplasmic and Total RNA isolation 

One million cells were fractionated using the Promega NePer kit 

according to the manufacturer!s specifications.  RNA was isolated from the 

cytoplasmic fraction using an Ambion RNAqueous kit (according to the 

manufacturer!s protocol).  800 µL of lysis buffer was used per sample and the 

RNA was eluted in 50 µL of the elution buffer provided.  Total RNA was 

isolated from 1x106 cells with the RNAqueous kit and eluted in 50µL of the 

elution buffer provided.  All RNA preps went through a rigorous DNase 

treatment using an Ambion turbo DNA free kit following the manufacturer!s 

protocol.  RNA was visualized on a formaldehyde gel as stated in the 

RNAqueous kit protocol manual.   
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Reverse Transcription 

RNA concentration was calculated using two microliters of each sample 

on a nano-drop.  Two micrograms of DNase treated RNA was synthesized into 

cDNA using Applied biosystems High capacity cDNA synthesis kit.  

Quantitative PCR 

An applied biosystems 7500 real-time PCR system was used for 

quantitative PCR using ABI Sybr Green PCR mix.  A 2.5 µmol portion of each 

primer was added to the reaction mixture along with 5 µL of a 1:3 diluted 

cDNA sample.  Each reaction contained a final volume of 25 µL.  Q-PCR was 

done in duplicate for each sample using the primers described in Table 4-1.  

For relative quantification of each viral gene, we used the large ribosomal 

protein (RPLPO) as an endogenous control for total RNA and 

phosphoglycerate kinase 1 (PGK1) as a control for cytoplasmic RNA.  These 

endogenous controls were selected from data gathered using ABI TILDA 

endogenous control plate which allowed for the identification of cellular genes 

unaltered by infection with WT Ad5 or !E4 virus.  We calculated the !!Ct 

between each of the viral genes and the endogenous control.  We used a 

standard curve of individual samples to calculate the efficiency of each primer 

set.  This was used to calculate a relative abundance using the equation: 

primer efficiency ^-(!!Ct).   
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 For each independent experiment, all the treatments were done in 

triplicate and the efficiency of ATR knockdown was determined by using the 

ATR primer set listed on Table 4-1.  The data is ultimately represented as fold 

change of RNA levels from cells transfected with shRNA to ATR over those 

transfected with shRNA to GFP.  Standard error was calculated on the values 

from the independent experiments and a student t test was used to measure 

the significance between the different treatments. 

Analysis of concatemer formation by pulsed-field gel electrophoresis 

Cells were infected with WT Ad5 or the !E4 mutant, dl1004, at a MOI of 

25.  Cells were harvested at 30 hpi and DNA was analyzed for concatemer 

formation as previously described in Chapter 2.  

Growth Curve 

 Titration growth curves were used to measure virus growth in ATR-WT 

and ATR-KD cells.  Cells were infected with either WT Ad5 or !E4 virus at an 

MOI=10.  Infected cells were frozen at 4, 12, 18, 24 ,36, and 48 hpi by placing 

them at -80oC; each time point was done in triplicate.  Virus-containing 

supernatant was produced by lysing the cells through a cycle of freeze-thaw 

and the resulting media slurry was centrifuged at 1000 rpm for 5 min.  Serial 

dilutions of 1:10 were made from the cleared supernatant into DMEM with 10% 

FBS media to a final volume of 100 µL. W162 cells, described in (Weinberg 

and Ketner, 1983), were infected with each dilution for 1 h at 37oC.  A 5% Sea-
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Plaque Agarose solution was made in sterile 1X PBS, cooled to 50oC and 

diluted to 1.25% in DMEM with 5% FBS.  The infections were overlaid with 500 

µL of the 1.25% agarose solution and incubated at 37oC in a humidified CO2 

(5%) incubator.  After 6-8 days, each well was stained with 1M MTT (3-[4,5-

dimethylthiazol-2yl]-2,5-diiphenyltetrazolium, Sigma) and incubated for 4h to 

overnight to visualize the plaques.  Titers were calculated in terms of plaque 

forming unit (pfu)/mL. 
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Chapter 5.  Discussion 

