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 After induction of DNA double strand breaks (DSBs) the cellular DNA 

damage response (DDR) functions to inhibit the cell cycle, allowing for repair 

of the damage.  Adenovirus is a double strand DNA virus that replicates in the 

host cell nucleus and expresses early proteins to inactivate the DNA damage 

response in order to prevent the recognition of its viral genome as a cellular 

DSB.  Adenovirus that is deleted for the E4 region cannot inactivate the DNA 



 

xv 

damage response and consequently the viral genome is recognized as DNA 

damage and the cellular DNA repair machinery ligates the viral genome into 

end-to-end concatemers.  Adenovirus expresses two proteins from the E4 

region E4orf3 and E4orf6 that have been demonstrated to inhibit the DNA 

damage response.  E4orf3 mislocalizes cellular proteins to prevent their 

accumulation at viral replication centers during infection. The E4orf6 protein 

interacts with the viral protein E1b55K to mediate degradation of cellular 

proteins in a proteasome-dependent manner. The research presented in this 

thesis demonstrates that E4orf3 and E4orf6/E1b55K target specific 

components of the DDR, and provides insight into the consequences of 

targeting these components for the virus and for cells. The Mre11-Nbs1-

Rad50 (MRN) complex is the main sensor of DNA damage and functions to 

activate the DDR and promote repair of DSBs.  We show that E4orf3 

mislocalization of the MRN complex prevents a DNA damage response 

mediated by the Ataxia-Telangiectasia Mutated Rad3 related (ATR) protein. 

CtIP and BLM are proteins implicated to function in the DDR and in resection 

of DSBs.  We identified the BLM helicase as a novel target of E1b55K/E4orf6 

mediated degradation during infection. We also found that CtIP is required for 

concatemer formation in vitro and is inhibitory to adenovirus replication.  

Together, the data presented in this thesis demonstrate that adenovirus 

infection provides an ideal model system for study of DNA damage response 

and repair pathways. Our studies not only provide information on the function 
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of cellular proteins during infection, but also can yield insights into broader 

functions for these cellular proteins in a non-viral context. 
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Chapter 1. Introduction 

 

Introduction 

Maintaining the integrity of genomic DNA is a constant battle for cells.  

Ultraviolet irradiation, replication stress, ionizing radiation and radiometric 

chemicals can all cause DNA damage (Bartek and Lukas, 2007).  Damage 

that creates double-strand DNA breaks (DSB) is particularly harmful to cells, 

since faulty repair of DSBs can lead to deletions or translocations that could 

cause cancer.  The cellular DNA damage response (DDR) is an ordered 

pathway that functions to arrest the cell cycle after DNA damage to allow for 

repair of the DSB (Reinhardt and Yaffe, 2009). More specifically, immediately 

after induction of a DSB, the DDR is initiated by recruitment of damage 

“sensor” proteins. The sensors activate signaling kinases that initiate a 

phosphorylation cascade resulting in further recruitment of repair proteins and 

cell cycle arrest (Harper and Elledge, 2007).  If the break cannot be repaired 

or the extent of damage is too great, the DNA damage response can signal to 

induce cellular senescence or apoptosis.  The downstream responses of the 

DDR cannot occur without the initial damage sensors, which underscores the 

importance of the damage sensors for a robust DDR. 

The Mre11-Rad50-Nbs1 complex 

The Mre11-Rad50-Nbs1 (MRN) complex is thought to be the initial 

sensor of DSBs (Lisby et al., 2004; Mirzoeva and Petrini, 2001). The MRN 
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complex is recruited to sites of DSBs where it activates the DDR and also 

processes broken DNA ends to promote repair (Buis et al., 2008; Lukas et al., 

2004; Maser et al., 1997; Mirzoeva and Petrini, 2001; Usui et al., 2001). 

Hypomorphic mutations in Mre11 and Nbs1 cause the human genetic 

diseases Ataxia-Telangiectasia Like Disorder (A-TLD) and Nijmegen Breakage 

Syndrome (NBS), respectively (Carney et al., 1998; Stewart et al., 1999).  The 

immunological deficiency and cancer predisposition in patients with these 

diseases suggests that the MRN complex plays a role in genome stability.  S. 

cerevisiae mutants in the homologous MR(Xrs2) complex are hypersensitive 

to DNA damage and/or defective in meiotic recombination, suggesting that 

these proteins are also involved in DNA repair (Ajimura et al., 1993; Cox and 

Parry, 1968; Suslova and Zakharov, 1974).  Knockout mice lacking individual 

MRN complex members are embryonic lethal (Luo et al., 1999; Xiao and 

Weaver, 1997; Zhu et al., 2001).  Each of the MRN complex proteins promotes 

stability of the complex, and contributes to functions in damage signaling as 

well as DNA repair. 

Mre11 has DNA binding activity and also exhibits DNA endonuclease 

and exonuclease activity with 3’ to 5’ directionality (D'Amours and Jackson, 

2002; Paull and Gellert, 1998a; Paull and Gellert, 1999b; Trujillo et al., 1998).  

In vitro, Mre11 forms stable dimers that promote DNA binding and bridge 

together the two ends of a DSB. Rad50 also forms a dimer in vitro creating a 

flexible hinge domain (Anderson et al., 2001; Williams et al., 2008).  In vivo, 
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each of the Mre11 proteins binds a single Rad50 protein forming an 

Mre112Rad502 heterotetrameric complex that promotes the nuclease activity 

of Mre11 (Anderson et al., 2001).  The nuclease activities of Mre11 are 

required for repair of DSBs but not for activation of DNA damage signaling 

responses (Buis et al., 2008; Williams et al., 2008).  Nbs1 has a nuclear 

localization signal (NLS) required for MR nuclear localization (Desai-Mehta et 

al., 2001; You et al., 2005), and also functions to communicate with the ATM 

damage signaling kinase (Falck et al., 2005; You et al., 2005).  The N-

terminus of Nbs1 has one forkhead associated (FHA) domain and two BRCA 

C-terminal (BRCT) domains that form the protein core. These domains are 

required for various protein-protein and phospho-protein interactions (e.g., 

phosphorylated Mdc1 and CtIP)(Cerosaletti and Concannon, 2003; Durocher 

et al., 1999; Durocher et al., 2000; Lloyd et al., 2009; Williams et al., 2009a).  

The C-terminus of Nbs1 is a flexible tail that maintains Nbs1 interaction with 

the Mre112Rad502 complex and ATM and activates the damage signaling 

pathways (Falck et al., 2005; Williams et al., 2009a; You et al., 2005).  Rad50 

has Walker Domain A and B nucleotide binding motifs and a zinc coordinating 

CXXC motif that tethers distal DNA ends for repair (Bhaskara et al., 2007; 

Hopfner et al., 2002).  Rad50 also has an ATPase domain that functions in 

partial unwinding of the DNA ends and promotes Mre11 nuclease activity 

(Hopfner et al., 2000).  Together the functional domains of the MRN complex 

coordinate the activation of DNA damage signaling pathways and DSB repair. 
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MRN complex function in the DNA damage response 

The DNA damage signaling kinases Ataxia-Telangiectasia mutated 

(ATM) and Ataxia-Telangiectasia Mutated-Rad3 Related (ATR) are the main 

signaling kinases activated after DNA damage (Fig. 1-1).  ATM and ATR are 

members of the family of phosphatidylinositol-3-kinase-like kinases (PIKKs), 

which also includes the DNA-dependent protein kinase catalytic subunit (DNA-

PKcs) that is involved in DNA repair.  Individuals with A-TLD and NBS are 

phenotypically similar to patients with Ataxia-Telangiectasia (ATM deleted) 

(Carney et al., 1998; Stewart et al., 1999; Varon et al., 1998), and Seckel 

syndrome (ATR hypomorphic) (O'Driscoll et al., 2003). The similarity of 

disease phenotypes suggests that the MRN complex and these kinases 

function in similar pathways.  However, unlike MRN, ATM can be knocked out 

in mouse models resulting in viable but underweight mice that are predisposed 

to cancer (Barlow et al., 1996; Xu et al., 1996; Xu and Baltimore, 1996).  ATR 

knockout mice are embryonic lethal (Brown and Baltimore, 2000; de Klein et 

al., 2000), which suggests a more important and expansive role for ATR in 

genome maintenance (as reviewed by (O'Driscoll, 2009)).  ATM and ATR 

activation both lead to cell cycle arrest mediated through the phosphorylation 

of the Chk1 and Chk2 kinases (Reinhardt and Yaffe, 2009).   ATM and ATR 

also marks the sites of damage for further recruitment of proteins by  
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Figure 1-1.  Activation of the DNA damage response.  After DNA damage 
creates a DSB the Mre11-Rad50-Nbs1 complex is immediately recruited to 
sites of damage.  Damage that causes replication stress, such as that created 
by UV radiation or hydroxyurea creates ssDNA that activates ATR.  DSBs that 
occur by ionizing radiation result in clean breaks and activate ATM and can 
then be processed to ssDNA leading to activation of ATR.  RPA bound ssDNA 
recruits ATR-ATRIP to the ssDNA. TopBP1 interaction with ATR is required for 
the full kinase activation.  ATM is recruited to sites of damage and activation 
occurs by interaction with the C-terminus of Nbs1 leading to ATM 
autophosphorylation and conversion into the active kinase.  Activation of the 
ATM and ATR kinases leads to phosphorylation of effectors which function to 
arrest the cell cycle and recruit proteins to repair the break. 
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phosphorylation of the histone variant H2AX (Dickey et al., 2009; Rogakou et 

al., 1998).  Although ATM and ATR are both activated after DNA damage, 

their activation occurs by direct interactions with unique proteins and in 

response to different types of DNA damage (Fig. 1-1). 

In the absence of damage, ATM resides in the nucleus in inactive 

dimers (Bakkenist and Kastan, 2003). After the induction of DSBs ATM 

autophosphorylates at S1981 and dissociates into monomers whereby it 

becomes an active kinase and proceeds to phosphorylate its downstream 

substrates (Fig. 1-1)(Bakkenist and Kastan, 2003).  Contrary to this, in mice 

the equivalent phosphorylation site on ATM, S1987 is not required for 

activation of ATM after γIR suggesting that human and murine ATM is 

activated differently (Pellegrini et al., 2006).  MRN is essential for full ATM 

activation, as ATM autophosphorylation and phosphorylation of its 

downstream substrates is decreased in cells deficient for members of the 

MRN complex (Carson et al., 2003; Uziel et al., 2003). There are two steps of 

ATM activation: the initial recruitment to DNA breaks, and the 

autophosphorylation leading to a kinase active ATM. The MRN complex is 

required for ATM recruitment to and physical tethering with damaged DNA 

ends (Falck et al., 2005; You et al., 2005). However, initial recruitment of ATM 

to sites of damage can bypass the need for MRN if there is a high 

concentration of free DNA ends (Dupré et al., 2006).  The presence of short 

oligonucleotides has also been shown to activate ATM in an MRN dependent 
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manner, even in the absence of cellular DNA damage (Jazayeri et al., 2008). 

The conversion of ATM into the active kinase is DNA independent, but 

requires direct binding of ATM to the C-terminus of Nbs1 (Falck et al., 2005; 

You et al., 2005).  Once the ATM kinase is activated it can then phosphorylate 

its downstream targets (of which there are hundreds) including Nbs1, Chk2 

and 53BP1 (Bakkenist and Kastan, 2003; Matsuoka et al., 2007; Matsuoka et 

al., 1998; Matsuoka et al., 2000).  Activation of ATM is rapid, robust, and 

highly amplified, stressing the importance of immediate cell cycle arrest after 

exposure to DSBs. 

ATR signaling is primarily a response to damage caused by replication 

stress, and this damage is characterized by stretches of ssDNA and 

ssDNA/dsDNA junctions.  Activation of ATR can be induced in cells by 

ultraviolet (UV) irradiation to create damage and treatment with hydroxyurea 

(HU) or aphidicolin that arrests DNA replication (Fig. 1-1)(as reviewed by 

(Shechter et al., 2004; Zou, 2007). In the absence of damage, ATR resides in 

a stable complex with its interacting partner ATRIP (Cortez et al., 2001).  The 

association of ATR with ATRIP is sufficient for recruitment to sites of damage, 

and is promoted by the binding of ATR-ATRIP to Replication Protein-A (RPA) 

bound ssDNA (Namiki and Zou, 2006; Zou and Elledge, 2003).  However, full 

kinase activation of ATR requires interaction of the ATR-ATRIP complex with 

TopBP1 (Cortez et al., 2001; Falck et al., 2005; Kumagai et al., 2006; Mordes 

et al., 2008; Zou and Elledge, 2003). ATR activation can be detected by the 
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phosphorylation of its known targets including Chk1 and RPA (Cortez et al., 

2001; Falck et al., 2005; Kumagai et al., 2006; Liu et al., 2000; Mordes et al., 

2008; Olson et al., 2007a; Zou and Elledge, 2003).  Although there is no 

evidence for direct activation of ATR by the MRN complex, ATR activation and 

phosphorylation of its targets is abrogated in cells deficient for MRN (Manthey 

et al., 2007; Olson et al., 2007a; Stiff et al., 2005).  The proteins required for 

activation of ATR signaling are well characterized; however, the role of MRN in 

ATR activation still needs to be elucidated.  

ATM and ATR are activated after specific types of DNA damage; 

however, they functionally overlap to induce cell cycle arrest and to recruit 

proteins to sites of damage.  ATM and ATR can also activate each other, 

resulting in dual kinase activation after damage.  After IR induced DSBs, ATR 

is activated in an Nbs1 and ATM dependent manner (Jazayeri et al., 2006).  

ATM activates ATR by phosphorylating TopBP1, which enhances the ability of 

TopBP1 to activate ATR (Yoo et al., 2009).  Conversely, after replication 

stress the active ATR kinase activity also leads to ATM activation by 

phosphorylating ATM at S1981, which is also the site of ATM 

autophosphorylation (Stiff et al., 2006).  It is interesting that although ATM and 

ATR can individually arrest the cell cycle they have mechanisms to activate 

each other.  The secondary activation of either kinase could result in an 

extended response during extensive damage allowing more time for repair. 

The dual activation of these kinases to enact similar downstream 
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consequences highlights the importance of the DDR to activate cell cycle 

checkpoints for maintaining genome stability. 

The MRN complex in double strand DNA break repair 

Repair of DSBs occurs by two main mechanisms: non-homologous end 

joining (NHEJ) and homologous recombination (HR).  NHEJ is thought to be 

the more error-prone mechanism of repair and generally does not require 

regions of homology to repair the break. HR is thought to be the more error 

proof mechanism of repair and requires large regions of homology on a sister 

chromatid to repair the break.  The relative contribution of these mechanisms 

is cell cycle regulated.  HR is more prevalent in S and G2 when a sister 

chromatid is present to use as a template for repair, while NHEJ is more 

prevalent in G1 (Fig. 1-2)(Branzei and Foiani, 2008).  Analysis of proteins 

required for NHEJ or HR reveals that many of the main players are not cell 

cycle regulated. However, the availability of certain processing proteins, 

whose levels are regulated by cell cycle, may determine which repair 

mechanism is used. 

HR dependent DSB repair requires the processing of dsDNA ends to 

create extended 3’ ssDNA tails for correct pairing with a homologous 

sequence. Specifically, an initial resection step is required to trim the 5’ ends 

of the DSB, followed by secondary resection creating extended 3’ ssDNA tails 

that become coated with RPA (Mimitou and Symington, 2009b).  Rad51  
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Figure 1-2.  DSB repair throughout the cell cycle.  During G1, DSB repair 
occurs primarily by non-homologous end joining (NHEJ).  Proteins involved 
are the Ku70/80 proteins that bind the ends of DNA and recruit DNA-PKcs as 
well as DNA Ligase IV (Ligase IV), XRCC4 and XLF that repair the break by 
ligation of the ends.  In S and G2, repair occurs by homologous recombination.  
The MRN complex and CtIP are suggested to promote an initial nucleolytic 
event, and processive resection is promoted by the Exo1 nuclease or the BLM 
helicase and DNA2 nuclease.  During meiosis, the proteins required are 
similar to those required during repair by mitotic HR. The MRN complex and 
CtIP are suggested to mediate an endonucleolytic cleavage event based on 
the homology of these proteins to MR(X) and Sae2 that promote removal of 
Spo11 from the 5’ DNA ends prior to the processive resection. 
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protein filaments then displace RPA and function to find homologous DNA 

sequences in a sister chromatid (in mitosis) or a homologous chromosome (in 

meiosis), and recombination and repair occurs through a double Holliday 

junction (Mimitou and Symington, 2009b). Although DSBs are generally 

detrimental to genome stability, during meiosis I, DSBs are created 

deliberately by Spo11 to promote correct pairing and segregation of 

homologous chromosomes (Sasaki et al., 2010). Spo11 creates DSBs through 

an endonucleolytic mechanism whereby it becomes covalently attached to the 

5’ ends of the DNA (Keeney et al., 1997; Keeney and Kleckner, 1995; McKee 

and Kleckner, 1997).  Therefore, HR repair during meiosis I requires removal 

of Spo11 prior to initial resection.  Interestingly, in yeast, the removal of Spo11 

and the initial processing of DSBs seem to be dependent on the same 

proteins. The proteins that mediate the initial DNA processing steps in HR are 

currently coming to light. 

The MRN complex was initially proposed to be involved in HR due to 

deficiencies in both DSB repair and meiotic recombination in S. cerevisiae 

deleted for MR(X) complex members (Fig. 1-2) (Ajimura et al., 1993; Alani et 

al., 1990; Cao et al., 1990).  However, the MRN complex cannot initiate HR 

alone, as Mre11 does not exhibit the 5’-3’ exonuclease or dsDNA 

endonuclease activities required to create the requisite 3’ overhangs for HR to 

proceed (D'Amours and Jackson, 2002; Paull and Gellert, 1998a; Paull and 

Gellert, 1999b; Trujillo et al., 1998; Williams et al., 2008).  In addition to MRN, 
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S. cerevisiae deleted for Sae2 are also defective in Spo11 removal (Neale et 

al., 2005).  Further studies have shown that Sae2 promotes MR(X) 

endonuclease activity in vitro and Sae2 may also exhibit nuclease activity itself 

(Lengsfeld et al., 2007).  It has been reported that functional homologs of 

Sae2 include the S. pombe protein Ctp1, and the metazoan protein CtIP 

(Limbo et al., 2007; Sartori et al., 2007; Takeda et al., 2007).  Although there is 

weak sequence homology in the C-terminus of CtIP with the yeast proteins, all 

interact with the MRN complex and are regulated similarly by CDK 

phosphorylation (Huertas et al., 2008; Limbo et al., 2007; Sartori et al., 2007).  

MRN and CtIP are proposed to promote HR by creating the short 3’ ssDNA 

overhangs (Fig. 1-2); however, no biochemical studies have shown that these 

proteins enzymatically function in 5-3’ resection (You and Bailis, 2010).  After 

the initial resection step, processive resection creates extensive 3’ ssDNA that 

can be bound by RPA.  Proteins recently implicated in the extensive resection 

step include the nucleases DNA2 and Exo1 and the Sgs1 helicase (S. 

cerevisiae) (Fig. 1-2)(Budd and Campbell, 2009; Manfrini et al., 2010; Mimitou 

and Symington, 2008; Zhu et al., 2008a).  The mammalian homolog of Sgs1 is 

suggested to be the BLM helicase, which has also been implicated in 

processive resection for repair by HR (Gravel et al., 2008; Johnson et al., 

2000; Kusano et al., 1999; Neff et al., 1999; Nimonkar et al., 2008; Stewart et 

al., 1997; Watt et al., 1996; Wu et al., 2000). Future studies to understand the 



13 

properties of these nucleases and helicases, and how they are regulated will 

provide us with a greater understanding of how repair by HR is initiated. 

Repair by NHEJ occurs predominately during the G1 phase of the cell 

cycle and requires minimal processing of the DSB.  In the simplest form, the 

Ku70/Ku80 complex binds the ends of the DNA and then recruit and bind the 

catalytic subunit DNA-PKcs, forming the DNA-PK holoenzyme complex. The 

DNA-PK holoenzyme then recruits DNA Ligase IV-XRCC4-XLF, which 

mediates ligation of the ends (Fig. 1-2).  DNA-PKcs activation involves 

autophosphorylation and phosphorylation of substrates including RPA and 

WRN; however, DNA-PKcs activation alone has not been shown to affect the 

cell cycle (Chan et al., 2002).  A second form of end joining is independent of 

DNA Ligase IV, and is referred to as non-classical NHEJ, micro-homology 

mediated end joining (MMEJ) or alternative-NHEJ; in these forms of repair, a 

small region of homology (4-6 nucleotides) is created and used for repair 

(Lieber, 2008).  The MRN complex has been implicated in steps of both 

classical- and alternative-NHEJ (Deng et al., 2009; Dinkelmann et al., 2009; 

Rass et al., 2009; Xie et al., 2009). 