The early adenoviral proteins E1B55K, E4orf6, and E4orf3 are required 

for efficient viral infection.  They promote viral DNA replication, mRNA stability, 

and late protein synthesis (reviewed in (Shenk, 1996)).  However, it is still 

unclear how E1B55K, E4orf6, and E4orf3 promote these viral processes.  In 

this thesis, I have demonstrated that E1B55K, E4orf6, and E4orf3 enable 

productive viral infection by inactivating the MRN complex to prevent the DNA 

damage response (DDR).  In chapter 3 we demonstrated that the E4 proteins 

promote viral DNA replication by inactivating the MRN complex and in chapter 

4 we found that activation of ATR negatively impacts the accumulation of late 

viral mRNA.  An increase in viral DNA replication and late viral mRNA stability 

will lead to an increase in viral late protein synthesis.  The work presented in 

this thesis suggests an explanation for why the MRN complex is inactivated 

during adenovirus infection.  We conclude that the components of the DDR 

negatively impact the adenoviral lifecycle at multiple stages (see schematic in 

Fig. 5-1).  It has been suggested previously that the MRN complex impacts 

the viral lifecycle by promoting concatemerization of viral genomes.  

Researchers have implied that concatemer formation prevents viral functions 

such as viral DNA replication and late protein synthesis (Boyer et al., 1999; 

Jayaram and Bridge, 2005).  Contrary to this, we found that concatemer 

formation had no effect on viral DNA replication (Fig. 3-1 and Fig. 3-10) or on 
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the production of late viral proteins (Fig. 3-1, Fig. 4-3, and Fig. 4-9).  Our data 

also demonstrate that the MRN complex affects adenoviral DNA replication 

independently of both concatemer formation and DNA damage signaling (Fig. 

3-1, Fig. 3-4, and Fig. 3-10).  We conclude that E4 proteins inactivate MRN to 

promote Ad DNA replication (see schematic Fig. 5-1).  Our observations can 

be used to identify additional functions of the MRN complex both during viral 

infection and also in response to other types of damage. 

The MRN complex is the sensor for DNA damage (reviewed in (Lavin, 

2007)).  How the MRN complex is able to sense various types of damage and 

activate the appropriate response is still not well understood.  During the 

course of these studies, we have identified two separation-of-function mutants 

for Nbs1 C-terminus: FR52K and FR5!47 (Fig. 3-10).  We found that 

association of Nbs1 C-terminus with Mre11 is required to promote concatemer 

formation but is not sufficient to inhibit viral DNA replication.  The last 47 

amino acids of Nbs1 are also required for inhibition of viral DNA replication.  

The Nbs1 C-terminal mutants described in chapter 3 will be useful in 

identifying binding partners of Mre11 and Rad50, or the final 47 amino acids of 

Nbs1 (Appendix Fig. 3).  Identifying novel binding partners of the MRN 

complex may give insight into the mechanism by which MRN senses DNA 

damage.  It is possible that interacting proteins may promote post-translational 

modifications to components of the MRN complex.  Previous studies have 
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Figure 5-1 Schematic representation of the impact of the DDR proteins 

on the adenoviral lifecycle.  Adenoviral early proteins E1B55K, E4orf6, and 

E4orf3 inactivate the MRN complex during WT Ad infection.  In the absence of 

adenoviral E4 proteins, the MRN complex inhibits viral DNA replication 

independently of ATM and ATR.  Activation of ATR prevents the accumulation 

of late viral mRNA and affects an mRNA metabolism step, such as mRNA 

transcription or mRNA stability.  Concatemerization of the viral genomes 
during infection with !E4 virus occurs after viral DNA replication. Concatemer 

formation has no effect on viral DNA replication or late protein synthesis.  Red 

lines and arrows indicate actions by the DDR machinery that are inhibitory to 

the adenoviral lifecycle. 
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found that modifications such as phosphorylation, methylation, and 

acetylation, on Mre11 or Nbs1, are important for some of their functions upon 

damage (Boisvert et al., 2005a; Boisvert et al., 2005b; Gatei et al., 2000; Lim 

et al., 2000; Wu et al., 2000a; Yuan et al., 2007; Zhao et al., 2000).  For 

example, the methylation of Mre11 is required for DNA binding, exo-nuclease 

activity, and intra S-phase signaling (Boisvert et al., 2005a; Boisvert et al., 

2005b; Dery et al., 2008).  The function of the evolutionary conserved Nbs1 C-

terminus is somewhat controversial.  The last 20 amino acids of Nbs1 C-

terminal are required for IR-induced thymocyte apoptosis (Difilippantonio et al., 

2007; Stracker et al., 2007).  Researchers have suggested that these final 

amino acids of Nbs1 associate with ATM and are required for efficient ATM 

activation (Zhou et al., 2006; Zou and Elledge, 2003).  However, 

Difilippantonio et al suggested that the last 20 amino acids of Nbs1 are not 

necessary for many in vivo functions of the MRN complex and do not alter 

ATM activation because there is still association between the MRN complex 

and ATM (Difilippantonio et al., 2007).  In this thesis I demonstrate a function 

of the Nbs1 C-terminus that is independent of ATM.  We have found that the 

Nbs1 C-terminus mutant lacking the last 47 amino acids (FR5!47) is unable to 

associate with ATM by TAP purification (Appendix Fig. 3A) and is unable to 

inhibit viral DNA replication (Fig. 3-10A).  We also found that ATM activation 

had no effect on viral DNA replication (Fig. 3-4A).  These data imply that the 
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Nbs1 C-terminus possesses another function besides associating with ATM 

that is important for its activity.  The histone de-acetylase SIRT1 has been 

shown to bind to Nbs1 at the C-terminus and de-acetylate 10 lysine residues 

along Nbs1 (Yuan et al., 2007).  De-acetylation of Nbs1 is required for its 

phosphorylation and inhibition of radio-resistant DNA synthesis (Yuan et al., 

2007).  We found that knockdown of SIRT1 had no effect on viral DNA 

replication (Appendix Fig. 4).  Since Nbs1 is normally found in a de-acetylated 

state (Yuan et al., 2007), it is not surprising that knockdown of SIRT1 had no 

effect on Nbs1 function during viral infection.  However, this does not rule out 

the possibility that the acetylation status of Nbs1 affects viral DNA replication.  

Further investigation using cell-lines expressing acetylation-defective or 

acetylation-mimic mutants is required to determine the impact of acetylation 

and de-acetylation of Nbs1, or other components of the MRN complex, on the 

inhibition of viral DNA replication. 

Activation of the cellular DDR mediated by ATM and ATR alters cellular 

processes including mRNA metabolism.  However, little is understood about 

the impact of ATM or ATR activation on RNA metabolism. Recent reports 

performing large-scale screens to identify substrates of ATM and ATR have 

identified numerous substrates involved in pre-mRNA processing, mRNA 

transcription, chromatin remodeling, and other aspects of RNA metabolism 

(Matsuoka et al., 2007; Paulsen et al., 2009; Stokes et al., 2007).  ATR 
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phosphorylates the cellular protein, Upf1, known to be involved in mRNA 

stability (Azzalin and Lingner, 2006b).  Upf1, a DNA-dependent 5!-3! helicase, 

along with six other gene products, coordinates the degradation of mRNAs 

containing pre-mature stop codons in a process referred to as non-sense 

mediated decay (NMD) (reviewed in (Chang et al., 2007; Isken and Maquat, 

2008)).  Knockdown of Upf1 by shRNA alters genomic stability, as determined 

by the presence of "H2AX staining (Azzalin and Lingner, 2006b).  Woo et al 

also suggested a potential role for Upf1 in the export of adenoviral mRNA 

(Woo and Berk, 2007).  Our analysis into the impact of Upf1 on the production 

of late viral proteins found that knockdown of Upf1 correlated with an increase 

in the levels of late viral proteins (Appendix Fig. 1).  We found that this effect 

was independent of the other factors involved in NMD, such as Upf2 and 

SMG1.  This is not surprising since mature late viral messages do not contain 

pre-termination codons and would therefore not initiate activation of the NMD 

pathway.  Additionally, a recent study demonstrated an NMD-independent role 

for Upf1 in stabilizing HIV-1 RNA and in production of the HIV-1 pr55Gag 

protein (Ajamian et al., 2008).  While we cannot rule out the possibility that the 

affect of Upf1 on late viral protein synthesis is due to an alteration in genomic 

stability, it is also possible that Upf1 is negatively impacting viral mRNA 

metabolism.  
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Our work has identified a system that can be used to explore the 

mechanism by which ATR impacts mRNA stability.  Inactivation of ATR during 

adenoviral infection increases the accumulation of late viral mRNA.  This 

observation can be a functional readout to determine which ATR substrates 

are part of the mRNA metabolism pathway impacted by ATR.  These studies 

will have larger implications for understanding how the cellular response to 

DNA damage alters mRNA metabolism to ensure an efficient response for 

repairing damaged DNA.  This is another example of how viruses can be 

utilized as a system to model cellular processes. 