The most important factor regulating the choice of repair by HR and 

NHEJ seems to be cell cycle regulation (Branzei and Foiani, 2008).  Although 

the MRN complex is recruited to sites of DSBs at all stages of the cell cycle, 

repair by NHEJ is preferred in G1.  As described above, CtIP functions in 

resection during S and G2 phases (Chen et al., 2008; Huertas et al., 2008; 
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Nakamura et al., 2010; Williams et al., 2009b; You et al., 2009; Yun and Hiom, 

2009).  Since Ku has a low affinity for ssDNA (Dynan and Yoo, 1998), CtIP 

involvement in resection could also promote HR by decreasing the availability 

of dsDNA ends for Ku binding.  Supporting a role for CtIP in repair pathway 

choice, studies have shown that the removal of CtIP not only decreases repair 

frequency by HR but also increases repair by MMEJ (Nakamura et al., 2010; 

Yun and Hiom, 2009).  Determining how cell cycle regulation affects different 

types of repair is important for understanding how deviations in these 

pathways can lead to mutations and affect genome stability. 

Viruses and DNA damage 

 The DDR is an ordered pathway that quickly responds to cellular DNA 

breaks, beginning with the localization of the MRN complex to sites of damage 

(Lukas et al., 2003; Mirzoeva and Petrini, 2001; Paull et al., 2000).  The MRN 

complex not only recognizes cellular DNA damage, but can also recognize the 

presence of exogenous DNA that is presented to cells in the form of virus 

infection (Lilley et al., 2007).  Viruses are obligate intracellular parasites that 

take advantage of various host pathways to replicate their own genetic 

material.  DNA viruses that replicate in the host cell nucleus are exposing their 

viral DNA genome to the damage repair machinery.  Recognition of viral 

genomes by DDR proteins is demonstrated by the localization of DDR proteins 

at sites of viral replication by immunofluorescence analysis. DDR proteins 

reported to be at sites of viral replication in wildtype and mutant viruses 
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include the MRN complex, NHEJ machinery and ATM and ATR kinases 

(Carson et al., 2009; Kudoh et al., 2005, Lilley et al., 2007; Kudoh et al., 2009; 

Luo et al., 2007; Stracker et al., 2002; Taylor and Knipe, 2004; Wilkinson and 

Weller, 2004; Zhao et al., 2008).  While DNA viruses are the most widely 

studied viruses that affect the DDR, RNA viruses with DNA intermediates such 

as retroviruses also influence/abrogate DNA repair machinery (Skalka and 

Katz, 2005).  Viruses respond to the DDR in multiple ways: they can hijack the 

DDR to benefit their lifecycle or inactivate the DDR to prevent inhibition of their 

lifecycle.  However, it is emerging that most DNA viruses inactivate specific 

parts of DDR pathways, but allow recruitment of other pathways that are 

beneficial or inconsequential to the virus lifecycle (Lilley et al., 2007).  In the 

case of Adenovirus the activation of the DDR is detrimental to the virus, and 

the virus has evolved mechanisms to inhibit the earliest steps of the response 

(Blackford et al., 2010; Carson et al., 2009; Carson et al., 2003; Evans and 

Hearing, 2003; Evans and Hearing, 2005; Mathew and Bridge, 2007; Mathew 

and Bridge, 2008; Stracker et al., 2002). 

Adenovirus introduction 

 Adenoviruses infect a wide variety of vertebrates and include 5 clades 

organized by sequence homology and the host organism from which the virus 

was originally isolated (Berk, 2007).  There are over 50 serotypes of human 

adenovirus that cause mild disease phenotypes including conjunctivitis, 

gastrointestinitis and respiratory infections. However, in immunocompromised 
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patients adenovirus infection can be fatal, causing pneumonia and 

encephalitis (Berk, 2007).  The human adenoviruses are divided into various 

subgroups (A-F) based on sequence homology, hemagglutination ability and 

oncogenicity, with Group C adenoviruses being the best-studied (Berk, 2007).  

During infection, adenovirus expresses viral proteins that hijack cellular 

processes to create a cellular environment that is beneficial to the lifecycle of 

the virus.  Studying the alteration of the cellular host pathways by adenovirus 

has provided insights into basic cellular processes including splicing 

(Bachenheimer and Darnell, 1975; Berget et al., 1977; Berk and Sharp, 1978; 

Chow and Broker, 1978), oncogenic transformation (Graham et al., 1974), and 

DNA damage response (Carson et al., 2003; Stracker et al., 2002).  Therefore, 

beyond basic virus biology, adenovirus can also be used as a model system to 

study cellular pathways. 

 The adenovirus genome is linear dsDNA with inverted terminal repeats 

(ITRs) at either end of the genome with the 5’ terminal nucleotide covalently 

bound to a virally encoded terminal protein (TP) (Rekosh et al., 1977).  The TP 

is bound to the genome by a phosphodiester linkage from a serine residue in 

the TP to the terminal deoxycytidine residue of the viral DNA (Desiderio and 

Kelly, 1981).  The pre-Terminal Protein (pTP) is the precursor to the TP; pTP 

is used to prime replication but is cleaved by the viral protease creating the 

mature TP during packaging (Weber, 1995). Replication of adenovirus is  
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Figure 1-3. Adenovirus replication.  The adenovirus input genome is 
represented by the presence of the mature TP represented in blue. The pTP 
required for initiation of replication is represented in red.  Type 1 replication 
begins with pTP and AdPol melting the ends of the duplex, and then 
displacing the 5’ strand to synthesize the new strand along the 3’ stand.  
Intermediates of type 1 replication are shown in the second row.  Replication 
forks can potentially occur from both sides of the input genome, resulting in 
dual replication forks converging towards the center of the genome.  Type 1 
products include a duplex consisting of the template strand and the newly 
synthesized DNA, and a displaced ssDNA strand.  Type 2 replication occurs 
when the ITRs of the displaced strand anneal together, creating a ssDNA loop 
with dsDNA ends.  The pTP-AdPol complex can then recognize this 
“panhandle” structure and addition of dCMP can lead to the melting of the 
annealed ITRs and replication can occur along the 3’ strand. Adapted from 
(Berk, 2007; Lechner and Kelly, 1977) 
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carried out by the adenovirus encoded DNA polymerase (AdPol), which uses 

pTP for initiation of replication in a protein primed mechanism (Fig. 1-3). 

Adenovirus replication occurs in the nucleus and also requires the virus-

encoded DNA binding protein (DBP). Immunofluorescence staining against 

DBP serves as a marker for sites of viral replication and reveals replication 

centers as discrete compartments in the nucleus (Fig. 1-4B)(Pombo et al., 

1994). Adenovirus replication occurs by 2 mechanisms: Type 1 replication and 

Type 2 replication (Fig. 1-3)(Lechner and Kelly, 1977).  The same 

mechanisms of initiation are used for both types of replication, as the 

interaction between the pTP and AdPol is required for the complex to target 

the replication origin (Chen et al., 1990).  To initiate replication, the pTP-AdPol 

melts the end of the DNA duplex to access the first nucleotide of the 3’ strand 

(de Jong et al., 2003).  The pTP is then covalently bound to the first nucleotide 

of the adenovirus genome, priming DNA synthesis by AdPol.  In Type 1 

replication, synthesis occurs along the 3’ strand while simultaneously 

displacing the 5’ strand.  Intermediates of Type 1 replication include dsDNA 

with 5’ flaps of ssDNA (Fig. 1-3)(Lechner and Kelly, 1977).  It is also possible 

that replication simultaneously starts on both ends of the viral genome leading 

to dual replication forks converging towards each other (Fig. 1-3).  In Type 2 

replication, the ITRs from the displaced strand anneal together forming a 

ssDNA loop with dsDNA at the ends (Lechner and Kelly, 1977).  The annealed 

dsDNA ITRs are then recognized by the pTP-AdPol complex and can be 
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replicated without the need for strand displacement.  The wide variety of 

adenovirus replication intermediates subject the host machinery to secondary 

DNA structures resembling meiotic recombination intermediates, 3’ tailed 

duplexes, bubble structures and DNA displacement loops (Fig. 1-3)(Chu and 

Hickson, 2009).  The recognition of these intermediates by the host cell, and 

how the virus prevents or alters the recognition of its genome, could provide 

new insight into the functions of the cellular proteins in the context of 

replication and DNA damage. 

 Adenovirus has 5 early transcription regions that each encode multiple 

proteins that function to create an environment for optimal replication of the 

virus: E1a, E1b, E2, E3, and E4.  Adenovirus also has 3 delayed early 

transcription regions (IX, IVa2 and E2 late) and one late region that encodes 

structural proteins required for virus capsid formation (Berk, 2007).  The 

function of E1a is to activate viral promoters and to prime the cell for 

adenovirus replication by pushing the cell into S-phase (Berk, 2005). The E2 

region encodes proteins that are required for viral replication including AdPol, 

pTP, and the viral ssDNA binding protein DBP.  The E3 proteins encode 

genes required for immune evasion (as reviewed by Burgert and Blusch, 

2000).  The E1b region functions in preventing apoptosis by inactivating p53, 

and specifically E1b55K promotes infection through interactions with the 

E4orf6 protein from the E4 region (Berk, 2005).  Finally, the E4 region 
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encodes proteins that overcome host pathways that can act as intrinsic 

barriers to the viral lifecycle.  

During infection with wildtype Adenovirus serotype 5 (Ad5), the proteins 

encoded in the E4 region abrogate cellular proteins by two known 

mechanisms.  The E4orf3 protein mislocalizes proteins into nuclear track-like 

structures and cytoplasmic aggresomes (Araujo et al., 2005; Evans and 

Hearing, 2003; Stracker et al., 2002) and the E1b55K and E4orf6 proteins 

form a ubiquitin ligase complex with cellular proteins Cullin-5, Elongins B and 

C and Rbx1 to degrade cellular proteins in a proteasome dependent manner 

(Boivin et al., 1999; Harada et al., 2002; Querido et al., 2001a).  Proteins 

reported to be mislocalized by E4orf3 include the MRN complex, proteins 

associated with PML bodies and Tif1α (Carvalho et al., 1995; Doucas et al., 

1996; Evans and Hearing, 2003; Stracker et al., 2002; Yondola and Hearing, 

2007). The E1b55K/E4orf6 ubiquitin ligase complex targets the MRN complex, 

as well as Integrin α3, p53, and DNA Ligase IV for degradation (Baker et al., 

2007; Carson et al., 2003; Cathomen and Weitzman, 2000; Dallaire et al., 

2009; Querido et al., 2001a; Schwartz et al., 2008; Stracker et al., 2005; 

Wienzek et al., 2000).  The E1b55K/E4orf6 complex and E4orf3 promote 

productive virus infection by targeting cellular proteins, and while new targets 

are still being identified, their mutual targeting of the MRN complex suggests 

that MRN functions as an intrinsic barrier to adenovirus infection. 
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Figure 1-4. MRN is inhibitory to adenovirus infection. (A) During infection 
with an E4-deleted virus (dl1004), the MRN complex abrogates infection by 
inhibiting viral replication, activating the ATM and ATR damage signaling 
pathways, promoting concatemerization of the genome, and inhibiting 
synthesis of structural proteins from the major late promoter. (B) Localization 
of MRN complex during infection.  U2OS cells were uninfected (Mock) or 
infected with Ad5 or dl1004. Cells were fixed and immunofluorescence 
staining was performed for DBP (viral replication centers) and Nbs1.  In the 
mock cells Nbs1 is diffusely nuclear.  Cells are shown during progressive 
infection from early (left) to late (right).  Early during Ad5 infection the free pool 
of Nbs1 is seen located in small foci that represent PML bodies (left panel), 
after expression of E4orf3, Nbs1 is detected in E4orf3 tracks (middle panel), 
late during infection the majority of Nbs1 is degraded (right panel).  During 
dl1004 infection, Nbs1 localizes to PML bodies (left panel), and then localizes 
at viral centers (middle and right panels).  DAPI staining represents the 
nucleus (Blue). 
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Adenovirus activation of the DNA damage response and DNA repair 

 During infection with an adenovirus that is deleted for the E4-region 

(dl1004), virus infection is severely debilitated (Bridge and Ketner, 1989; 

Halbert et al., 1985; Weiden and Ginsberg, 1994).  The defects include a 

decrease in viral DNA replication, virus production, and synthesis of the 

structural late proteins that form the virus capsid (Bridge and Ketner, 1989; 

Halbert et al., 1985).  During dl1004 infection, the viral genomes are also 

ligated into end-to-end concatemers that are too large to be packaged into 

virus capsids (Weiden and Ginsberg, 1994).  The NHEJ proteins DNA-PKcs 

and DNA Ligase IV are both required for concatemer formation to ligate the 

genome ends (Boyer et al., 1999; Stracker et al., 2002).  The MRN complex is  

required to promote concatemer formation, inhibit viral replication and 

suppress late protein synthesis (Fig. 1-4A)(Mathew and Bridge, 2008; 

Stracker et al., 2002, Lakdawala, 2008).  During infection with Ad5, the MRN 

complex is mislocalized and then degraded by the E4 proteins (Fig. 1-

4B)(Stracker et al., 2002).  However, during dl1004 infection, the MRN 

complex localizes to sites of viral replication (Fig. 1-4B)(Stracker et al., 2002).  

The localization of the MRN complex at sites of dl1004 replication centers 

correlates with robust activation of the ATM and ATR signaling pathways (Fig. 

1-4A).  During infection with wildtype Ad5, E1b55K/E4orf6 prevents the 

activation of these kinases via degradation of the MRN complex (Carson et al., 

2003).  As described previously, the MRN complex plays separable roles in 
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damage repair and activation of the DDR, and studies are determining how the 

two functions of the MRN complex influence its inhibition of various stages of 

the viral lifecycle. 

Inhibition of the MRN complex is required for adenovirus to replicate 

efficiently, promote synthesis of late proteins and to prevent the ligation of its 

genome into concatemers (Halbert et al., 1985; Mathew and Bridge, 2008; 

Stracker et al., 2002, Lakdawala, 2008, Bridge, 1989; Weiden and Ginsberg, 

1994).  The domains of the MRN complex that are required for each of these 

functions are starting to elucidate a mechanism for MRN mediated inhibition of 

adenovirus.  The C-terminus of Nbs1 is required to inhibit viral replication 

during dl1004 infection (Lakdawala et al., 2008).  However, the requirement of 

the C-terminus of Nbs1 is unrelated to its activation of ATM signaling 

pathways (Falck et al., 2005; You et al., 2005), as inhibition of ATM and ATR 

signaling kinases did not inhibit viral replication although it did inhibit 

concatemer formation (Lakdawala et al., 2008).  It has also been 

demonstrated that the ability of MRN to inhibit replication and late protein 

synthesis is not a direct consequence of concatemer formation (Evans and 

Hearing, 2003; Lakdawala et al., 2008).  Mre11 nuclease activity is required 

for concatemer formation (Stracker et al., 2002); however, biochemical 

characterization of Mre11 nuclease activities (Paull and Gellert, 1998a; Paull 

and Gellert, 1999b; Trujillo et al., 1998), do not suggest that Mre11 can 

function alone in TP removal.  Therefore, removal of the TP and inhibition of 
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replication may require the processing function of the MRN complex in concert 

with another processing protein such as CtIP.   However, promotion of 

concatemer formation may require both the DNA processing and the DDR 

functions of MRN.  Determining how MRN inhibits adenovirus will provide 

insight into the separate functions of the complex members and potentially 

expand the known roles for MRN in damage responses and end processing. 

 The work presented in this thesis focuses on recognition of the viral 

genome by cellular repair proteins, and the consequences of this recognition 

for both the virus and the cell.  The aim of the second chapter is to continue 

previous studies on MRN-mediated activation of damage signaling pathways. 

Specifically, it elucidates how E4orf3 inhibits ATR damage signaling but not 

ATM signaling during viral infection.  The results in chapter 2 implicate a 

requirement for MRN activation of ATR kinase activity in a step downstream of 

recruitment of ATR/ATRIP/RPA/TopBP1 to sites of viral replication.  The third 

and fourth chapters focus on the roles of DSB processing proteins CtIP and 

BLM during adenovirus infection.  CtIP and BLM were found to inhibit 

adenovirus infection or be degraded during adenovirus infection, respectively, 

and our studies may have implications for these proteins in basic cellular 

processes beyond the context of adenovirus infection.  The role of CtIP in 

inhibition of adenoviral replication, suggests that it plays a role in TP removal, 

which could correlate with a role for CtIP in Spo11 removal during meiosis.  

The degradation of BLM during adenovirus infection suggests BLM also plays 
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an inhibitory function and future studies to determine how BLM is affecting Ad 

may provide insight into the function of BLM in cells. 
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Chapter 2. Mislocalization of the MRN complex prevents ATR signaling 

during Adenovirus infection 

 

Background 

Work from our lab has demonstrated that the cellular DNA repair 

machinery presents an obstacle to productive adenovirus infection (Stracker et 

al., 2002). Infection with di1004 results in formation of virus genome 

concatemers by a cellular DNA repair pathway (Boyer et al., 1999; Stracker et 

al., 2002). The MRN complex is required for concatemer formation and more 

specifically Mre11 nuclease activity is also required for concatemer formation 

(Stracker et al., 2002). Ad5 has evolved two ways to prevent concatemers by 

targeting the MRN complex (Stracker et al., 2002). The viral E1b55K and 

E4orf6 proteins induce proteasome-mediated degradation of MRN proteins 

(Carson et al., 2003; Stracker et al., 2002), while expression of the Ad5 E4orf3 

protein mislocalizes MRN proteins into intranuclear track-like structures and 

cytoplasmic aggregates (Araujo et al., 2005; Evans and Hearing, 2005; 

Stracker et al., 2002; Stracker et al., 2005).  

Coincident with concatemer formation, infection with di1004 also elicits 

a cellular DNA damage response (Carson et al., 2003; Stracker et al., 2002). 

The ATM and ATR kinase signaling pathways are activated, as detected by 

auto-phosphorylation of ATM and phosphorylation of many known ATM and 

ATR substrates (Fig. 1-1) (Carson et al., 2003). The response is also 
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characterized by recruitment of the MRN complex and other DNA damage 

response proteins to viral replication centers (Fig. 1-4). In contrast, this cellular 

DNA damage response is not observed during infection with wild-type Ad5 that 

expresses E4 proteins (Carson et al., 2003).  Our previous work demonstrated 

that the degradation of the MRN complex by E1b55K/E4orf6 prevented both 

an ATM and ATR DNA damage response (Carson et al., 2003).  However, we 

had not previously examined the effect of E4orf3 expression independently of 

E1b55K/E4orf6 on the ATM and ATR damage responses. 

Adenovirus infection provides a novel system in which to analyze the 

mechanism and consequences of ATR signaling. In this chapter we examine 

the effect of E4orf3-mediated MRN redistribution on ATM and ATR signaling. 

We show that activation of ATR signaling during viral infection is dependent on 

the MRN complex and is independent of ATM. The MRN complex is not 

required for accumulation of RPA, ATRIP, ATR and TopBP1 at viral replication 

centers. We examine MRN dynamics in living cells and demonstrate that 

E4orf3-induced immobilization prevents MRN from responding to the virus and 

other types of DNA. The results presented in this chapter demonstrate a novel 

role for MRN in activation of ATR signaling, independent of ATM and 

downstream of recruitment of RPA/ATR/ATRIP/TopBP1. 
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Results 

The MRN complex is required for robust ATR signaling 

 We previously demonstrated phosphorylation of ATM and ATR kinase 

substrates in response to dl1004 infection (Carson et al., 2003). Some sites 

were modified by either ATM or ATR (e.g. Chk2-T68 and Nbs1-S343), 

whereas others were ATR specific (e.g. Chk1-S345 and RPA32). We 

demonstrated that MRN is required for ATM activation (Carson et al., 2003), 

but the requirement for MRN in ATR signaling during virus infection has not 

been clarified. To investigate the role of MRN specifically in ATR-dependent 

signaling responses to virus, we examined phosphorylation events during 

infections of cells with hypomorphic mutations in Mre11 and Nbs1. Infections 

were performed in mutant and complemented versions of the A-TLD1 cell line, 

that expresses mutant Mre11 (Carson et al., 2003), and the NBS-ILB1 cell line 

that harbors an Nbs1 mutation (Cerosaletti et al., 2000). Lysates from cells 

infected with dl1004 were analyzed by immunoblotting with a phospho-specific 

antibody to Chk1-S345, and with an antibody to RPA32 (Fig. 2-1). 