The studies presented in this thesis enhance the idea that the DDR is 

part of the cellular innate anti-viral response during adenovirus infection.  We 

have demonstrated that inactivation of the MRN complex by adenoviral E4 

proteins is essential for promoting productive viral infection.  Interestingly, 

there is growing evidence that inactivation of the DNA damage response by 

viruses may promote cell transformation.  The SV40 large T antigen has the 

capability of transforming cell-lines (reviewed in (Pipas, 2009)) and it can 

associate with Nbs1, thereby inactivating parts of the DDR (Wu et al., 2004).  

Interaction between SV40 large T and Nbs1 correlates with increased 

transformation ability (Wu et al., 2004), suggesting a link between the DDR 

components and oncogenic transformation.  Additionally, adenoviral E4 

proteins have been implicated in a “hit and run” transformation method (Nevels 
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et al., 2001), which may result from their ability to inactivate the MRN complex 

and prevent the DDR.  Further studies into whether inactivation of the DNA 

damage response proteins promotes transformation will provide insights into 

fundamental cellular processes. 
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Figure 1 Upf1 affect the production of late viral proteins independently 

of NMD.  (A) HeLa cells were transfected with shRNA to Upf1, as described in 
(Azzalin and Lingner, 2006b) and infected with !E4 (dl1004) virus at an 

MOI=10.  Lysates were prepared from cells harvested at the indicated hpi, and 

were immuno-blotted for Upf1 (antibody form Bethyl labs).  Early protein 

production was examined by immuo-blotting for DBP, E1B55K, and E1A.  Late 

protein synthesis was examined by staining for fiber and hexon.  GAPDH 

served as a loading control and M indicates mock treated cells.  (B) HeLa cells 

transfected with shRNA to GFP, Upf1, or SMG1 (described in (Azzalin and 
Lingner, 2006b)), were infected with !E4 (dl1004) virus at an MOI=10.  

Lysates were prepared from cells harvested at the indicated hpi, and were 

immuno-blotted for Upf1 and SMG1 (gift from Z. You).  Early protein 

production was examined by immuo-blotting for E1B55K.  Late protein 

synthesis was examined by staining for fiber.  GAPDH served as a loading 

control. 
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Figure 2 Localization of Upf1 during viral infection. HeLa cells infected 
with WT Ad5 or !E4 (dl1004) virus at an MOI=10 and localization of Upf1 was 

examined by immunofluorescence for Upf1 (Bethyl Labs) and DBP at 24 hpi.  

DAPI stains nuclei and M indicates mock infected cells. 
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Figure 3 Tandem affinity purification (TAP) of Nbs1 C-terminal mutants.  

293 cells were transfected with pN-TAP plasmids expressing TAP-FR5, TAP-
FR52K, or TAP-FR5!47.  TAP-RFP plasmid was used as a negative control.  

TAP purification was performed using manufacturer!s protocol (Stratagene).  

One-tenth of the purification was examined by western blot for association with 

Mre11 and ATM (A).  The remainder of the purification was run on a 3-8% Nu-

PAGE gel (Invitrogen) and silver stained with SilverQuest from Invitrogen (B).  
Black boxes in TAP-FR52K and TAP-FR5!47 lanes mark the presence or 

absence of protein bands distinct from TAP-FR5 purification.  Black arrows 

mark the expression of each TAP-tagged protein.  
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Figure 4 Knockdown of SIRT1 has no effect on viral DNA replication.  

HeLa cells transfected with plasmids expressing shRNA to GFP (Azzalin and 

Lingner, 2006b), Mre11 (Vo et al., 2005), or SIRT1 (Yuan et al., 2007), were 
infected with !E4 virus at an MOI=10.  Cells were harvested at 4 and 30 hpi. 

(A) Expression of SIRT1 is examined by immuno-blotting lysates from the 30 

hour time point. GAPDH serves as a loading control. (B) Viral DNA replication 

was measured by Q-PCR as described in Chapter 3, and is represented as a 

fold change over the 4 h input.  Mean and standard error are shown.   
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