Phosphorylation of Chk1 and RPA32 was detected in cell lines complemented 

with wild-type cDNAs. In contrast, infection with di1004 in the A-TLD1 (Fig. 2-

1A) and NBS (Fig. 2-1B) mutant lines produced significantly reduced 

signaling. Wild-type Ad infection did not generate these phosphorylation 

events due to degradation of MRN proteins. These data demonstrate that the 

MRN complex is required for robust ATR signaling in response to Ad infection. 
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Figure 2-1. The Mre11 and Nbs1 proteins are required for robust ATR 
signaling in response to mutant Ad infection. (A) Infections were 
performed in a transformed cell line deficient for Mre11 (A-TLD1) that was 
transduced with an empty retrovirus vector (vector) or in a vector expressing 
the wild-type Mre11 cDNA (Mre11).  Cells were uninfected (mock) or infected 
with Ad5 or dl1004.  Immunoblotting of lysates prepared at 30 hpi were 
assayed for western by using antibodies for total protein or phospho-specific 
sites as indicated in the figure.  Ku86 served as a loading control.  (B) 
Infections were performed in the transformed NBS cell lines (NBS-ILB1) 
transduced with an empty retrovirus vector (vector) or a vector expressing the 
wild-type Nbs1 cDNA. 
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The presence of Ad5-E4orf3 reduces ATR signaling but not ATM  

Since the Ad5 E4orf3 protein affects MRN complex localization, we 

investigated whether E4orf3 alters ATM and ATR signaling during infection. 

Because the viral E1b55K and E4orf6 proteins downregulate damage 

signaling via degradation of the MRN complex (Carson et al., 2003), we tested 

a mutant that is deleted of E4orf6 and E1b55K but retains E4orf3 (dl1017), 

and compared it to wild-type Ad5 and dl1004 (Fig. 2-2A). The dl1004 virus 

induced phosphorylation of ATR substrates Chk1 and RPA32, as detected by 

a shift in the mobility of RPA32 and by recognition with phospho-specific 

antibodies (Chk1-S345 and RPA32-S4,8)(Fig. 2-2B). These phosphorylation 

events were greatly reduced during infection with dl1017 that expresses 

E4orf3, indicating that ATR signaling is reduced in the presence of Ad5-

E4orf3.  We also examined the effect of E4orf3 on ATM signaling. In contrast 

to ATR, ATM signaling was intact during infection with dl1017, as evidenced 

by ATM auto-phosphorylation on S1981 (Fig. 2-2B). Together these data 

suggest that MRN mislocalization by E4orf3 is not sufficient to prevent ATM 

activation, indicating that ATM and ATR signaling pathways can be 

independently regulated during Ad infection. 

To determine the interdependence of ATR and ATM, we examined 

signaling in cells with kinase mutations. Cells derived from a Seckel syndrome 

patient with mutation in ATR (O'Driscoll et al., 2003) and from an A-T patient 

with mutation in ATM were infected with viruses that express E4orf3 (Ad5 or  
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Figure 2-2. Phosphorylation of ATR substrates is reduced in the 
presence of Ad5-E4orf3, and is independent of ATM. (A) Genotypes of 
mutant viruses used for infection. (B) HeLa cells were Mock infected or 
infected with indicated viruses.  Cells were harvested at 6, 12, 18 and 24 hpi 
and prepared for analysis by immunoblotting using the indicated antibodies to 
assay total protein or phosphorylation of phospho-specific residues.  (C) 
Immunoblots of infections in control cells (48BR) or Seckel cells with mutants 
ATR (GM18366).  (D) Immunoblots of infections in A-T cells with mutant ATM 
(AT221JE-T) or a complemented line (A-T + ATM).  DBP was a marker of 
virus infection and Ku86 served as a loading control. 
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dl1017) and those that lack E4orf3 (dl1004 or dl1016). Phosphorylation of 

Chk1-S345 and RPA32-S4,8 was abolished in the Seckel cells (Fig. 2-2B). 

ATM activation and signaling were intact in Seckel cells, as detected by auto-

phosphorylation on S1981 (Fig. 2-2C). Infections of A-T cells or a matched 

complemented line with the double mutant virus dl1016 (∆E1b55K/∆E4orf3) 

induced ATR signaling (Fig. 2-2D). However, signaling to Chk1 and RPA32 

was abrogated in the presence of E4orf3 (dl1017). These results demonstrate 

that ATR activation in response to Ad infection, and its inhibition by E4orf3, are 

independent of ATM.  

Accumulation of ATR at viral replication centers is independent of MRN 

 Viral replication centers can be detected by staining with antibodies to 

the viral DNA binding protein (DBP) that coats ssDNA accumulated at viral 

replication sites (Pombo et al., 1994). The cellular RPA32 protein also 

accumulates at these sites (Stracker et al., 2005) with both wild-type and 

mutant viruses (Fig. 2-3A). The E4orf3 protein is excluded from viral 

replication centers and appears in intranuclear tracks and cytoplasmic 

aggregates (Araujo et al., 2005; Evans and Hearing, 2005), with both wild-type 

Ad5 or the dl1017 mutant (Fig. 2-3A). The Ad5-E4orf3 protein is sufficient to 

redistribute the MRN complex, as detected by staining for Nbs1 (Fig. 2-3A). In 

contrast, infection with dl1004 leads to accumulation of MRN at viral centers. 

We therefore investigated whether MRN mislocalization by E4orf3 correlates 

with inhibition of ATR signaling (Fig. 2-3B). Phosphorylation of RPA32 at viral 



34 
 

Figure 2-3.  Signaling by ATR at viral replication centers. (A) E4orf3 
sequesters Nbs1 into tracks away from viral replication centers.  HeLa cells 
were mock infected or infected with indicated viruses.  Cells were fixed 16 hpi 
and immunofluorescence was performed.  Staining shows that Nbs1 but not 
RPA32 is excluded from viral replication centers in the presence of E4orf3.  
(B) Colocalization of the MRN complex with RPA 32 at replication centers 
correlates with RPA32 phosphorylation.  Immunofluorescence with a phospho-
specfic antibody to RPA32-S4,8 shows colocalization with viral replication 
centers stained with an antibody to DBP only in the absence of E4orf3.  (C) 
Accumulation of RPA32, ATR and ATRIP at viral centers is independent of E4.  
(D) TopBP1 accumulated at viral centers independently of E4.  (E) Activation 
is observed for ATM, but not ATR, in Seckel cells.  
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centers, as detected by staining with the RPA32-S4,8 antibody, was only 

observed when the MRN complex was associated with viral replication 

centers.  When the virus expressed E4orf3, RPA32 phosphorylation was not 

detected. This shows that E4orf3 mislocalization of the MRN complex prevents 

its accumulation at viral replication centers, and that this correlates with the 

absence of ATR signaling to RPA32. 

We also investigated whether E4orf3 affects localization of other 

proteins involved in ATR signaling. We observed that ATR, RPA and ATRIP 

accumulated at viral replication centers with all viruses tested, irrespective of 

E4orf3 expression (Fig. 2-3C). These data suggest that E4orf3 does not 

abrogate ATR signaling by mislocalizing ATR, RPA32 or ATRIP. It also 

demonstrates that the presence of ATR at viral centers is not sufficient to 

initiate or maintain the DNA damage signaling during infection. The TopBP1 

protein is a regulator of ATR that stimulates kinase activity through an 

interaction with ATRIP (Kumagai et al., 2006; Mordes et al., 2008). We 

examined localization of TopBP1 during infection and found it localized in viral 

DBP centers with wild-type and dl1004 (Fig. 2-3D). Immunofluorescence of 

infected Seckel cells confirmed that phosphorylation of RPA32-S4,8 was not 

observed in the absence of functional ATR, although RPA32 and ATRIP 

accumulated at viral centers (Fig. 2-3E).  ATM activation was detectable in 

Seckel cells as revealed by staining for ATM-S1981, and is therefore 

independent of ATR in response to Ad infection (Fig. 2-3E). 
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Mre11 nuclease activity is not required for ATR activation at sites of viral 

replication 

ATR activation occurs though its interaction with ATRIP and is 

mediated by additional interactions with TopBP1 and RPA bound ssDNA 

(Kumagai et al., 2006; Lee et al., 2007; Mordes et al., 2008; Zou, 2007; Zou 

and Elledge, 2003). We hypothesized that the nuclease domain of Mre11 

could create excess ssDNA that would be bound by RPA thus triggering the 

ATR activation induced during viral infection.  To determine if Mre11 nuclease 

activity was required for ATR activation we analyzed the presence of RPA32-

S4,8 at sites of viral replication in A-TLD1 cells, which are hypomorphic for 

Mre11 (Fig. 2-4A). We did not detect phosphorylation of RPA32-S4,8 at viral 

centers in A-TLD1 cells, further demonstrating that MRN association at viral 

centers is required for ATR activation.  However, ATR signaling was detected 

when infections were performed in A-TLD1 cells transduced with retroviruses 

that express either wild-type Mre11 or the nuclease-defective Mre11-3 mutant 

(Fig. 2-4A). This demonstrated that the nuclease defective mutant of Mre11 

was sufficient to complement A-TLD1 cells for activation of ATR, suggesting 

the nuclease activity of Mre11 is not required for Ad induced ATR activation.  

To confirm this result we also used a chemical inhibitor of Mre11 (mirin), which 

has been shown to inhibit Mre11 nuclease activity in X. Laevis extracts  
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Figure 2-4.  Mre11 nuclease activity is not required for ATR signaling 
during dl1004 infection. (A) A-TLD cells were complemented with either wild-
type Mre11 (A-TLD/Mre11) or nuclease defective Mre11 A-TLD/Mre11-3) and 
immunofluorescence was performed to determine presence of phosphorylated 
RPA (RPA-S4,8) and DBP to show viral replication compartments.  DAPI was 
used to stain nuclei. (B) Inhibiting Mre11 nuclease activity with mirin prevents 
concatemers but not ATR signaling during infection with dl1004. Mirin was 
added to infected cells in varying concentrations and cells were also infected 
with varying MOIs.  Samples were harvested and split for analysis by both 
immunoblotting (Top 4 panels) and PFGE analysis (Lower panel). In our 
PFGE analysis cells infected with an MOI of 5 displayed levels of viral DNA 
comparable to that of mirin treated cells infected with an MOI of 25.  
Concatemer formation is inhibited with 10mM mirin however there is still ATR 
signaling demonstrated by western blotting with a phospho-specific antibody to 
Chk1-S345 and an antibody to RPA32 to evaluate the hyperphosphorylation 
shift.  Chk1 and Ku70 were used as loading controls. 
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(Dupré et al., 2008). Our previous work demonstrated that Mre11 nuclease 

activity is required for formation of viral genome concatemers during dl1004 

infection (Stracker et al., 2002).  To determine an effective concentration of 

mirin, we titrated mirin into our infected cells and found that prevention of viral 

genome concatemers occurred at concentrations of 10µM mirin (Fig. 2-4B, 

Lower panel, Lane 4,5).  While mirin addition to cells inhibited concatemer 

formation, it also inhibited overall accumulation of viral DNA (Fig. 2-4B, Lower 

panel, lanes 5-7).  To compensate for the replication defect of the virus, we 

titrated the MOI of dl1004 to an amount that was comparable to the amount of 

DNA in the mirin treated cells.  We found that untreated cells infected with an 

MOI of 5  (Fig. 2-4B Lower panel, Lane 2) had comparable amounts of DNA 

as 10µM mirin treated cells that were infected with an MOI of 25 (Fig. 2-4B, 

Lower panel, Lane 5).  When we evaluated the level of ATR activation in the 

cells with comparable amounts of DNA (Lane 2 and 5), we saw no difference 

in the level of ATR activation (Chk1-S345 and RPA hyper-phosphorylation 

shift) (Fig. 2-4B).  These experiments suggest that although MRN nuclease 

activity is required for concatemer formation, is not required for ATR signaling 

during dl1004 infection.  

Mislocalization of the MRN complex by Ad5-E4orf3 is required for 

disruption of ATR signaling 

Although E4orf3 proteins from all serotypes tested form nuclear tracks, 

rearrange the promyelocytic leukemia protein PML and redistribute 
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components of the PML bodies, only Ad5-E4orf3 mislocalizes the MRN 

complex (Stracker et al., 2005). Sequence analysis for the highly conserved 

E4orf3 proteins revealed residues specific to the subgroup C viruses (Ad1, 

Ad2 and Ad5) that uniquely mislocalize MRN. Based on these alignments, we 

converted isoleucine at position 104 of Ad5 E4orf3 to arginine, which is 

present in all other serotypes (Fig. 2-5A). The Ad5 E4orf3-I104R mutant 

retained the ability to form nuclear tracks and disrupt PML, but was defective 

for redistribution of the MRN complex (Fig. 2-5B). This identified a region of 

E4orf3 involved in targeting the MRN complex and provided a separation-of-

function mutant.  We next wanted to determine if converting the Ad4 arginine 

at 105 to isoleucine would exhibit a gain-of-function phenotype and confer the 

ability to mislocalize the MRN complex.  We constructed an Ad4 E4orf3-R105I 

mutant and transfected this construct into HeLa cells in parallel with the wild-

type Ad4-E4orf3.  We found that while both the wild-type Ad4-E4orf3 and the 

R105I mutant were able to mislocalize PML (and form track structures), the 

R105I mutant did not mislocalize the MRN complex (Fig. 2-5C).  We examined 

other mutants including a double mutant of R105I and R130L, the triple mutant 

RDR113-115DNL and the quadruple mutant RDR113-115DNL/R105I but none 

of these mutants mislocalized MRN (Data not shown).  These experiments 

suggest that while Ad5-I104 is required for mislocalization of MRN, the 

converse mutation of Ad4-R105I is not sufficient to mislocalize the MRN 

complex. 
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Figure 2-5 Identification of a region in Ad5-E4orf3 important for targeting 
the MRN complex. (A) Sequence alignment of E4orf3 proteins. E4orf3 
sequences from different human (subgroup noted in brackets) and simian 
adenoviruses were aligned using the CLUSTAL algorithm. Conserved 
residues are shown boxed, with CLUSTAL color scheme reflecting amino 
acids of similar chemical nature. The I104 residue is highlighted, 
demonstrating that this site differs between subgroup C and all other 
sequenced E4orf3 genes. (B) The Ad5 E4orf3-I104R mutant does not 
redistribute the MRN complex. Plasmids for wild-type and mutant E4orf3 were 
transfected into HeLa cells. Immunofluorescence shows that the E4orf3 
mutant protein still forms tracks and disrupts PML structures, but is unable to 
redistribute members of the MRN complex. Representative images are shown 
and nuclei are located by co-staining cellular DNA with DAPI.  (C) The Ad2-
R105I mutant is not sufficient to allow mislocalization of the MRN complex.  
Plasmids expressing wild-type Ad4 E4orf3 and Ad4 E4orf3-R105I were 
transfected into HeLa cells.  Immunofluorescence shows that the Ad4 E4orf3 
and Ad2-R105I E4orf3 proteins do not mislocalize Mre11 displayed by its 
diffusely nuclear localization, although they retain the ability to form tracks and 
mislocalize PML. 
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We next examined the ability of Ad5-E4orf3, Ad12-E4orf3, and E4orf3-

I104R proteins to prevent ATR signaling during infection with dl1004  (Fig. 2-

6). Cells were transfected with E4orf3 expression vectors, and then infected 

with dl1004. Immunoblotting revealed abrogated ATR signaling in the 

presence of Ad5-E4orf3 (reduced Chk1-S345 and RPA32-S4,8 

phosphorylation and RPA32 mobility shift) although ATM auto-phosphorylation 

was not significantly altered (Fig. 2-6A). In contrast, the Ad12-E4orf3 and 

E4orf3-I104R proteins, that failed to mislocalize the MRN complex, did not 

inhibit ATR signaling (Fig. 2-6A and B).  Cells from the same experiment were 

also examined by immunofluorescence for RPA32-S4,8 phosphorylation, as a 

marker of ATR signaling (Fig. 2-6C). We observed that Ad5-E4orf3, but not 

Ad12-E4orf3 or E4orf3-I104R, prevented RPA phosphorylation at viral 

replication centers. Cotransfection of a plasmid expressing GFP served as a 

marker for transfected cells. Control staining demonstrated that viral DBP 

centers were formed in all cells, and that expression of E4orf3 proteins 

resulted in PML disruption (data not shown). Together these data support the 

hypothesis that mislocalization of the MRN complex by E4orf3 leads to 

abrogation of ATR signaling. 



43 

Figure 2-6. E4orf3 proteins that mislocalize the MRN complex abrogate 
ATR signaling in response to virus infection. HeLa cells were transfected 
with an empty plasmid (vector) or with vectors expressing E4orf3 proteins. 
After 24 h cells were either mock infected, infected with the E1b55K/E4orf6 
mutant (dl1017) (positive control), or infected with dl1004. (A and B) Lysates 
from cells at 24 hpi were immunoblotted with antibodies to Chk1-S345, 
RPA32-S4,8, ATM-1981 and RPA32. (C) Cells were fixed at 18 hpi and 
immunofluorescence was performed with an antibody to RPA32-S4,8. Images 
are shown merged with DAPI staining. A plasmid expressing GFP was co-
transfected with that for E4orf3 at a ratio of 1:10 and GFP staining is shown in 
the lower left insert panel as a positive control for transfection. (D) HeLa cells 
were transfected with vectors as in (B), cells were infected with dl1004 and 
harvested after 48 hpi, cells were prepared for PFGE analysis and DNA was 
visualized with Syber Green staining. 
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Mislocalization of the MRN complex by E4orf3 correlates with E4orf3 

inhibition of Ad genome concatemers 

 Cells infected with dl1004 ligate the viral genome into end-to-end 

concatemers (Weiden and Ginsberg, 1994).  The expression of E4orf3 is 

sufficient to prevent concatemer formation (Stracker et al., 2002).  To confirm 

that E4orf3 prevention of concatemers was due to mislocalization of the MRN 

complex but not related to its mislocalization of PML, we transfected HeLa 

cells with either empty plasmid (vector), or a construct expressing Ad5-E4orf3, 

Ad5-E4orf3 I104R and subsequently infected the cells with dl1004 and 

analyzed the DNA by PFGE (Fig. 2-6D).  In the lane transfected with the wild-

type Ad5 E4orf3, the viral DNA runs as a single band representing linear 

genome monomers.  In contrast, in the samples that expressed either the 

empty vector or the I104R mutant concatemers are formed (Fig. 2-6D).  This 

confirms our previous hypothesis that concatemer formation is prevented by 

E4orf3 due to its ability to mislocalize the MRN complex and not PML. 

The MRN complex is immobilized by Ad5-E4orf3 

We previously reported that Ad5-E4orf3 expression alters MRN 

complex solubility (Araujo et al., 2005). To examine the effect of E4orf3 on 

protein dynamics in live cells we utilized fluorescently-tagged fusion proteins of 

Mre11 and Nbs1. We expressed Mre11-YFP and Nbs1-YFP by cell 

transfection either in the presence of E4orf3 alone or in virus infected cells 

(Fig. 2-7). The fusion proteins were distributed diffusely in the nucleoplasm in
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Figure 2-7. E4orf3 abrogates MRN function by immobilizing the MRN 
complex. (A) HeLa cells were transfected with Nbs1-YFP or Mre11-YFP 
alone or together with Ad5-E4orf3 plasmid vector. After 24 h cells were 
infected with dl1004 or dl1017. Cells were fixed 18 hpi, and 
immunofluorescence was performed with a Rad50 antibody. Images shown 
are merged with DAPI staining. (B, C, and D) FRAP analysis of Nbs1 and 
Mre11 in cells expressing E4orf3 by infection or transfection. The unbleached 
portion of the cell served to normalize the overall fluorescence decay during 
the repeated image collection. Arrows above indicate the time of bleaching. 
(B) Stable U2OS cells expressing Nbs1-2GFP were untreated, transfected 
with E4orf3 or treated with 10gy gamma-irradiation. (C) HeLa cells were 
transfected with Nbs1-YFP and then mock treated or infected with dl1004 and 
dl1017. Cells were analyzed by FRAP at 18 hpi. (D) HeLa cells transfected 
with Mre11-YFP together with either empty vector, or vectors expressing Ad5-
E4orf3 and E4orf3-I104R were analyzed by FRAP. 
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untreated cells (Fig. 2-7A) as previously reported (Lukas et al., 2003). In the 

presence of E4orf3, provided by virus infection or plasmid transfection, the 

fusion proteins localized into track-like structures and accumulated in 

cytoplasmic aggregates (Fig. 2-7A). Both Mre11-YFP and Nbs1-YFP fusion 

proteins colocalized with endogenous Rad50 protein. Similar results were 

obtained using a stable cell line expressing Nbs1-2GFP (Lukas et al., 2003) 

(data not shown). These results demonstrate that the fusion proteins are 

correctly incorporated into E4orf3-induced structures. During infection with 

dl1004, Nbs1-YFP formed foci at viral replication centers (Fig. 2-7A), as 

previously reported for endogenous MRN (Stracker et al., 2002). 

We then examined the dynamics of MRN in E4orf3 tracks using 

Fluorescence Recovery After Photobleaching (FRAP) to determine the rate at 

which a bleached area is repopulated with new fluorescent protein. As 

previously reported, we observed that the Mre11 and Nbs1 proteins are highly 

mobile in the absence of E4orf3 (Fig. 2-7B and D). FRAP analysis of Nbs1 

foci at viral replication centers during infection with dl1004 demonstrated that 

the signal recovered with kinetics slower than that of an undamaged area (Fig. 

2-7C). The increased residence time at virus centers resembles that observed 

for recruitment of the MRN complex at DSBs (Lukas et al., 2003). In contrast, 

the kinetics of fluorescence recovery was much more significantly affected by 

the presence of E4orf3, where the fluorescence signal did not recover after 

photo-bleaching of MRN in tracks induced by E4orf3 during transfection (Fig. 
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2-7B) or infection (Fig. 2-7C). We also compared MRN mobility in the 

presence of wild-type and I104R mutant E4orf3 proteins (Fig. 2-7D). While 

wild-type Ad5-E4orf3 expression led to immobilization of Mre11-YFP, the 

I104R mutant barely affected Mre11 dynamics. This supports our observations 

from fixed images that show I104R does not alter Mre11 localization. 

Together, these data demonstrate that MRN in tracks induced by Ad5-E4orf3 

represent immobilized proteins. 

E4orf3 prevents ATR-dependent signaling in response to non-viral 

damage  

In order to assess the impact of MRN immobilization on the ability of 

cells to respond to DNA damage, we generated spatially restricted DSBs 

through laser micro-irradiation (Lukas et al., 2003). Local DNA damage was 

generated in subnuclear regions by a focused laser beam programmed to 

move once across individual cell nuclei. Previous studies using visualization 

with specific antibodies and fluorescently-tagged proteins have demonstrated 

that DNA damage proteins are redistributed to these DSBs (Lukas et al., 2003; 

Lukas et al., 2004). We examined recruitment of endogenous cellular repair 

proteins to laser-induced DSBs in cells expressing E4orf3. The sites of micro-

irradiation can be visualized by recruitment of the mediator protein Mdc1 

(Lukas et al., 2004), which is unaffected by E4orf3 (Fig. 2-8A). Cells 

expressing Ad5-E4orf3 localized Nbs1-GFP into the characteristic nuclear 

tracks, and displayed minimal accumulation of Nbs1 at micro-irradiation sites  
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Figure 2-8. E4orf3 prevents ATR dependent damage signaling induced 
by non-viral sources. (A) U2OS cells transfected with a plasmid vector 
expressing Ad5-E4orf3 were laser micro-irradiated. Cells were fixed and 
stained for endogenous Nbs1 and Mdc1. Arrows indicate cells with E4orf3-
induced tracks of Nbs1. (B) Stable U2OS cell lines expressing Nbs1-2GFP 
were transfected with a plasmid expressing Ad5-E4orf3, together with prRFP-
C1, which was used as a marker for transfected cells. Cells were laser micro-
irradiated (as indicated by dashed line) and images show the recruitment of 
Nbs1 to sites of damage. (C) HeLa cells were mock infected, or infected with 
E1-deleted recombinant Ads expressing GFP (rAd-GFP) or E4orf3 (rAd-
E4orf3). At 24 hpi the cells were mock treated or treated with 2 mM 
hydroxyurea (HU) for 2 h, and cells were harvested for immunoblotting. 
Cellular proteins were detected with antibodies to RPA32 and specific 
phosphorylated sites at RPA-S4,8 and Nbs1-S343. Ku86 served as a loading 
control.  



51 



52 

compared to neighboring untransfected cells. This result shows that Nbs1 

immobilization in E4orf3-induced tracks prevents its accumulation at DSBs. 

To examine the effect of E4orf3 expression on kinetics of the DNA 

damage response, we combined laser micro-irradiation with live cell imaging 

(Fig. 2-8B). The Nbs1-2GFP cell line was cotransfected with the Ad5-E4orf3 

expression vector and a plasmid expressing RFP to serve as a transfection 

marker. Generation of subnuclear restricted DSBs resulted in very rapid 

recruitment of Nbs1-2GFP. In contrast, there was barely detectable 

recruitment of Nbs1 in cells expressing Ad5-E4orf3, even at 15 min after 

treatment. These data indicate that the MRN complex immobilized in E4orf3-

induced tracks is unable to respond efficiently to exogenous DNA damage. 

Since MRN has been demonstrated to be required for ATR signaling in 

response to HU treatment (Manthey et al., 2007), we used recombinant Ad 

vectors to express Ad5-E4orf3 or GFP in cells and then exposed them to HU 

(Fig. 2-8C). E4orf3 abrogated signaling as demonstrated by decreased hyper-

phosphorylation of RPA32 and staining with phospho-specific antibodies to 

RPA32-S4,8, Nbs1-S343 and Chk1-S345. Together these data demonstrate 

that immobilization of MRN by E4orf3 prevents the ATR-mediated response to 

replication stress. 
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Discussion 

The MRN complex plays a central role in the cellular DNA damage 

response to Ad infection. We previously demonstrated that during infection 

with E4-deleted Ad, MRN is required for concatemerization of the viral genome 

and activation of ATM signaling (Carson et al., 2003; Stracker et al., 2002). In 

this report we show that MRN also plays a role in ATR signaling in response to 

infection with dl1004. Substrates known to contribute to ATR kinase activation 

include ssDNA coated with RPA, and junctions of single and double-stranded 

DNA (Kumagai et al., 2006; MacDougall et al., 2007; Zou, 2007).  Our data 

show that ssDNA at viral replication centers (Pombo et al., 1994) is sufficient 

for recruitment of ATR and ATRIP but that ATR signaling to Chk1 and RPA32 

is only detected when the MRN complex also accumulated at viral centers. 

Although we have focused on MRN, we cannot exclude additional roles for 

other proteins implicated in ATR activation and checkpoint signaling, such as 

the 9-1-1 complex, the Rad17 complex, and Claspin (Zou, 2007). The cellular 

E1b55K-associated protein E1B-AP5 was recently implicated in ATR signaling 

during Ad infection (Blackford et al., 2008) but this factor localizes to wild-type 

Ad5 centers and therefore does not explain the induction of ATR signaling in 

the absence of E4.  

MRN has recently been implicated in facilitating ATR activation and 

signaling in response to some types of damage. Processing of DSBs in an 

MRN-dependent manner results in formation of ssDNA and ATR activation 
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(Adams et al., 2006; Jazayeri et al., 2006; Myers and Cortez, 2006). MRN is 

involved in ATR-mediated phosphorylation events in response to replication 

stress, although signaling events may also be MRN-independent, depending 

on the substrate and dose of damaging agent (Olson et al., 2007a; Pichierri 

and Rosselli, 2004; Stiff et al., 2005; Zhong et al., 2005). During infection with 

dl1004, it is not clear which DNA structures serve as the trigger for ATR 

signaling, and there may be multiple ways that the MRN complex contributes 

to ATR activation. Although the nuclease activity of Mre11 is required for 

joining adenovirus genomes into concatemers (Stracker et al., 2002), we 

found that it was not required for ATR signaling. In contrast to DSBs caused 

by IR or replication stress, where the nuclease activity of Mre11 is required for 

resection (Buis et al., 2008), we found that Mre11 nuclease activity is not 

required for generation of ssDNA and recruitment of RPA/ATR/ATRIP at viral 

centers. However, signaling may be triggered by further processing of the viral 

genome, for example by removal of the terminal protein from the 5’ end of the 

genome by other nucleases to generate free DNA ends. MRN-dependent 

processing of DSBs has been suggested to generate small oligonucleotides 

that stimulate ATM activity (Jazayeri et al., 2008). It will be interesting to 

determine if these are generated during virus infection and whether they play a 

role in ATR activation. The MRN complex could have a direct role in 

stimulating ATR kinase activity, as has been shown in vitro for ATM (Lee and 

Paull, 2004). The MRN complex may also facilitate phosphorylation of 
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downstream substrates through recruitment or retention of proteins to viral 

centers, as has been proposed for stalled replication forks (Stiff et al., 2005). 

MRN associates with RPA at sites of DNA damage to mediate the intra-S-

phase checkpoint (Olson et al., 2007a; Robison et al., 2004), and also 

interacts with ATR/ATRIP (Olson et al., 2007b). Either of these two 

interactions could contribute to ATR activation by MRN at viral centers. The 

ATM and ATR kinases may be coordinated and interdependent in response to 

some types of damage (Hurley et al., 2007). In response to IR, activation of 

ATR is ATM-dependent (Jazayeri et al., 2006; Myers and Cortez, 2006), 

whereas in response to HU and UV activation of ATM is ATR-dependent (Liu 

et al., 2005; Stiff et al., 2006). In the case of virus infection we have found that 

although both rely upon the MRN complex, ATM and ATR signaling are 

independent of each other. This may reflect the fact that during infection there 

are numerous substrates for kinase activation, including replication 

intermediates and double-strand ends. In addition to the viral genome, 

infection may also induce chromosomal damage to the host genome. Early Ad 

genes alter cell cycle progression, which could lead to collapse of replication 

forks, and also cause genomic instability and chromosomal aberrations 

(Caporossi and Bacchetti, 1990; Lavia et al., 2003). Therefore, although the 

phosphorylated ATR substrates predominantly accumulate at viral replication 

centers, it is possible that chromosomal damage also contributes to induction 

of ATR signaling during infection.  
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There is functional redundancy between the E4orf3 and E4orf6 

products from Ad, and either is sufficient to promote viral replication, prevent 

concatemerization of the viral genome, and enable viral late protein 

production. Both E4 proteins target the MRN complex to prevent concatemer 

formation (Evans and Hearing, 2003; Stracker et al., 2002). Together with 

previous observations of MRN degradation by E1b55K/E4orf6 (Carson et al., 

2003), our data show that both E4 proteins target MRN to prevent damage 

signaling. Inactivation of MRN is also likely to be responsible for the ability of 

E4 proteins to promote viral DNA replication. We and others have found that 

MRN inhibits replication of the dl1004 mutant virus, although the mechanism is 

unclear (Evans and Hearing, 2005; Lakdawala et al., 2008; Mathew and 

Bridge, 2007; Mathew and Bridge, 2008). Replication of cellular DNA is tightly 

regulated to ensure that the genome is replicated only once per cell cycle 

(Arias and Walter, 2007). MRN is recruited to cellular replication origins, and 

can inhibit firing of new origins of DNA replication upon damage (Olson et al., 

2007b) and suppress rereplication (Lee et al., 2007; Wu et al., 2004). Mre11 

has recently been suggested to bind the Ad genome (Mathew and Bridge, 

2008), but it is unclear how this inhibits replication. Checkpoint signaling by 

ATM and ATR is not responsible for the defective replication of dl1004 

(Lakdawala et al., 2008). The virus uses its own protein-priming mechanism 

and polymerase, which could be affected by MRN binding to the origin or its 

participation in removal of the terminal protein from the viral genome. 
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Our work links the E4orf3-induced redistribution of proteins associated 

with PML nuclear bodies to their role in sensing DNA damage (Everett, 2006). 

We show that relocalization of the MRN complex dramatically reduces its 

dynamics, essentially immobilizing the proteins in E4orf3-induced intranuclear 

tracks. Similar observations were made with FRAP analysis of other 

fluorescently tagged components of the PML bodies (unpublished 

observations). Experiments with laser micro-irradiation and live cell imaging 

demonstrated that recruitment of MRN to damage sites was severely 

abrogated in cells expressing Ad5 E4orf3. This correlated with decreased 

recruitment of RPA and ATR, as well as abrogated damage signaling, and was 

not seen with the I104R mutant (data not shown). Together these results show 

that immobilization by E4orf3 prevents the MRN damage sensor from 

responding to new damage sites. This supports the hypothesis that 

sequestering MRN (and other host factors) into E4orf3-induced tracks will 

prevent these proteins from sensing and accumulating at virus centers, and 

will thus thwart host antiviral responses. It has also been suggested that 

sequestration of MRN in cytoplasmic aggresomes by the adenoviral E1b55K 

inactivates the complex and protects the viral genome (Liu et al., 2005). Since 

the E4orf3 and E4orf6 proteins both block damage signaling and also promote 

production of late viral proteins, it will be interesting to determine whether 

these activities are linked.  Understanding how viruses such as Ad manipulate 
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signaling pathways will provide insights into the regulation of DNA damage 

responses in mammalian cells. 

 

Materials and methods 

Cell lines. HeLa and 293 cells were purchased from the American Tissue 

Culture Collection. W162 cells for growth of E2-deleted viruses were from G. 

Ketner, A-T cells (AT221JET and complemented version) were from Y. Shiloh, 

and Seckel cells were from Coriell Institute (GM18366) and A D’Andrea (F02-

98). Immortalized A-TLD1 and NBS (NBS-ILB1) and matched cells 

reconstituted with wild-type Mre11 and NBS1 were described (Carson et al., 

2003; Cerosaletti et al., 2000). The retrovirus expression plasmid for the 

Mre11-3 mutant (HD129/130LV) was generated by site-directed mutagenesis 

and A-LD1 cells were transduced by the retrovirus as previously described 

(Carson et al, 2003). The U2OS derived stable cell line with Nbs1-2GFP has 

been described (Lukas et al., 2003). Cells were maintained as monolayers in 

either Dulbecco modified Eagle’s medium (DMEM) or MEM plus Earle’s salts 

(Seckel cells) supplemented with 10 or 20% fetal bovine serum (FBS), at 37°C 

in a humidified atmosphere containing 5% CO2. 

Plasmids and transfections. Expression vectors for Ad5-E4orf3 and Ad12-

E4orf3 proteins were described (Stracker et al., 2005). Site-directed 

mutagenesis of E4orf3 was performed using QuikChange (Stratagene). Cells 
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were transfected with Lipofectamine 2000 (Invitrogen) according to 

manufacturer’s protocol.  

Viruses and infections. The mutant viruses dl1004 (∆E4), dl1016 

(∆E4orf3/∆E1b55K) and dl1017 (∆E4orf6/∆E1b55K) have been described 

(Bridge and Ketner, 1990), and were obtained from G. Ketner. Wild-type Ad5 

and dl1017 were propagated in 293 cells. The dl1004 and dl1016 viruses were 

propagated on W162 cells (Weinberg and Ketner, 1983). 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 in 

DMEM supplemented with 2% FBS. After 2 h at 37°C additional serum was 

added to a total of 10%.  

Antibodies. Primary antibodies were purchased from Novus Biologicals Inc. 

(Nbs1), Genetex (Mre11-12D7, Rad50-13B3), Cell Signaling (Chk1-S345), 

Rockland (ATM S1981-P), Santa Cruz (ATR, PML, Chk1, Ku86), Upstate 

Biotechnology (ATRIP), BD Bioscience (TopBP1) and Bethyl (RPA32-S4,8). 

The antibody to RPA32 was from T. Melendy, the monoclonal B6 antibody to 

DBP was from A. Levine, polyclonal rabbit antisera to DBP was from P. van 

der Vliet, and the E4orf3 antibody was from T. Dobner. Secondary antibodies 

were from Jackson Laboratories, Eurogentec and Invitrogen Molecular 

Probes. 

Immunoblotting and immunofluorescence. Immunoblotting and 

immunofluorescence were performed as previously described (Carson et al., 
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2003). Novex (Invitrogen) 3-8% gradient gels were used for the resolution of 

ATM. For immunofluorescence, cells grown on glass coverslips were infected 

at an MOI of 25-100 pfu/cell. After 16-24 h the cells were washed, fixed, 

stained and counter-stained with 4’,6-diamidino-2-phenylindol (DAPI). 

Immunoreactivity was visualized using a Nikon microscope in conjunction with 

a CCD camera (Cooke Sensicam) or a Leica confocal microscope.  

FRAP analysis. FRAP analysis was performed in the Nbs1-2GFP U2OS cells 

as previously reported (Lukas et al., 2003). Further details are provided in 

Supplemental Material. Image collection and FRAP data were processed on a 

Leica confocal microscope. 



61 

Acknowledgements 

 I am grateful to Christian Carson for his contributions to this project and 

for making the initial discovery that E4orf3 prevented ATR signaling.  He was 

responsible for Figures 2-1, and parts of Figure 2.  I would like to thank Darwin 

Lee and Felipe Araujo who were responsible for parts of Figure 2-2.  I would 

also like to thank J. Bartek, J. Lukas, and S. Bekker-Jensen for their expertise; 

they are responsible for Figures 2-7A and 2-7B.  I would also like to thank the 

other authors on this paper for their discussions, reagents and contributions. 

 

Some material from this chapter is reprinted in part as it appears in: 

Carson CT*, Orazio NI*, Lee DV*, Suh J, Bekker-Jensen, S, Araujo FD, 

Lakdawala SS, Lilley CE, Bartek J, Lukas J, Weitzman MD. Mislocalization of 

the MRN complex prevents ATR signaling during adenovirus infection. EMBO 

J (2009) vol. 28 (6) pp. 652-62 

The dissertation author was one of the primary researchers and authors 

of this paper. 

Reprinted with permission from Nature Publishing goup, copyright 

2009, Macmillan Pulibshers Ltd. 

 

* Denotes equal contribution to publication 

 

 



62 

Chapter 3. Adenovirus targets the BLM helicase for degradation 

 

Background 

Cellular proteins involved in DNA end processing and repair are 

inhibited by adenovirus in order to prevent the detection of the adenovirus 

genome as DNA breaks that need to be “repaired” (Baker et al., 2007; 

Stracker et al., 2002).  As mentioned in chapter 1, Ad5 expresses proteins in 

the E4 region that counteract these mechanisms by inhibiting the DNA 

damage sensing and repair machinery. The E4 region inhibits repair 

machinery by two mechanisms: mislocalization/immobilization and 

degradation of these proteins (Araujo et al., 2005; Boyer et al., 1999; Carson 

et al., 2009; Stracker et al., 2002). Degradation occurs through the viral 

E1b55K/E4orf6 proteins that interact with cellular proteins Cullin-5, Elongins B 

and C and Rbx1 to form a ubiquitin ligase complex that degrades cellular 

proteins (Boivin et al., 1999; Harada et al., 2002; Querido et al., 2001a). 

During infection, the E1b55K/E4orf6 ubiquitin ligase complex promotes 

accumulation of late viral mRNAs (Bridge and Ketner, 1989), viral replication 

(Bridge et al., 1993; Weinberg and Ketner, 1986) and prevents ligation of the 

viral genome into concatemers (Baker et al., 2007; Stracker et al., 2002; 

Weiden and Ginsberg, 1994). E1b55K provides the substrate specificity, and 

E4orf6 interacts with the cellular machinery and provides the nuclear 

localization signal (NLS) for the complex (Dobbelstein et al., 1997; Goodrum et 
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al., 1996; Konig et al., 1999; Liu et al., 2005; Orlando and Ornelles, 1999).  In 

the absence of E4orf6, E1b55K localizes to the aggresome, a cytoplasmic, 

juxtanuclear aggregate at the microtubule-organizing center (Araujo et al., 

2005; Liu et al., 2005).  Some E1b55K interacting proteins also localize to the 

aggresome, although they are not all targets of E1b55K and E4orf6 mediated 

degradation (Araujo et al., 2005; Fleisig et al., 2007; Liu et al., 2005).  Known 

cellular targets of the E1b55K/E4orf6 ubiquitin ligase complex are p53 

(Cathomen and Weitzman, 2000; Grand et al., 1994; Harada et al., 2002; 

Moore et al., 1996; Querido et al., 2001a; Querido et al., 2001b; Roth et al., 

1998; Steegenga et al., 1998), DNA ligase IV (Baker et al., 2007), integrin α3 

(Dallaire et al., 2009), and the MRN complex (Carson et al., 2003; Stracker et 

al., 2002).  It has recently been shown that the cellular transcriptional regulator 

Daxx is also degraded by E1b55K in a proteasome dependent manner during 

infection, but does not require E4orf6 (Schreiner et al., 2010) 

The MRN complex promotes DSB processing, and recently other 

proteins including the RecQ helicases have also been implicated in end 

processing (Gravel et al., 2008; Nimonkar et al., 2008).  The degradation of 

the MRN complex by E1b55K/E4orf6 led us to question whether other proteins 

implicated in genome processing were also affected during infection.  Cellular 

DNA structures including 3’ tailed duplexes, bubble structures, G 

quadruplexes, DNA displacement loops and double Holliday junctions need to 

be resolved in order for cells to replicate efficiently (Chu and Hickson, 2009).  
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The RecQ helicases are a family of enzymes that play a role in unwinding and 

resolving a variety of DNA structures and are named for their homology to the 

E. coli RecQ helicase (Chu and Hickson, 2009). RecQ helicases are 

composed of three main domains, the Helicase domain, the RecQ carboxy-

terminal domain (RQC), and the Helicase and RNase D C-terminal (HDRC) 

domain. All RecQ helicases must contain the Helicase domain, but not all 

members have the RQC or HDRC domains (Chu and Hickson, 2009).  There 

are 5 members of the human family of RecQ helicases: RecQ1, WRN, BLM, 

RecQ4 and RecQ5.  Hypomorphic mutations in WRN, BLM, and RecQ4 are 

known to cause recessive genetic diseases: Werner syndrome, Bloom 

syndrome and Rothmund-Thomson syndrome, respectively. The RecQ 

diseases display similar phenotypes including genome instability, premature 

aging and predisposition to cancer, although the exact manifestation of these 

phenotypes may vary (Bohr, 2008).   

Most unicellular organisms have only one RecQ helicase, for example 

the budding yeast S. cerevisiae has the Sgs1 helicase (Chu and Hickson, 

2009).  Recently, it has been demonstrated that Sgs1 is involved in processive 

5’-3’ resection of DNA that is required for repair by homologous recombination 

(HR). Sgs1 mediated resection, requires Sgs1 helicase activity and 

collaboration with the nucleases DNA2 and/or Exo1 and is also mediated by 

yeast RPA (Budd and Campbell, 2009; Cejka et al., 2010; Mimitou and 

Symington, 2008; Niu et al., 2010; Zhu et al., 2008b).  The mammalian BLM 
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helicase has the most functional homology with Sgs1 (Johnson et al., 2000; 

Kusano et al., 1999; Neff et al., 1999; Stewart et al., 1997; Watt et al., 1996; 

Wu et al., 2000) and is similarly implicated in processive resection of DSBs 

with Exo1 and DNA2 (Gravel et al., 2008; Nimonkar et al., 2008). BLM is 

located throughout the nucleus, and is also located at ND10 or PML bodies 

and in the nucleolus (Ishov et al., 1999; Neff et al., 1999; Yankiwski et al., 

2000; Zhong et al., 1999).  BLM is reported to be a member of the BRCA1 

Associated genome Surveillance Complex (BASC) of proteins that interact 

with the BRCA1 tumor suppressor protein (Wang et al., 2000).  Consistent 

with its association with the BASC complex, after treatment with chemical and 

physical agents causing genotoxic stress, BLM re-localizes to sites of damage 

(Davalos and Campisi, 2003; Rao et al., 2005; Sengupta et al., 2004). BLM is 

post-translationally modified both by phosphorylation and SUMOylation 

(Ababou et al., 2000; Beamish et al., 2002; Davies et al., 2004; Dutertre et al., 

2000; Eladad et al., 2005; Franchitto and Pichierri, 2002).  SUMOylation of 

BLM is required for its localization to PML bodies and regulates its ability to 

localize to sites of DNA damage (Eladad et al., 2005; Ouyang et al., 2009). 

Phosphorylation of BLM occurs after genotoxic stress and is mediated by the 

ATM and ATR kinases (Ababou et al., 2000; Beamish et al., 2002; Davies et 

al., 2004).  The function of BLM in the DDR and in processing of DNA ends at 

sites of breaks led us to question if BLM would have an effect on adenovirus 

infection. 
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In this chapter we show that the BLM helicase is the only member of 

the human RecQ helicase family that is targeted for proteasome-mediated 

degradation during adenovirus infection.  We demonstrate that the known 

adenovirus ubiquitin ligase complex containing viral proteins E1b55K and 

E4orf6 mediates the degradation of BLM. Our experiments demonstrate that 

BLM localizes to discrete foci around sites of viral replication prior to 

degradation during infection with wild-type virus and also during infection with 

viruses unable to degrade BLM.  These discrete BLM foci are adjacent to sites 

of active viral replication.  However, although BLM is believed to function as a 

DNA end processing protein (Gravel et al., 2008; Nimonkar et al., 2008), 

depleting BLM does not rescue the dl1004 virus phenotypes of defective viral 

replication or concatemerization of the viral genome.  The results presented in 

this chapter demonstrate that BLM is a new degradation target of the 

adenovirus E1b55K/E4orf6 ubiquitin ligase complex, and adds helicases to 

ligases, nucleases, cell surface proteins and transcription factors as a new 

class of protein targeted by adenovirus during infection. 

 

Results 

Levels of BLM are decreased during infection with Ad5 virus. 

RecQ helicases are a family of helicases involved in maintaining 

genome integrity (Bohr, 2008).  Since proteins involved in DNA end 

processing and repair are inactivated by adenovirus infection, we investigated  
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Figure 3-1. The levels of the RecQ helicases over a time course of 
adenovirus infection. Protein lysates were separated by SDS-PAGE and 
transferred to membranes and immunoblotting was performed with the 
indicated antibodies.  Ku86 served as a loading control.  DBP served as an 
infection control. Mre11 served as a control to demonstrate the degradation 
properties of Ad5 versus dl1004. 
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if human RecQ helicases were also inactivated.  We infected HeLa cells with 

wild-type Ad5 or dl1004 virus, which is deleted for the E4-region, and 

harvested the cells at regular intervals 12-30 hours post infection (hpi).  We 

examined the levels of the RecQ proteins by separation on SDS-PAGE gel 

and immunoblotting with antibodies specific to the each of the RecQ Helicases 

(Fig. 3-1). Infection with Ad5 or dl1004 did not alter the protein levels of 

RecQ1, RecQ4 or RecQ5 throughout the time course examined.  Levels of 

WRN were slightly decreased over time in cells infected with Ad5 or dl1004; 

however, the decrease in WRN is not specific to Ad5 infection and is not 

rescued by proteasome inhibitors (Appendix Fig. 6).  Levels of the BLM 

helicase remained stable throughout dl1004 infection; however, during 

infection with wild-type Ad5 the levels of BLM were not detectable by 18 hpi 

(Fig. 3-1). The decrease in BLM mimicked the pattern of Mre11 protein levels 

during infection (Fig. 3-1). Mre11 is a known degradation target of adenovirus 

and localizes to sites of viral replication during infection with dl1004 

(Lakdawala et al., 2008; Stracker et al., 2002). We predicted that BLM, which 

is associated with MRN in the BASC complex (Wang et al., 2000), might 

localize similarly during infection. 

Cellular repair and replication proteins are often localized to viral 

replication centers during adenovirus infection (Carson et al., 2009; Stracker et 

al., 2002).  To analyze further the decrease in BLM protein levels during 

infection, we examined the localization of BLM in cells infected with Ad5 or 
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Figure 3-2. Localization of BLM at sites of viral replication early during 
the infection process.  (A) HeLa cells were pre-extracted fixed and 
immunofluorescence was performed with BLM antibody (green) and DBP 
(red).  DAPI staining indicated the location of the nuclei in all merged images.  
Cells representative of those seen in Mock infected cells, Ad5 infected cells 
(early stage DBP centers in the left panel and late stage DBP centers in the 
right) and dl1004 infected cells are shown. In (B), 100 DBP stained cells were 
counted at each time indicated and cells with BLM staining were scored as 
positive. The percentage of BLM positive cells is represented in green and 
percent without BLM staining are represented in red. 
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dl1004 virus (Fig. 3-2A). Infected cells can be identified by positive 

immunofluorescence staining to the virally encoded ssDNA binding protein 

(DBP) (Pombo et al., 1994).  The cells were pre-extracted prior to fixation to 

remove soluble protein. In mock-infected cells, the localization of BLM was 

similar to that reported in the literature:  BLM localized throughout the nucleus, 

in foci reported to be ND10 or PML bodies and in the nucleolus (Fig. 3-2A) 

(Ishov et al., 1999; Neff et al., 1999; Yankiwski et al., 2000; Zhong et al., 

1999).  In HeLa cells that are at an early stage during Ad5 infection, as 

represented by small DBP centers (Pombo et al., 1994), BLM localized to 2-10 

foci at and around the DBP centers (Fig. 3-2A).  However, BLM staining was 

not detected in Ad5 infected cells with large ring shaped DBP centers 

representative of a later stage of infection (Fig. 3-2A)(Pombo et al., 1994). To 

quantify the decrease in BLM fluorescence, we calculated the percent of cells 

containing BLM foci at DBP centers fixed at regular intervals from 12-30 hpi.  

We counted 100 cells positive for DBP staining at each time point and scored 

cells that also had BLM staining.  We found that at 12 hpi, 100% of cells were 

positive for BLM foci, but by 30 hpi only 8% of cells had BLM foci (Fig. 3-2B). 

In cells infected with dl1004, BLM localized at and around viral replication 

centers and immunofluorescence did not decrease over time (Fig. 3-2A, and 

data not shown).  These experiments demonstrate that during infection, BLM 

localizes to foci at and around viral replication centers and the levels of BLM 

are decreased over time in an E4-dependent manner. 
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Figure 3-3.  E4orf6 and E1b55K are required for proteasome-mediated 
degradation of BLM.  In (A, B, C) lysates were analyzed by SDS-PAGE and 
immunoblotting with the indicated antibodies and either Ku70 or GAPDH 
served as loading controls.  In (A) HeLa cells were infected with an MOI of 10-
25 and cells were harvested at 24 hpi Levels of BLM degradation were 
compared to that of Ad5 infected cells.  In (B) cells were infected with Ad5 
(MOI of 10) or dl1004 (MOI of 25) at 12 hpi proteasome inhibitors were added 
to the cells (+ present, - absent) and cells were harvested at 24 hpi  (C) Cells 
were infected with Ad5 (MOI of 10) and were super-infected with Ψ5, Ψ5-Cul5 
or Ψ5-NTD-Cul5 (MOI 50) and harvested at 24 h after the primary infection.  In 
these infections the Flag antibody demonstrates expression of the Cul5 or 
NTD-Cul5 from the Ψ5 viruses. 
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E1b55K and E4orf6 are required for BLM degradation during infection. 

To determine which viral proteins were required for degradation of BLM 

during infection, we infected HeLa cells with adenovirus deleted singularly or 

in combination for E1b55K, E4orf6 and E4orf3 (Fig. 3-3A). The levels of BLM 

degradation were compared to that during Ad5 infection.  The only viruses 

competent for BLM degradation were wild-type Ad5 and dl1017, which 

contains E4orf3 but is deleted for E1b55K and E4orf6.  The efficiency of 

degradation is slightly reduced in the dl1006 (∆E4orf3) virus, perhaps due to 

the inability of the E4orf3 protein to disturb the PML bodies where a fraction of 

the BLM is sequestered (Ishov et al., 1999; Neff et al., 1999; Yankiwski et al., 

2000; Zhong et al., 1999).  In contrast, all viruses deleted for E1b55K, E4orf6 

or both E1b55K and E4orf6 were completely defective in their ability to 

degrade BLM (Fig. 3-3A).  We observed that the levels of BLM were also 

higher in the virus-infected cells that were unable to degrade BLM when 

compared to uninfected cells. BLM levels are cell cycle regulated, peaking in S 

phase (Dutertre et al., 2000); the higher level of BLM may be due to E1a 

expression which forces infected cells into S-phase thereby increasing levels 

of BLM (Berk, 2005).  This experiment demonstrates that E1b55K and E4orf6 

are both required for the degradation of BLM during infection. 
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BLM undergoes proteasome-mediated degradation by the viral E3 

ubiquitin ligase complex containing Cullin-5. 

The decrease in BLM protein levels during Ad5 infection mirrored that 

of the Mre11 protein, which along with p53, integrin α3 and DNA ligase IV are 

degraded in a proteasome-dependent manner during infection (Baker et al., 

2007; Carson et al., 2003; Cathomen and Weitzman, 2000; Dallaire et al., 

2009; Grand et al., 1994; Harada et al., 2002; Moore et al., 1996; Querido et 

al., 2001a; Querido et al., 2001b; Roth et al., 1998; Steegenga et al., 1998; 

Stracker et al., 2002).  To identify if BLM was degraded in a proteasome-

dependent manner, we infected HeLa cells with Ad5 (MOI of 10) or dl1004 

(MOI of 25) and added the proteasome inhibitors MG132 and epoxomicin at 

12 hpi.  We harvested cells 24 hpi and analyzed the lysates by SDS-PAGE 

and immunoblotting (Fig. 3-3B).  In the mock-infected cells, the presence of 

proteasome inhibitors did not affect the levels of BLM.   In cells infected with 

Ad5, the levels of BLM were decreased as seen previously (Fig. 3-1). 

However, the addition of proteasome inhibitors to the Ad5 infected cells 

increased the levels of BLM to mock/dl1004 levels (Fig. 3-3B).  The increase 

in BLM levels upon addition of proteasome inhibitors demonstrates that BLM is 

degraded in a proteasome-dependent manner during wild-type Ad5 infection. 

The adenovirus E1b55K/E4orf6 ubiquitin ligase complex contains the 

cellular proteins Cullin-5 (Cul5), Rbx1 and elongins B and C (Boivin et al., 

1999; Harada et al., 2002; Querido et al., 2001a).  To determine if 
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E1b55K/E4orf6 were mediating the degradation of BLM using the same 

cellular proteins, we utilized a dominant-negative version of Cul5 (Woo and 

Berk, 2007).  The N-terminal domain (NTD) of Cul5 interacts with Elongins 

B,C/E4orf6/E1b55K and allows for complex formation and substrate binding by 

E1b55K, but cannot interact with Rbx1 and the E2, preventing the 

ubiquitination and degradation of substrates (Woo and Berk, 2007).  HeLa 

cells were infected with Ad5 and super-infected after 12 h with recombinant 

adenovirus expressing an empty vector (Ψ5), or expressing Flag-Cul5 (Ψ5-

Cul5) or Flag-NTD-Cul5 (Ψ5-NTD-Cul5) and harvested 24 h after the initial 

infection (Fig. 3-3C).  We assessed the levels of BLM by SDS-PAGE and 

western blot.  Super-infection with the Ψ5 control virus or the Ψ5-Cul5 virus 

did not prevent degradation of BLM by wild-type Ad5.  However, super-

infection with the Ψ5-NTD-Cul5 prevented the degradation of BLM during Ad5 

infection (Fig. 3-3C).  These results show that during infection BLM undergoes 

proteasome-mediated degradation by the E1b55K/E4orf6 ubiquitin ligase 

complex containing Cul5. 

E1b55K and E4orf6 are sufficient for the degradation of BLM. 

To identify if E1b55K and E4orf6 were sufficient for the degradation of 

BLM in the absence of infection, we analyzed the expression of BLM in 

HEK293A cell lines transiently transfected with E4orf6.  HEK293A cells are 



77 

Figure 3-4.  E1b55K and E4orf6 are sufficient for degradation of BLM.  (A) 
HEK293A cells were fixed (Left panel) or transfected with E4orf6 (Middle 
panel) or E4orf6:mRFP at a 9:1 ratio (Right panel) for 24 h prior to fixation as 
described in materials and methods.  (B) Cells were either Mock transfected, 
or transfected with vectors expressing GFP or E4orf6, proteasome inhibitors 
were added at 8 h (+ present, - absent) and cells were harvested at 20 h after 
transfection.  In (B,C) lysates were analyzed by SDS-PAGE and 
immunoblotting with the indicated antibodies.  In these experiments, Ku70 
served as a loading control and Mre11 served as a degradation control.  (C) 
U2OS cells that stably express GFP or E1b55K were infected with rAd-E4orf6 
(+ infected, - uninfected) with an MOI of 50 for 24 h.   
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transformed with a region of adenovirus expressing E1a and E1b (Graham et 

al., 1977).  In HEK293A cells, E1b55K localizes to the aggresome, a 

juxtanuclear structure at the microtubule-organizing center (MTOC) (Araujo et 

al., 2005; Liu et al., 2005).  Cellular proteins reported to interact with E1b55K 

often localize to the E1b55K aggresome in these cells including the MRN 

complex, p53 and SSBP2 (Araujo et al., 2005; Fleisig et al., 2007; Liu et al., 

2005).  In contrast to these studies, when we fixed HEK293A cells, and 

performed dual immunofluorescence with antibodies to E1b55K and BLM, we 

found that BLM does not localize to the aggresome in HEK293A cells and 

instead remains diffusely nuclear (Fig. 3-4A).  In HEK293A cells, expression 

of E4orf6 leads to E4orf6 binding of E1b55K, which relocalizes E1b55K from 

the aggresome into the nucleus (Dobbelstein et al., 1997; Goodrum et al., 

1996; Konig et al., 1999; Liu et al., 2005; Orlando and Ornelles, 1999). We 

expressed E4orf6 in HEK293A cells by transient transfection and analyzed the 

localization of BLM and E4orf6. We found that cells that exhibited BLM 

staining did not have E4orf6 staining and vice versa by dual 

immunofluorescence with E4orf6 and BLM antibodies (Fig. 3-4A).  We 

confirmed that relocalization of E1b55K to the nucleus was causing BLM 

degradation by co-transfecting 90% E4orf6 with 10% mRFP, and staining for 

E1b55K and BLM.  In these cells, mRFP (E4orf6 transfection marker) is shown 

in the merged image as cyan. BLM was only absent in the cells with positive 

staining for nuclear E1b55K demonstrating that E1b55K/E4orf6 is required for 
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BLM degradation (Fig. 3-4A).  We examined degradation in HEK293A cells by 

immunoblotting and found that transfection of E4orf6, but not an empty vector 

or GFP expressing vector led to degradation of BLM (Fig. 3-4B).  The addition 

of proteasome inhibitors to the E4orf6 transfected cells prevented the 

degradation of BLM (Fig. 3-4B).  Together these results demonstrate that 

expression of E1b55K and E4orf6 is sufficient to induce proteasome-mediated 

degradation of BLM. 

Degradation and localization of BLM during infection is separable from 

that of the MRN complex. 

As members of the BASC super-complex, BLM and the MRN complex 

are reported to interact (Wang et al., 2000).  To investigate if degradation of 

the MRN complex was leading to destabilization of BLM by disrupting the 

BASC complex, we assessed the levels of BLM in the absence of Mre11 and 

Nbs1 (Fig. 3-5A).  To look at BLM degradation in the absence of Mre11, we 

utilized HeLa cells that stably expressed an shRNA against Mre11 (HeLa-

shMre11) and NBS syndrome cells (NBS), which are hypomorphic for Nbs1 

and complemented with a control vector or wildtype Nbs1 (Cerosaletti et al., 

2000; Vo et al., 2005). The levels of BLM were slightly decreased in the cells 

that did not have detectable levels of Mre11 or Nbs1, suggesting that the 

steady state levels of BLM may partially be affected by loss of MRN (Fig. 3-5A 

and B).  To determine if E1b55K/E4orf6 mediated degradation of BLM in the 
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Figure 3-5. Degradation of BLM and MRN by E1b55K/E4orf6 are 
separable.  (A) HeLa cells or HeLa cells that stably express shRNA targeting 
Mre11 (HeLa-shMre11) and (B) NBS hypomorphic cells that were 
complemented with an empty vector or wildtype Nbs1 were either Mock 
infected or infected with Ad5 (MOI 10) dl1004 (MOI 25) for 24 h.  Cells were 
harvested and lysates were analyzed by SDS-PAGE and immunoblotting with 
the indicated antibodies.  In (A, B) GAPDH served as a loading control, and 
Mre11 (A) and Nbs1 (B) demonstrated the efficiency of the shRNA. 
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Figure 3-6. Localization of BLM and MRN to viral centers is independent 
of one another.  In (A) we demonstrate that localization of BLM to DBP 
centers is independent of Mre11. A-TLD cells or A-TLD cells expressing wild-
type Mre11 (described in Materials and Methods) were infected with dl1004 
(MOI 100) for 30 h, cells were pre-extracted, fixed and immunofluorescence 
was performed with antibodies to DBP to mark infection, Mre11 (left 2 panels) 
to demonstrate absence of Mre11. BLM staining for analysis is in the right 2 
panels.  In (B) Bloom Syndrome cells (BS) hypomorphic for BLM or IMR90 
cells that express a wildtype BLM were infected with dl1004 for 48 h, cells 
were pre-extracted, fixed and immunofluorescence was performed as in (A)
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HeLa-shMre11 and NBS cells, we infected these cells with Ad5 or dl1004 virus 

for 24 h and assessed the levels of BLM by SDS-PAGE and immunoblotting 

BLM was still efficiently degraded by Ad5 infection in both the HeLa-shMre11 

cells and the NBS hypomorphic cells (Fig. 3-5A and B). These results 

demonstrate that the degradation of BLM by E1b55K/E4orf6 is not a side 

effect of E1b55K/E4orf6 mediated degradation of the MRN complex. 

 Since the MRN complex is recruited to sites of viral replication during 

infection with dl1004, we also assessed whether the localization of BLM to 

sites of viral replication required the presence of a functional MRN complex 

(Fig. 3-6A). We infected cells hypomorphic for Mre11 (A-TLD) or A-TLD cells 

were transduced by a retrovirus encoding wild-type Mre11 (A-TLD+Mre11) 

(Carson et al., 2003) with dl1004 (Fig. 3-6A).  Cells were pre-extracted and 

fixed 24 hpi and analyzed by immunofluorescence.  In these cells, BLM still 

localized to foci at and around viral replication centers as shown by 

colocalization with DBP (Fig. 3-6A); however, the pattern of BLM foci was 

slightly more within the DBP centers in the presence of Mre11.  BLM is 

reported to be required for localization of the MRN complex to the damage foci 

formed after treatment with hydroxyurea (HU)(Franchitto and Pichierri, 2002). 

To identify if BLM was required for MRN recruitment to viral centers, we 

utilized cells derived from Bloom syndrome patients that are hypomorphic for 

BLM (BS) or IMR90s that express a wildtype BLM. The BS cells and IMR90s 

were infected with dl1004  



85 

 

 
Figure 3-7.  The region of E1b55K required for degradation of MRN or 
p53 is not required for degradation of BLM. U2OS cells that stably express 
GFP, wild-type E1b55K (E1b) or mutated E1b55K (H354 and R240) were 
infected with rAd-E4orf6 (MOI of 50) for 24 h.  Cells were harvested and 
lysates were analyzed similar to (A).  Mre11 served as a control to 
demonstrate the known H354 degradation defect and p53 served as a control 
to demonstrate the known R240 defect. 
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and analyzed by immunofluorescence. In the BS cells Mre11 localization at 

sites of viral centers was similar to that in IMR90s (Fig. 3-6B). Together, these 

results demonstrate that the degradation and localization of BLM seen during 

infection is separable from that of the MRN complex. 

To identify if the region of E1b55K that is required for degradation of the 

MRN complex is also required for degradation of BLM, we utilized U2OS cell 

lines that stably express GFP, E1b55K or separation-of-function mutants of 

E1b55K (Carson et al., 2003; Schwartz et al., 2008). The H354 insertion 

mutant of E1b55K still retains its ability to degrade p53, but is dysfunctional in 

its ability to degrade the MRN complex (Schwartz et al., 2008).  The R240A 

mutant of E1b55K is effective in degrading the MRN complex, but is unable to 

degrade p53 (Schwartz et al., 2008; Shen et al., 2001).  U2OS-E1b, -R240A, -

H354 and –GFP cell lines were infected with a recombinant adenovirus 

expressing E4orf6 (rAd-E4orf6).  Cells were harvested at 24 hpi, and lysates 

were analyzed by SDS-PAGE and immunoblotting (Fig. 3-7).  As reported, the 

H354 insertion mutant was defective in its ability to degrade Mre11 and the 

R240A mutant did not degrade p53 efficiently (Fig. 3-7) (Schwartz et al., 2008; 

Shen et al., 2001). As expected, U2OS-GFP cells did not degrade BLM when 

infected with rAd-E4orf6, while the wild-type E1b55K expressing cells did 

degrade BLM (Fig. 3-7).  Interestingly, both mutant E1b55K cells lines; the 

H354 and R240 degraded BLM when infected with rAd-E4orf6 (Fig. 3-7). 
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These experiments demonstrate that the region of E1b55K required for Mre11 

and p53 degradation is different from the region required to degrade BLM. 

BLM and E1b55K co-immunoprecipitate in the absence of Mre11. 

E1b55K mediates substrate recognition for the E1b55K/E4orf6 ubiquitin 

ligase complex (Carson et al., 2003; Cathomen and Weitzman, 2000; Querido 

et al., 2001a; Querido et al., 2001b; Shen et al., 2001; Wienzek et al., 2000).  

To identify if BLM co-immunoprecipitated (co-IP’d) with E1b55K, we infected 

HeLa cells with recombinant adenovirus expressing GFP (rAd-GFP) or 

E1b55K (rAd-E1b55K) for 24 h.  We made whole cell protein lysates, collected 

immunoprecipitates with the BLM antibody, and analyzed the co-IP by SDS-

PAGE and immunoblotting. We found that E1b55K co-IP’d with BLM (Fig. 3-

8A).  To verify that E1b55K co-IP with BLM was independent of the known 

interaction between E1b55K and the MRN complex, we simultaneously 

preformed the same experiment in HeLa cell lines stably expressing shMre11 

(Vo et al., 2005) and found that E1b55K could co-IP with BLM in the absence 

of Mre11 (Fig. 3-8A).  We verified the co-IP results in HeLa cells transiently 

transfected with a vector expressing a TAP tagged E1b55K, and found that 

BLM co-purified with E1b55K but not a control TAP-RFP (Fig. 3-8B). 

BLM localizes to sites of active viral replication. 

Sites of active adenovirus DNA replication localize to small punctate 

foci around DBP centers and can be detected by incorporating BrdU in a short 

pulse during infection (Pombo et al., 1994).  Prior to degradation, we observed  
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Figure 8.   E1b55K co-immunoprecipitates with BLM.  (A) HeLa cells or 
HeLa-shMre11 cells were infected with rAd-GFP or rAd-E1b55K at an MOI of 
50 for 24 h, cells were harvested and lysed as described in materials and 
methods.  Lysates were subjected to immunoprecipitation with the BLM 
antibody as described in materials and methods and approximately half of the 
total immunoprecipitate was loaded onto the gel and was compared with 5% of 
the input lysate. (B) HeLa cells were transfected with a vector expressing TAP-
RFP (RFP) or TAP-E1b55K (E1B).  TAP constructs were separated by affinity 
purification from the lysates, and approximately half of the purification was 
loaded onto the gel.  Levels of purified complex were compared with 1% of the 
input lysate.  CBP is used to demonstrate expression of the TAP constructs. 
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that BLM localized to small foci at and around DBP centers during Ad5 

infection (Fig. 3-2A). To examine if the BLM foci co-localized with active sites 

of viral replication, we transfected HeLa cells with a construct expressing an 

mRFP tagged DBP and then subsequently infected HeLa cells with Ad5 and 

harvested at 16 or 30 hpi (Fig. 3-9A).  The infected cells were then pulsed with 

BrdU for 30 min, pre-extracted and fixed.  We performed immunofluorescence 

using antibodies to BLM and BrdU.  The BrdU antibody can only access 

incorporated BrdU if it is present in ssDNA, thus staining for BrdU will only 

appear at sites where the virus is actively replicating.  We found that BLM foci 

localized adjacent to the BrdU foci formed at active sites of viral replication 

(Fig. 3-9A).  The localization of BLM near sites of active viral replication 

suggested to us that BLM was perhaps being degraded to prevent recognition 

of the genome or a detrimental effect on viral replication. 

 Infection with dl1004 that is unable to degrade or mislocalize the MRN 

complex exhibits a defect in viral DNA replication compared to that of wild-type 

Ad5 (Bridge et al., 1993; Weinberg and Ketner, 1986).  The dl1004 replication 

defect can be overcome by assessing replication in cells that are deficient for 

the MRN complex members (Lakdawala et al., 2008; Mathew and Bridge, 

2008).  To test whether BLM plays an active role in inhibiting adenovirus DNA 

replication similar to Mre11, we assessed if there was an increase in the 

replication of dl1004 virus in HeLa cells that were deficient for BLM (Fig. 3-

9B).  HeLa cells were retrovirally transformed to stably express shRNA against 
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Figure 9. BLM localizes adjacent to active sites of viral replication but 
does not affect viral replication or concatemer formation.  (A) HeLa cells 
were transfected with DBP-mRFP and were infected with Ad5 (MOI of 10) 8 h 
after transfection, at 16 h (left panel) or 30 h (right panel) post infection, cells 
were pulsed with BrdU for 30 min (as described in Materials and methods) and 
cells were pre-extracted and fixed and immunofluorescence was performed 
with the indicated antibodies. (B, C) HeLa cells or HeLa cells stably expressing 
shRNA to BLM (HeLa-shBLM) were infected with Ad5 (MOI 10) or dl1004 
(MOI 3) in triplicate, cells were harvested at 4 and 30 hpi and 1/3 of the 
harvested samples were pooled for western analysis (B, C).  (B) Quantitative 
PCR was used to quantify the amount of viral genomes and the data was 
analyzed as described in materials and methods.  The fold change in total viral 
genomes over the input genomes was calculated and error bars represent the 
SEM of the triplicate samples. (D) HeLa cells or HeLa-shBLM cells were 
infected with Ad5 (MOI 25) or dl1004 (MOI of 50) for 48 h.  Cells were 
harvested and prepared for analysis by Pulse Field Gel Electrophoresis as 
described in Materials and Methods.  Formation of concatemers in the dl1004 
infected HeLa-shBLM cells was compared to those formed in the HeLa cells. 
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BLM (HeLa-shBLM), and levels of BLM were not detected by western in HeLa-

shBLM cells when compared to HeLa cells (Appendix Fig. 1).  We infected 

HeLa cells or HeLa-shBLM cells with Ad5 or dl1004 and harvested the cells at 

4 hpi to quantify the amount of internalized virus, which represents the “input” 

genomes.  We harvested at 24 hpi to quantify the increase in viral genomes 

over input.  The levels of BLM were not detectable in the shBLM cells at 4 hpi 

compared to the control cells (Fig. 3-9C).  To quantify the change in 

replication, we extracted the DNA from the cells and quantified the amount of 

viral genomes present by using Quantitative PCR using internal primers to 

amplify a region within DBP as described previously (Lakdawala et al., 2008).  

We calculated the fold change over the input amount of DNA for each sample 

(Fig. 3-9B) Similar to our previous results (Lakdawala et al., 2008), we found 

that there was approximately a 10-fold defect in replication of dl1004 virus 

compared to that of Ad5 in HeLa cells.  Similarly, when we calculated the fold 

change of dl1004 virus in the HeLa-shBLM cells, we found that there was still 

a 10-fold defect in dl1004 replication compared to that of wild-type Ad5 (Fig. 3-

9B).  This experiment demonstrates that knocking down BLM by shRNA does 

not by itself rescue the defect in viral DNA replication. 

 Since BLM is implicated in DNA end processing, we investigated if BLM 

contributed to end-processing events that result in viral genome concatemers 

in dl1004-infected cells.  We infected HeLa or HeLa-shBLM cells with Ad5 or 

dl1004, harvested the cells at 48 hpi and analyzed the samples by Pulse Field 
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Gel Electrophoresis (PFGE).  During Ad5 infection, the genome ran as a large 

single band on the gel in both HeLa and HeLa-shBLM cells (Fig. 3-9D).  The 

dl1004 virus genome runs as various species of genome concatemers as seen 

by the ladder of DNA in the dl1004 lanes, as seen previously.  Concatemers of 

dl1004 were also present in the HeLa-shBLM cells (Fig. 3-9D).  These results 

suggest that although BLM is implicated in end processing, it is not essential 

for concatemerization of adenovirus genomes. 

 

Discussion 

During infection, adenovirus targets cellular proteins for degradation.  

These proteins include the transcription factors p53 and Daxx (Cathomen and 

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

Querido et al., 2001a; Querido et al., 2001b; Roth et al., 1998; Steegenga et 

al., 1998), damage repair proteins including DNA Ligase IV and the MRN 

complex (Boyer et al., 1999; Carson et al., 2003; Stracker et al., 2002) and the 

cell surface protein Integrin α3 (Dallaire et al., 2009).  We show here that the 

BLM helicase is also targeted for degradation by the adenovirus ubiquitin 

ligase complex.  There are 5 human RecQ helicases with sequence and 

structural homology; therefore we found it surprising that BLM was the only 

member of the family that was targeted by E1b55K.  Recently, we published 

findings that delved into the complexity of E1b55K protein-protein interactions 

by describing (mainly) two separation-of-function mutants of E1b55K: the 
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R240A point mutant and the H354 insertion mutant, which lost the ability of 

E1b55K to degrade p53 and MRN, respectively (Schwartz et al., 2008; Shen 

et al., 2001). However, both of these mutants still were able to degrade DNA 

Ligase IV (Schwartz et al., 2008). When we assessed the ability of the H354 

and the R240 separation-of-function mutants to degrade BLM, we found that 

BLM was still degraded by these mutants. The ability of the separation-of-

function mutants to degrade BLM demonstrates the complexity of protein-

protein binding regions in E1b55K. Since there seems to be no obvious 

domain homology among E1b55K substrates, determining the binding sites of 

known substrates on E1b55K or a structure of the surface of E1b55K may give 

us insights into how it targets so many proteins.  Recently, it has also been 

shown that E4orf6 from Adenovirus serotype 12 (Ad12) binds and degrades 

TopBP1 in conjunction with a Cullin2 containing complex in the absence of 

E1b55K (Blackford et al. 2010).  Degradation of TopBP1 inhibits ATR 

activation by Ad12, similar to how abrogation of MRN inhibits ATM/ATR 

activation in Ad5 (Blackford et al., 2010; Carson et al., 2009; Carson et al., 

2003).  It will be interesting for future studies to determine if the degradation of 

BLM by Ad5 disturbs a pathway that is similarly abrogated either in the same 

manner or another manner across serotypes.   

 The presence of cellular damage and repair proteins at viral replication 

centers can be detrimental to Ad infection. In the absence of E4 proteins, the 

MRN complex is located throughout viral centers during infection (Stracker et 
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al., 2002).  In contrast, we found that BLM localizes to DBP centers in small 

punctate foci prior to degradation in Ad5 infected cells and throughout 

infection in dl1004 infected cells. Interestingly, we found that these BLM foci 

were adjacent to sites of active viral replication foci. The localization suggests 

that the function of BLM leading to its targeting by E1b55K/E4orf6 may be 

related to the protection of the viral genome.  However, it is also possible that 

BLM plays a beneficial role very early during infection and is then degraded to 

prevent a detrimental function later during infection. 

Previously, it was shown that the MRN complex was required for 

concatemer formation and inhibition of replication during dl1004 infection 

(Lakdawala et al., 2008; Mathew and Bridge, 2008; Schwartz et al., 2008; 

Stracker et al., 2002). Our experiments to determine whether BLM is targeted 

during adenovirus infection were based on recent reports that BLM and its S. 

cerevisiae homolog Sgs1, function in DNA processing steps during HR (Budd 

and Campbell, 2009; Gravel et al., 2008; Mimitou and Symington, 2008; 

Nimonkar et al., 2008; Zhu et al., 2008b).  However, there was no visible 

rescue of total viral replication or prevention of concatemer formation when 

dl1004 was infected in HeLa-shBLM cell lines. Although, BLM did not rescue 

dl1004 replication or prevent concatemer formation, we cannot rule out that 

there may be an effect lost in the sensitivity of our assay, such as slight delays 

in initiation or end joining that cannot be determined with our readout. 



96 

Our experiments tested the functions of BLM relating to its newly 

described role in DNA end processing; however, BLM has also been 

described to suppress hyper-recombination. In cells derived from patients with 

Bloom Syndrome (BS), there are high amounts of Sister chromatid exchanges 

(SCE)(Chaganti et al., 1974; German et al., 1965). The high amount of SCE 

and increase in micronuclei in BS cells is what originally suggested that BLM 

was involved in genome maintenance and functioned to suppress hyper-

recombination (Chan et al., 2007; Rosin and German, 1985). During 

anaphase, BLM can be seen at bridges across the separating sister 

chromatids at both anaphase bridges at ultra fine bridges (UFB) during mitosis 

(Chan et al., 2007; Chu and Hickson, 2009).  UFBs are thought to be late 

recombination intermediates or fully replicated chromosomes that need to be 

decatenated (Chu and Hickson, 2009).  Cells deficient for BLM have increased 

numbers of UFBs and while BLM is present at the telomeric ends of DNA at 

the UFB, it is also associated with Fragile Site Loci (Chan et al., 2009; Naim 

and Rosselli, 2009). If BLM suppresses hyper-recombination, we propose that 

this could affect adenovirus negatively in two ways: the inappropriate 

resolution of Ad replication intermediates during replication or suppression of 

recombination between co-infected virus serotypes. 

In our first hypothesis, the replication structures and intermediates 

formed during Adenovirus replication would be targets of BLM, which it tries to 

resolve thus complicating initiation and restart of replication.  There are two 
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types of Adenovirus replication: Type 1 and Type 2  (Fig. 1-3) (Lechner and 

Kelly, 1977). Type 1 Adenovirus replication intermediates include dsDNA with 

a ssDNA flap and dual replication forks with two ssDNA flaps being displaced 

from the replicating genome (Fig. 1-3).  The structure of Type 1 replication 

intermediates could potentially be identified as DNA structures that look like 3’ 

tailed duplexes, a target of RecQ helicase resolution (Chu and Hickson, 2009).  

During Type 2 replication, the displaced strand forms a loop by annealing of 

the ITRs (Fig. 1-3), and has the potential to be recognized as a bubble 

structure or DNA displacement loop, which can be targeted by RecQ helicases 

for resolution (Chu and Hickson, 2009).  In this model, the structure formed by 

the displaced strand protects the DNA strand from cellular exonucleases 

similar to the input/packaged genome.  If BLM helicase acts to resolve these 

structures, viral replication intermediates may become exposed to cellular 

nucleases during infection, which might also lead to a decrease in the amount 

of template available for replication.  However, If BLM functions to resolve 

replication intermediates, the decrease in viral replication could be negligible 

compared with the effects of the MRN complex, and may explain why we did 

not see a significant change when knocking down BLM in our replication 

assays. 

The second hypothesis is that BLM suppression of hyper-recombination 

is evolutionarily detrimental for the fitness of adenovirus.  Although end joining 

of viral genomes is detrimental because concatemerized genomes cannot be 
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packaged, internal recombination may be beneficial to the virus. Our cell 

based assays do not expose the importance of recombination to produce new 

serotypes, the in vivo co-infection of 2 adenovirus serotypes would result in 

production of mixed serotypes which could confer some evolutionary 

advantages to the virus. Therefore, degradation of BLM by E1b55K/E4orf6 to 

promote hyper-recombination would be beneficial to adenovirus evolution.  

Currently, the function of BLM that is detrimental to Ad infection remains 

elusive.  Our experiments demonstrated that BLM is a newly found target of 

the E1b55K/E4orf6 ubiquitination ligase complex.  BLM has emerging roles in 

DNA end processing and HR, in addition to its originally described function to 

suppress hyper-recombination.  It will be interesting to determine how BLM is 

functioning during adenovirus infection and future studies may give us insights 

on the role of BLM in its cellular context beyond that during Ad infection. 

 

Materials and Methods 

Cells lines.  HEK293A cells were purchased from Qbiogene.  HeLa cells were 

purchased from the American Tissue Culture Collection.  W162 cells for 

growth of E4 deleted viruses were from G. Ketner.  Immortalized NBS (NBS-

LXIN) and A-TLD1 cells and cells complimented with Nbs1 and Mre11, 

respectively were created and maintained as described previously (Carson et 

al., 2003).  The U2OS cell lines expressing GFP, E1b55K or E1b55K mutants 

were created and maintained as described (Carson et al., 2003; Schwartz et 
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al., 2008).  HeLa-shMre11 cells were a gift from C. Her and were described 

previously (Vo et al., 2005).  HeLa cells expressing shRNA to BLM were 

created using the Phoenix retroviral system and shRNA sequences were from 

J. Karlseder and will be described elsewhere. Cells were maintained in 

Dulbecco’s Modified Eagle’s Medium supplemented with 10% Fetal Bovine 

Serum at 37ºC in a humidified atmosphere containing 5% CO2. 

Viruses and infections. The mutant viruses dl1004 (∆E4), dl1016 

(∆E4orf3/∆E1b), dl1017 (∆E4orf6/∆E1b) dl110 (∆E1b), and dl1006 (∆E4orf3) 

have been described (Babiss and Ginsberg, 1984; Bridge and Ketner, 1990), 

and were obtained from G. Ketner. Wild type Ad5 and dl1017 were propagated 

in 293 cells. The dl1004 and dl1016 viruses were propagated on W162 cells 

(Weinberg and Ketner, 1983). The Ψ5, Ψ5-NTD-Cul5 and Ψ5-Cul5 have been 

described and were obtained from A. Berk and were propagated on 293 cells 

(Woo and Berk, 2007).  The E1 deleted recombinant Adenovirus vectors rAd-

E4orf6 and rAd-GFP were obtained from P. Branton.  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 in DMEM 

supplemented with 2% FBS. After 2 h at 37°C additional serum was added to 

a total of 10%. 

Antibodies.  Primary antibodies were purchased from Novus Biologicals Inc. 

(Nbs1), Genetex (Mre11-12D7 and Rad50-13B3), Santa Cruz (Ku70, Ku86, 

BLM, RecQL1) Invitrogen (GFP), Cell Signaling (RecQ4), BD Biosciences 
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(WRN), Calbiochem (p53), Research Diagnostics Inc (GAPDH), Sigma (Flag-

M2, BrdU).  The monoclonal B6 antibody against DBP and the monoclonal 

2A6 antibody to E1b55K were from A. Levine.  The polyclonal rabbit antisera 

to DBP was from P. Van der Vliet. The RecQ5 antibody was from P. Janscak.  

The anti-BLM antibody was created by C. Naeger and J. Karlseder and will be 

described elsewhere. Secondary antibodies were purchased from Invitrogen 

Molecular Probes and Jackson Labs. 

Immunoblotting and Immunofluorescence. Immunoblotting and 

immunofluorescence were performed as previously described (Carson et al., 

2003). Novex (Invitrogen) 3-8% or 4-12% gradient gels were used for 

resolution of proteins. For immunofluorescence, cells grown on glass cover 

slips were infected at an MOI of 10-100 pfu/cell. After 16-24 h the cells were 

washed, fixed, stained and counter-stained with 4’,6-diamidino-2-phenylindol 

(DAPI). Where indicated, cells were pre-extracted prior to fixation by 

incubation on ice for 20 min with a solution of PBS with DTT, NaCl, HEPES 

Buffer pH 8 (Sigma), PBS, and MgCL2.  Where indicated cells were 

transfected using Lipofectamine 2000 (Invitrogen).  BrdU incorporation was for 

30 min at 37ºC.  Addition of proteasome inhibitors was for 12 h at 37ºC.  

Immunoreactivity was visualized using a Leica confocal microscope. 

Quantitative PCR analysis of DNA replication.  Experiments were 

performed in triplicate and cells were harvested at 4 and 24 h post infection. 

1/3 of the cells from triplicate sample were combined for western analysis to 
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demonstrate BLM knockdown.  Total DNA was extracted from cells using 

DNeasy kit (Qiagen).  qPCR was performed as previously described 

(Lakdawala et al., 2008).  The results are presented as the mean and standard 

error of the mean from the triplicate experiments. 

PFGE.  Cells were infected with Ad5 (MOI of 25) or dl1004 (MOI of 50) for 48 

h and viral DNA was analyzed for concatemer formation as previously 

described (Stracker et al., 2002; Weiden and Ginsberg, 1994).  Cells were 

incorporated into agarose plugs that were loaded onto a 1.2% high gelling 

temperature agarose gel and subjected to pulsed-field gel electrophoresis 

(PFGE) for 16 h.  DNA was visualized by staining with EtBr. 
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Chapter 4. Characterization of CtIP function during Adenovirus infection 

 

Background 

 Adenovirus has a dsDNA genome with a virally encoded Terminal 

Protein (TP) covalently linked to the 5’ end (Rekosh et al., 1977).  Infection 

with adenovirus deleted for the E4 region (dl1004) activates the cellular DNA 

damage response and the viral genome is ligated into end-to-end 

concatemers (Boyer et al., 1999; Carson et al., 2003; Stracker et al., 2002; 

Weiden and Ginsberg, 1994).  Concatemer formation requires the removal of 

the TP from the end of the genome and ligation of the genome ends.  The 

MRN complex, DNA Ligase IV and DNA-PKcs are required for concatemer 

formation (Boyer et al., 1999; Schwartz et al., 2008; Stracker et al., 2002).  

Although the nuclease activity of Mre11 is required for concatemer formation 

(Stracker et al., 2002), the in vitro nuclease functions described for Mre11 do 

not include activities that could carry out TP removal (Paull and Gellert, 1998b; 

Paull and Gellert, 1999a; Trujillo et al., 1998).  Combined, these observations 

suggest that there is an unknown protein (or proteins) required for TP removal 

and subsequent concatemer formation.  During adenovirus infection, 

replication intermediates expose the cell to a range of structurally diverse DNA 

substrates (Fig. 1-3).  In contrast, incoming virus genomes provide a unique 

DNA substrate that could be probed to reveal proteins required specifically to 

remove the TP from the dsDNA genome.  In this chapter, we used an in vitro 
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system to uncover proteins required for concatemer formation without the 

complication of ongoing viral replication.  

In order to study the function of cellular proteins essential to survival, 

protein levels can be knocked down by shRNA or be expressed in 

hypomorphic forms. However, in both of these scenarios some level of 

functional protein must be present to allow for cell survival.  Xenopus laevis 

cell free extracts (Xenopus extracts) are useful for studying DNA damage 

repair pathways, and many pathways in Xenopus extracts are conserved in 

human cells (Garner and Costanzo, 2009).  Xenopus extracts are 

advantageous because proteins essential to cell survival (e.g., Mre11) can be 

removed from the system by immunodepletion (Garner and Costanzo, 2009).  

In this chapter we demonstrate that the cellular protein CtIP is required for 

concatemer formation in Xenopus extracts and we characterize the role of 

CtIP function in vitro and during infection.  

CtIP is a multifunctional protein implicated in the DNA damage 

response and transcriptional regulation (Chinnadurai, 2006).  CtIP has multiple 

protein-protein interaction domains, as illustrated in Figure 4-1.  It was 

identified as a protein that interacts with the CtBP transcriptional repressor 

(Schaeper et al., 1998).  CtIP also interacts with Brca1 (Wong et al., 1998; Yu 

et al., 1998), Rb (Fusco et al., 1998; Meloni et al., 1999) and is reported to be 

a tumor suppressor itself (Chen et al., 2005).  In mouse models, CtIP-/- 

homozygotes are embryonic lethal and the CtIP+/- heterozygotes, while viable, 



105 

Figure 4-1.  Diagram of CtIP functional domains.  Representation of 
published CtIP functional domains relevant to our studies.  Protein-protein 
interaction domains include RB, BRCA1, CtBP and the MRN complex.  The 
dimerization domain at the N-terminus (green) and the two CXXC Zn hook 
motifs are at either end of the protein.  The sites of ATM phosphorylation after 
DNA damage are at S664 and S745.  The DR damage recruitment motif is 
also indicated, including the point mutations that were found to prevent 
function of DR motif. 
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exhibit a shorter life span due to lymphomas (Chen et al., 2005).  The murine 

phenotypes characterize CtIP as an essential gene and bona fide tumor 

suppressor (Chen et al., 2005). 

As mentioned in chapter 1, CtIP has also been implicated in the DNA 

end processing events required for repair of DSBs (Chinnadurai, 2006; 

Mimitou and Symington, 2009a).  Speculation on the role of CtIP in processing 

events comes from the reports that CtIP is homologous to the S. cerevisiae 

protein Sae2 and the S. pombe protein Ctp1 (Limbo et al., 2007; Sartori et al., 

2007).  In S. cerevisiae, mutants deleted for Sae2 could not process meiotic 

breaks created by Spo11, and Sae2 was found to promote an endonucleolytic 

cleavage event. (Keeney and Kleckner, 1995; McKee and Kleckner, 1997; 

Neale et al., 2005).  Sae2 promotes Mre11 nuclease activity to cleave hairpin 

structures, and is also suggested to have nuclease activity itself (Lengsfeld et 

al., 2007); however, which of these Sae2 functions contributes to Spo11 

removal is not yet been determined.  Ctp1 and CtIP also interact with the 

MRN(X) complex via Nbs1 FHA/BRCT domains (Chen et al., 2008; Lloyd et 

al., 2009; Sartori et al., 2007; Williams et al., 2009b; Yuan and Chen, 2009), 

and Sae2, Ctp1 and CtIP are all implicated in cell cycle dependent resection of 

DNA breaks (Farah et al., 2009; Huertas et al., 2008; Limbo et al., 2007; 

Terasawa et al., 2008). 

Consistent with the implication that CtIP is required for resection of 

DBSs, it has been demonstrated that CtIP is recruited to sites of damage 
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(Sartori et al., 2007; You et al., 2009; Yuan and Chen, 2009).  Multiple regions 

of CtIP have been suggested to be required for recruitment to sites of damage 

including the damage recruitment (DR) motif (You et al., 2009), the N-terminal 

dimerization domain (Yuan and Chen, 2009), and the C-terminal MRN binding 

domain (Sartori et al., 2007) (Fig. 3-1).  CtIP recruitment in the damage 

response pathway is downstream of Nbs1 and ATM but upstream of RPA and 

ATR, demonstrating how activation of the DDR can promote resection of DNA 

leading to repair (Sartori et al., 2007; You et al., 2009; Yuan and Chen, 2009).  

ATM is suggested to be required for CtIP recruitment to damage, and 

phosphorylates CtIP at two sites, S664 and S745 (Li et al., 2000). However, 

mutants of CtIP expressing only the DR (509-557) motif can be recruited 

independently of phosphorylation (You et al., 2009). It is possible that 

phosphorylation by ATM causes a conformational change in CtIP, exposing 

the DR motif that allows for damage recruitment (You et al., 2009).  Once 

recruited to DNA damage, CtIP is suggested to promote resection of DNA 

ends in concert with the MRN complex (Mimitou and Symington, 2009b; 

Sartori et al., 2007; You et al., 2009; Yuan and Chen, 2009).  Although 

absence of CtIP shows functional defects in DSB resection (Hartsuiker et al., 

2009; Nakamura et al., 2010; Sartori et al., 2007; Yun and Hiom, 2009), an 

enzymatic role in resection for CtIP has yet to be characterized. 

In this chapter, we demonstrate that CtIP promotes in vitro 

concatemerization of the adenovirus genome.  To determine the role that CtIP 
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plays during infection, we characterized the localization of CtIP during 

infection.  Specifically, CtIP localized adjacent to sites of active viral replication 

and was also inhibitory to dl1004 viral replication during infection.  As CtIP 

functions in the DNA damage response, we also characterized the effects of 

CtIP knockdown on the DNA damage response during dl1004 infection.  

Together, the results in this chapter demonstrate that CtIP inhibits adenovirus 

infection, most likely due to its role in TP removal from the viral genome.  The 

structural similarity of the TP bound genome during infection and Spo11 bound 

DNA during meiosis suggest that a role for CtIP in TP removal may have 

broad implications for the role of CtIP in processing of meiotic breaks. 

 

Results 

Xenopus extracts ligate purified adenovirus genome into concatemers  

 To identify if the formation of concatemers could be studied in vitro, we 

needed to isolate the TP bound adenovirus genome (Ad5-TP) away from the 

virus capsid and associated proteins.  Adenovirus was harvested from infected 

cells by freeze thawing, and cell debris was separated from virus particles by 

centrifugation.  The virus capsids were isolated by centrifugation over a CsCl2 

gradient, and the Ad5-TP was separated from the virus capsids by 

centrifugation over a guanadinium-CsCl gradient, which denatures the capsids 

but does not disrupt the covalent bond between the genome and the TP (Fig. 

4-2A)(Dunsworth-Browne et al., 1980). To verify that the TP was not 
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Figure 4-2.  Purification of Ad5-TP and concatemer formation in Xenopus 
extracts.  (A) Diagram of Ad5-TP purification.  Ad5 virus is propagated and 
virus particles are purified over a CsCl2 gradient; the capsid is separated from 
the genome by denaturation and centrifugation on a guanidinum-CsCl 
gradient.  Fractions were tested for DNA and pooled for the Ad5-TP.  (B) The 
presence of the TP on the genome can be determined by increased mobility of 
the genome ends on a gel.  Ad5-TP was digested with SmaI.  Proteinase K 
(Pro-K) was added ((-) absent (+) present) for 30 min and the digestion 
products were analyzed on a 0.8% agarose / 0.5XTBE gel.  The genome ends 
are labeled as 5’ and 3’. (C) Xenopus extracts support formation of Ad5-TP 
concatemers.  Ad5-TP was added to Xenopus extracts in concentrations from 
10-60 nM.  The entire reaction was separated by PFGE.  As a control, 
HCT116 cells were infected with dl1004, harvested after 48 hpi, and separated 
by PFGE (dl1004). 
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removed from the genome in our purification, we tested for the attachment of 

the TP (Fig. 4-2B).  Digestion of the Ad5 genome with SmaI produces multiple 

DNA fragments, and the fragment sizes of the 5’ and 3’ ends of the Ad 

genome are 1009 bp and 582 bp, respectively.  The other fragments produced 

are either below 300 bp or greater than 1300 bp allowing us to resolve 

specifically the ends of the genome by separation on an agarose gel.  If the TP 

is digested from the genome with Proteinase-K (Pro-K), the bands 

corresponding to the 5’ and 3’ ends of the genome are detected at their 

predicted sizes (Fig. 4-2B, Lane 2).  However, if the TP is bound to the 

genome, the genome ends are too large or not negatively charged enough to 

enter the agarose gel, and bands corresponding to the 5’ and 3’ ends are 

absent (Fig. 4-2B, Lane 1).  From this assay we can demonstrate that the 

genome preparation is covalently bound to the TP. 

To study concatemer formation in vitro, we used Xenopus laevis cell 

free extracts produced from unfertilized eggs that are arrested in metaphase of 

the second meiotic division as described (Smythe and Newport, 1991).  The 

eggs are crushed by centrifugation in the presence of cycloheximide to 

generate interphase crude extract.  The crude extract is fractionated further by 

ultracentrifugation to generate interphase egg cytosol that will be referred to as 

Xenopus extracts.  As mentioned previously, these extracts are useful for 

studying repair pathways and checkpoint activation (Garner and Costanzo, 

2009). 
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To determine if the Xenopus extracts supported concatemer formation 

in vitro, Ad5-TP was added to the extracts at concentrations ranging from 

10nM to 60nM, incubated for 2 h at room temperature, and analyzed by Pulse 

Field Gel Electrophoresis (PFGE) (Fig. 4-2C) (Materials and methods).  As a 

control, HCT116 cells infected with dl1004 were used to represent the size of 

concatemers obtained in vivo (Fig. 4-2C).  Titration of the Ad5-TP into the 

Xenopus extracts led to formation of concatemers in a concentration 

dependent manner (Fig. 4-2C).  However, while we observed that increasing 

concentrations of Ad5-TP correlated with increased concatemer formation (10-

30 nM), a concentration of 60 nM Ad5-TP led to a high percent of monomeric 

Ad5-TP in our assay (Fig. 4-2C).  We do not assume this to be a function of 

saturating the extracts with DNA, but to dilution of the extracts when adding 

large volumes of Ad5-TP and altering the optimal concentrations for protein 

function in the extracts. Our experiments demonstrate that Xenopus extracts 

support concatemer formation of the Ad5-TP. 

CtIP is required for concatemer formation in Xenopus extracts 

Results from various groups suggested that CtIP plays a role in 

supporting 5’ DNA end resection in conjunction with the MRN complex (Sartori 

et al., 2007; You et al., 2009; Yuan and Chen, 2009).  Since the MRN complex 

is required for concatemer formation, we wanted to determine if CtIP was also 

required by using our in vitro system. To determine if concatemers formed in 

the absence of CtIP, we depleted the extracts of Xenopus CtIP (xCtIP) with an 
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Figure 4-3. Inhibition of xCtIP and xNbs1 prevents concatemerization of 
Ad5-TP in Xenopus extracts. (A) Xenopus extracts were pre-incubated with 
anti-IgG, anti-xNbs1 or anti-xCtIP antibodies for 20 min.  Ad5-TP was added at 
a concentration of 20 nM.  The reactions were stopped at either 1 or 2 h with 
EDTA and the entire reaction was prepared and separated by PFGE. (B) 
Xenopus extracts were immunodepleted with anti-IgG or anti-xCtIP antibodies 
prior to incubation and analysis on a pulsed field gel. 
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xCtIP specific antibody, using an antibody to IgG as a control (Materials and 

methods).  The extracts depleted with IgG antibody exhibited Ad5-TP 

concatemers as expected (Fig. 4-3B).  However, extracts depleted with xCtIP 

antibody did not form concatemers when incubated with Ad5-TP (Fig. 4-3B).  

Therefore, immunodepletion of xCtIP prevented Ad5-TP concatemerization in 

vitro.  To confirm the immunodepletion result, we inhibited CtIP in the extracts 

by a second method. The Xenopus Nbs1 (xNbs1) and xCtIP antibodies have 

previously been shown to be inhibitory to xNbs1 and xCtIP function when 

added to Xenopus extracts (You et al., 2005; You et al., 2009).  Therefore, we 

pre-incubated the Xenopus extracts with antibodies to IgG (control), xNbs1 or 

xCtIP.  After pre-incubation with inhibitory antibodies, Ad5-TP was added to 

the extracts, incubated for 1 or 2 h and the reactions were prepared for PFGE 

analysis (Fig. 4-3A).  Addition of the IgG had no effect on concatemer 

formation of Ad5-TP, while incubation with the xNbs1 antibody prevented 

concatemers as expected (Fig. 4-3A).  The inhibitory effects of xNbs1 

demonstrated consistency between our in vitro results and our previous results 

obtained during infection (Stracker et al., 2002).  The reactions pre-incubated 

with the xCtIP antibody were also defective for concatemer formation (Fig. 4-

3A). Together our results suggest that CtIP function is required to promote 

Ad5-TP concatemer formation in Xenopus extracts. 
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Incubation of rxCtIP with Ad5-TP promotes mobility of the genome ends 

 Concatemer formation requires 2 steps: removal of the TP and ligation 

of genome ends.  Our experiments in the Xenopus extracts demonstrated that 

xCtIP is required for concatemer formation in vitro. The MRN complex and 

CtIP are implicated in processing of broken DNA ends (Chen et al., 2008; 

Nakamura et al., 2010; Sartori et al., 2007; You et al., 2009; Yuan and Chen, 

2009; Yun and Hiom, 2009).  We asked whether CtIP could promote removal 

of the TP from the adenovirus genome.  In order to determine if CtIP was 

sufficient for TP removal, we purified fragments of xCtIP protein for use in in 

vitro reactions.  We used a bacterial expression system to produce 

recombinant GST-tagged xCtIP fragments (rxCtIP), which were purified with a 

glutathione-agarose resin (Materials and methods).  The recombinant 

fragments of xCtIP purified were rxCtIP-479-856 and rxCtIP-621-856 (Fig. 4-

4A).  

In order to test if rxCtIP fragments could remove the TP from the Ad5 

genome, we incubated rxCtIP with Ad5-TP (Materials and methods), digested 

the genome with SmaI, and analyzed the genome on an agarose gel.  We 

assayed for the presence of the Ad5 5’ and 3’ DNA end fragments at their 

predicted sizes (Fig. 4-4B, D).  Exposure of the agarose gel demonstrated 

equal loading of DNA; however, the 5’ and 3’ ends were not easily detected in 

the gel (Fig. 4-4B). To increase the sensitivity of our assay, we detected the 5’ 
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Figure 4-4.  Incubation of Ad5-TP with rxCtIP increases the mobility of 
the genome ends after SmaI digestion. (A) Purified GST-CtIP-479-856 and 
GST-CtIP-621-856 proteins were analyzed via SDS-PAGE and coomassie 
stained. The arrows mark the predicted sizes of the major bands. (B, D) Ad5-
TP was either untreated (-) or incubated with increasing amounts of GFP-CtIP-
479-856 or GFP-CtIP-621-856.  All reactions were then digested with SmaI, or 
SmaI followed by ProK (ProK). DNA was visualized by EtBr staining. (C) 
Probes used for specific detection of the 5’ and 3’ ends by southern blotting.  
Probes were created between the ITRs and the most proximal SmaI site. (D) 
The reaction from (B) was transferred to a membrane and probed for the 5’ 
and 3’ ends. 
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and 3’ ends by Southern blotting (Fig. 4-4C, D).  We designed specific 5’ and 

3’ DNA probes excluding the Inverted Terminal Repeats (ITRs)(Fig. 4-4C).  In 

the lane corresponding to the negative control ((-) no Pro-K, no rxCtIP) there 

were no bands detected at the predicted sizes of 1009 and 582 bp, 

respectively (Fig. 4-4D).  In the lane corresponding to the Pro-K treated 

control, the 5’ and 3’ probes detected a dark band at the predicted sizes (Fig. 

4-4D). In the reactions with rxCtIP-479-856 and rxCtIP-621-856, we could 

detect the 5’ and 3’ bands at the predicted sizes (Fig. 4-4D). This suggested 

that incubation with these C-terminal fragments of CtIP was promoting the 

mobility of the 5’ and 3’ ends of the genome.  In the reactions with the rxCtIP-

479-856 (but not rxCtIP-621-856) we detected a slightly longer DNA fragment 

running just above the 5’ and 3’ band.  While we cannot explain the 

appearance of the second band, it does suggest that xCtIP-479-856 has some 

altered activity when compared to xCtIP-621-856.  Our experiments suggest 

that xCtIP removes TP from the genome ends, allowing the 5’ and 3’ SmaI 

fragments to enter the gel and run at their predicted sizes. 

CtIP localization during adenovirus infection 

 Our results in vitro suggested that CtIP might play an inhibitory role 

during adenovirus infection.  CtIP is reported to interact with the MRN complex 

(Chen et al., 2008; Sartori et al., 2007; Yuan and Chen, 2009), and the MRN  
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Figure 4-5.  Localization of GFP-CtIP during infection.  (A and B) GFP-CtIP 
was transfected into HeLa cells followed by infection with Ad5 or dl1004, or 
mock infected (Mock).  The nuclei are represented by DAPI staining (blue) in 
the merge panels.  (A) GFP-CtIP localizes to sites of replication during Ad 
infection.  RPA staining represents viral centers. (B).  Costaining of GFP-CtIP 
with cellular proteins.  Immunofluorescence was performed for DBP, and 
Nbs1.  Immunofluorescence for pTP was in cells that were pre-extracted 20 
min prior to fixation as described in Materials and methods. 
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complex is detrimental to adenovirus infection (Carson et al., 2003; Evans and 

Hearing, 2003; Evans and Hearing, 2005; Lakdawala et al., 2008; Mathew and 

Bridge, 2007; Mathew and Bridge, 2008; Stracker et al., 2002).  The MRN  

complex is mislocalized and then degraded during Ad5 infection, but during 

dl1004 infection MRN localizes to sites of viral replication (Carson et al., 2003; 

Evans and Hearing, 2003; Evans and Hearing, 2005; Stracker et al., 2002).  

To examine CtIP localization during infection, HeLa cells were transfected with 

a vector expressing GFP tagged human CtIP (GFP-CtIP) and subsequently 

infected with Ad5 or dl1004 (Fig. 4-5A, B). Cells were fixed 24 hpi and 

immunofluorescence was performed with an antibody recognizing the cellular 

ssDNA binding protein RPA, which localizes to viral centers during Ad 

infection (Fig. 4-5A) (Carson et al., 2009; Stracker et al., 2002).  In uninfected 

cells (Mock), GFP-CtIP localized diffusely throughout the nucleus and in small 

nuclear foci, similar to published data for endogenous CtIP and ectopically 

expressed GFP-CtIP (Fig. 4-5A) (Sartori et al., 2007; You et al., 2009; Yu and 

Baer, 2000). In Ad5 infected cells, GFP-CtIP localizes to small discrete foci 

that localize at and around the replication centers (Fig. 4-5A).  GFP-CtIP 

fluorescence in dl1004-infected cells localizes throughout the replication 

centers rather than at discrete foci (Fig. 4-5A). Our experiment demonstrates 

that CtIP is being recruited to viral centers in both Ad5 and dl1004 infected 

cells; however, the fluorescence pattern is distinct between the two infections. 
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 To compare the localization of GFP-CtIP to other proteins reported to 

localize at viral centers, we performed immunofluorescence with antibodies to 

DBP, pTP and Nbs1 (Fig. 4-5B).  DBP was used as a control marker for 

replication centers to confirm the results obtained with RPA (Fig. 4-5B, Lane 

1).  The pTP antibody detects the adenovirus encoded pre-Terminal Protein 

(TP).  During infection, pTP is first detected in foci at early viral centers, and 

eventually stains in a diffusely nuclear then cytoplasmic pattern (Webster et 

al., 1997).  Cells were pre-extracted prior to fixation limiting detection of pTP to 

viral centers (Materials and methods). Although pTP localized to viral centers, 

there was no colocalization between the GFP-CtIP and pTP (Fig. 4-5B, Lane 

2).  Nbs1 is reported to be localized away from viral centers by the adenovirus 

E4orf3 protein, but is also reported to localize near sites of viral replication 

during Ad5 infection (Evans and Hearing, 2005; Stracker et al., 2002).  When 

we compared the localization of GFP-CtIP to Nbs1, the proteins were 

predominantly present in distinct foci.  The GFP-CtIP localization 

corresponded to viral centers and the Nbs1 staining corresponded to E4orf3 

tracks (Fig. 4-5B, Lane 3).  Interestingly, the known interaction of CtIP with 

MRN does not sequester CtIP to MRN-containing E4orf3 tracks during Ad5 

infection (Chen et al., 2008; Sartori et al., 2007; Yuan and Chen, 2009).  Thus, 

the localization of CtIP to foci at Ad5 viral centers may represent a different 

function of CtIP than when it colocalizes with the MRN complex at dl1004 viral 

centers. 
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The N- and C-termini of CtIP display distinct localization phenotypes 

during Ad5 infection  

 CtIP contains various functional domains that have been described 

(Chinnadurai, 2006); we wanted to determine which of these domains was 

required for the localization of GFP-CtIP to viral centers.  GFP tagged 

truncation mutants of CtIP were used for these studies (Fig. 4-6A and Table 

4-1)(You et al., 2009).  Various GFP-CtIP mutants were transfected into HeLa 

cells, which were then infected with Ad5 or dl1004 and fixed 24 hpi for analysis 

by immunofluorescence.  The wild-type GFP-CtIP is shown in the left panel 

and localizes to foci at viral centers (Fig. 4-6B).  The GFP-CtIP-1-693 mutant 

localized to the foci at viral centers during Ad5 infection, but the GFP-CtIP-

130-693 mutant did not (Fig. 4-6B). This suggested that the first 130 amino 

acids of CtIP are required to form foci at sites of viral centers. The first 130 

amino acids of CtIP contain a CXXC zinc hook motif and the majority of the 

coiled-coil dimerization domain (Dubin et al., 2004) (Fig. 4-1).  Since there is a 

second CXXC motif in the C-terminus of CtIP, and the C-terminal mutants did 

not localize to foci at viral centers (Table 4-1), this suggested that the 

dimerization domain is required for localization at foci at viral centers.  The 

damage recruitment (DR) motif is required for localization of CtIP to sites of 

damage created by laser microirradiation (You et al., 2009).  The DR motif did 

not localize to foci at viral centers during Ad5 (Table 4-1) infection, suggesting 

that CtIP localization at these foci is not due to DNA damage recognition.  
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Figure 4-6. Localization of the GFP-CtIP truncation mutants during Ad5 
infection.  (A) Diagram of mutants used to determine the regions required for 
the N- terminal and C- terminal localization phenotypes.   (B) GFP tagged CtIP 
mutants were transfected into HeLa cells.  Cells were infected with Ad5 for 24 
h and fixed for immunofluorescence to DBP.  The merged images are stained 
with DAPI to represent the nuclei. 
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Table 4-1. Localization of GFP-CtIP mutants during infection.  GFP-CtIP 
mutants were transfected into HeLa cells and subsequently infected with Ad5 
or dl1004.  Cells were fixed with 4% PFA or were pre-extracted prior to fixation 
(Pre-extracted).  Description of GFP localization in relation to viral replication 
centers is as described. 
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Although we cannot rule out that the requirement for the dimerization domain 

is not because this mediates an interaction of GFP-CtIP-1-693 with 

endogenous CtIP, we do not see recruitment to foci at viral centers in the 

absence of the dimerization domain. 

 A second localization pattern of the GFP-CtIP mutants occurred during 

Ad5 infection.  GFP-CtIP mutants expressing the C-terminus of CtIP, but not 

the dimerization domain, localized to track-like structures away from viral 

centers (Fig. 4-6B). The GFP-CtIP-756-897 construct was the smallest 

fragment tested that localized to the track structures.  All mutants deleted for 

the dimerization domain that still contained the C-terminal amino acids 

localized to track structures (Fig. 4-6B and Table 4-1).  Cellular proteins 

mislocalized by the adenovirus protein E4orf3 are relocated to track-like 

structures.  These proteins include PML (Carvalho et al., 1995; Doucas et al., 

1996), the MRN complex (Evans and Hearing, 2003; Stracker et al., 2002) and 

Tif1α (Yondola and Hearing, 2007).  E4orf3 was sufficient for localization of 

the C-terminus of GFP-CtIP into these structures as demonstrated by 

colocalization of transfected E4orf3 and GFP-CtIP (Appendix Fig. 4).  The 

dominant localization of full length GFP-CtIP during Ad5 infection is at foci at 

viral centers and is mediated by the N-terminus, but in the absence of the N-

terminus, GFP-CtIP localizes with the MRN complex in E4orf3 tracks. 

 The localization of GFP-CtIP mutants during dl1004 infection was more 

difficult to analyze.  All of the mutant constructs located diffusely throughout 
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the nucleus; however, increased fluorescence was seen at viral centers in all 

nuclear mutants tested (Table 4-1).  Cells were pre-extracted prior to fixation 

to remove the soluble GFP-CtIP from the nucleus to increase detection at the 

viral centers.  In the pre-extracted cells, GFP-CTIP fluorescence was not 

detected, suggesting that our constructs were not associated with insoluble 

structures at the viral centers (Table 4-1).  Therefore, the localization of GFP-

CtIP mutants during dl1004 infection cannot be analyzed by our detection 

methods. 

GFP-CtIP foci at viral centers are adjacent to sites of active viral 

replication 

The GFP-CtIP foci detected during Ad5 infection resembled foci that 

were reported to be sites of active viral replication (Fig. 4-7A) (Pombo et al., 

1994).  Active viral replication during adenovirus infection can be visualized by 

pulsing infected cells with BrdU for 30 min prior to fixation followed by 

immunofluorescence for BrdU. The BrdU antibody can only detect BrdU 

incorporated in ssDNA and detects small punctate foci (Fig. 4-7A, Panel 1).  If 

fixed cells are treated with HCl to denature the dsDNA the BrdU antibody can 

access all BrdU incorporated over the 30 min pulse and BrdU detection is 

throughout viral centers (Fig. 4-7A, Panel 2).  To identify if GFP-CtIP co-

localized with sites of active viral replication, GFP-CtIP was transfected into 

HeLa cells prior to Ad5 infection, and at 16 hpi the cells were pulsed with BrdU 

for 30 min.  The cells were fixed and immunofluorescence was performed  



131 

 

Figure 4-7.  The GFP-CtIP foci at viral centers are adjacent to sites of 
active viral replication.  BrdU staining represents sites of active viral 
replication. (A) HeLa cells were infected with Ad5, at 16 hpi cells were 
incubated with BrdU for 30 min and then washed and fixed for 
immunofluorescence with DBP and BrdU.  BrdU foci represent active sites of 
viral replication.  The cells in panel 2 were treated with 0.1M HCl after fixation 
to denature the dsDNA and represent total incorporated BrdU.  The merged 
image is stained for DAPI to represent nuclei, and the absence of DAPI stain 
in the +HCl sample demonstrates denaturation of the DNA.  In (B), cells were 
transfected with GFP-CtIP prior to infection with Ad5 and BrdU incubation was 
similar to (A). Immunofluorescence was performed to BrdU and DBP.  The 
DBP is represented in blue in the merged panel and the nuclear periphery is 
represented with a white line.  The area enclosed in the yellow box in the 
Merge image in the first panel was represented in panel 2 as a 5X 
magnification.  In (C) the cells were infected with dl1004 and BrdU incubation 
was for 1 h before fixation.  BrdU and DBP staining is as described above.  



132 



133 

using antibodies to BrdU and DBP.  The GFP-CtIP foci and the BrdU foci both 

localized to DBP viral centers; however, the GFP-CtIP foci did not colocalize 

with the BrdU foci (Fig. 4-7B, Panel 1).  The separation of GFP-CtIP foci and 

BrdU foci can be detected more clearly in the 5X image where the foci did not 

overlap (Fig. 4-7B, Panel 2).  Therefore, the GFP-CtIP foci are adjacent to but 

do not overlap with active sites of viral replication. 

GFP-CtIP localized throughout the replication centers in dl1004-infected 

cells (Fig. 4-5A).  We examined whether GFP-CtIP would colocalize with BrdU 

at sites of active viral replication during dl1004 infection (Fig. 4-7C). There 

was no BrdU staining detected after a 30 min pulse, confirming that replication 

is defective in dl1004 infection (Halbert et al., 1985; Weinberg and Ketner, 

1986) (Data not shown).  However, if we extended BrdU incubation to 60 min 

in dl1004-infected cells, faint BrdU staining was detected at viral centers (Fig. 

4-7C).  GFP-CtIP localization throughout viral centers and delayed 

incorporation of BrdU in dl1004-infected cells suggested that the presence 

CtIP at viral centers might inhibit dl1004 viral replication. 

Replication of dl1004 is rescued in cells deficient for CtIP 

 The TP is required for initiation of adenovirus replication (Challberg et 

al., 1980). Studies from our lab and others have demonstrated that there is a 

defect in dl1004 replication when compared to wild-type Ad5 (Bridge et al., 

1993; Evans and Hearing, 2005; Halbert et al., 1985; Lakdawala et al., 2008; 

Mathew and Bridge, 2008; Weinberg and Ketner, 1986).  The dl1004 defect 
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Figure 4-8. The effect of shRNA-mediated CtIP knockdown on 
Adenovirus replication.  (A) HeLa-shLuc cells (red) or HeLa-shCtIP cells 
(blue) were infected with Ad5 or dl1004 in triplicate.   Cells were harvested at 4 
and 30 hpi.  The quantity of viral genomes was measured by qPCR and the 
data is represented as the fold change of viral genomes at 30 h over that at 4 
h.  Error bars represent the SEM for each triplicate sample.  (B) Cells from 
each time point were harvested and triplicate samples were pooled.  Lysates 
were analyzed by SDS-PAGE and immunoblotting was performed for the 
indicated antibodies. 
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can be overcome if dl1004 is infected into cells that are defective for the 

Mre11 complex (Lakdawala et al., 2008; Mathew and Bridge, 2008).  

Combined, the reported interaction of CtIP with the MRN complex, the GFP-

CtIP localization during infection, and our in vitro results suggested that CtIP 

might inhibit viral replication. To determine the effect of CtIP on viral 

replication, we created knockdown cell lines by infecting HeLa cells with 

lentivirus expressing an shRNA to CtIP (HeLa-shCtIP) or luciferase (HeLa-

shLuc) (Materials and methods).  The HeLa-shLuc and HeLa-shCtIP cells 

were infected with Ad5 or dl1004 virus in triplicate, cells were harvested at 4 

and 30 hpi, and viral DNA was quantified by qPCR (Materials and methods).  

CtIP levels were efficiently reduced in the shCtIP cells as demonstrated by 

western blot analysis of the samples (Fig. 4-8B).  Replication was calculated 

as the fold change of genomes at 30 hpi over the 4 hpi input, and the error 

bars represent the SEM per triplicate sample (Fig. 4-8A).  The replication of 

wild-type Ad5 was decreased in the HeLa-shCtIP compared with the HeLa-

shLuc cells (Fig. 4-8A, first 2 bars).  As expected, in HeLa-shLuc cells, dl1004 

replication was defective when compared with wild-type Ad5 (Fig. 4-8A, red 

bars).  However, in the HeLa-shCtIP cells, dl1004 replicated as efficiently as 

wild-type Ad5 (Fig. 4-8A, last 2 bars).  Therefore, CtIP is inhibitory to dl1004 

infection and CtIP knockdown via shRNA rescues the replication defect of 

dl1004. 

 



136 

 
Figure 4-9.  Analysis of ATM and ATR damage response activation in the 
HeLa-shCtIP cells.  (A) HeLa cells were uninfected (M) or infected with Ad5 
or dl1004 from 12-30 h and harvested over regular intervals.  (A and B) 
Lysates were analyzed by SDS-PAGE and immunoblotting was performed 
with the indicated antibodies. DBP is an indicator of virus infection and Ku86 is 
used as a loading control. (B) Hela-shLuc (shLuc) or HeLa-shCtIP (shCtIP) 
cells were infected with Ad5 or dl1004 for 24 h.  Immunoblotting was 
performed for antibodies to total protein or using phospho-specific antibodies 
as indicated. 
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Dual role of CtIP in ATM and ATR signaling events during infection 

 CtIP has been implicated in both ATM and ATR dependent DNA 

damage signaling (Greenberg et al., 2006; Li et al., 2000; Sartori et al., 2007; 

Yu and Baer, 2000).  CtIP is a phosphorylation target of ATM (Li et al., 2000; 

Yu and Baer, 2000), and has been suggested to be required for 

ATRdependent phosphorylation of Chk1 by camptothecin treatment or γIR 

(Sartori et al., 2007; Yu and Chen, 2004; Yuan and Chen, 2009).  Since a 

DNA damage response is activated during dl1004 infection, (Carson et al., 

2009; Carson et al., 2003), we examined CtIP levels during infection.  HeLa 

cells were uninfected (M) or infected with Ad5 or dl1004 virus and cells were 

harvested in regular intervals from 12-30 hpi.  Lysates were prepared for 

analysis by SDS-PAGE and immunoblotting (Fig. 4-9A).  Levels of CtIP in the 

uninfected and Ad5 infected cells were equivalent, suggesting that there is not 

a decrease in CtIP levels during Ad5 infection (Fig. 4-9A).  During dl1004 

infection, the levels of CtIP are increased and there is also a shift in the 

detected molecular weight (Fig. 4-9A).  The shift in molecular weight most 

likely corresponds to the phosphorylation of CtIP by ATM or other downstream 

kinases (data not shown). 

 To test the effect of CtIP knockdown on damage signaling during 

infection, we utilized the HeLa-shLuc and HeLa-shCtIP cell lines.  HeLa-shLuc 

and HeLa-shCtIP cells were infected with Ad5 or dl1004 and harvested at 24 

or 48 hpi for analysis by SDS-PAGE and immunoblotting (Fig. 4-9B). During 
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infection with Ad5, there was no detectable ATM or ATR activation in the 

HeLa-shLuc or HeLa-shCtIP cells, confirming our previous results that Ad5 

abrogates the ATM and ATR mediated damage responses (Fig. 4-9B) 

(Carson et al., 2009; Carson et al., 2003).  We then analyzed the ATM and 

ATR damage responses during dl1004 infection.  In the HeLa-shLuc cells 

infected with dl1004 there is activation of ATR and ATM as demonstrated by 

phosphorylation of ATM-S1981, NBS-S343, Chk1-S3345, Chk2-T68 and 

RPA32-S4,8 (Fig. 4-9B and Appendix Fig. 2).  In HeLa-shCtIP cells, ATM 

autophosphorylation at S1981 was unaffected by the absence of CtIP (Fig. 4-

9B), consistent with reports that ATM activation is upstream of CtIP 

(Greenberg et al., 2006; Li et al., 2000).  Interestingly, Chk2 phosphorylation 

(Chk2-T68) was increased in the dl1004 infected HeLa-shCtIP cells in both 

mock-infected and dl1004-infected cells (Appendix Fig. 2).  Therefore, ATM 

activation is either unaffected or hyper activated in the absence of CtIP.  In 

contrast, during dl1004 infection, Chk1 phosphorylation (Chk1-S345) was 

decreased in the HeLa-shCtIP cells when compared to the phosphorylation in 

HeLa-shLuc cells (Fig. 4-9B).  The effects of CtIP knockdown on 

phosphorylation of Chk1 conform to published results demonstrating a similar 

effect after treatment with camptothecin or γIR  (Greenberg et al., 2006; Sartori 

et al., 2007; Yu and Chen, 2004; Yuan and Chen, 2009).  Interestingly, during 

dl1004 infection, hyperphosphorylation of RPA at RPA32-S4,8 in HeLa-shCtIP 

cells was dramatically increased over that in HeLa-shLuc cells (Appendix Fig. 
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2).  This additional increase in RPA phosphorylation may be due to activation 

of DNA-PKcs and will be discussed in the conclusions. These experiments 

demonstrate that loss of CtIP leads to an increase in ATM dependent Chk2 

phosphorylation and a decrease in ATR dependent Chk1 phosphorylation 

when cells are infected with dI1004.  Together these results suggest that CtIP 

plays opposing roles in DNA damage signaling after infection.   

CtIP is not required for concatemer formation during infection 

 The prevention of adenovirus genome concatemers in Xenopus 

extracts by removal of CtIP suggested that CtIP would inhibit concatemer 

formation during infection.  Our biochemical studies also suggested that CtIP 

promoted removal of the TP from the adenovirus genome thereby allowing 

NHEJ components to ligate the TP-free genome ends together.  In order to 

test if CtIP was required for concatemer formation in vivo, we utilized the 

stable HeLa-shCtIP and HeLa-shLuc cell lines.  The HeLa-shCtIP and HeLa-

shLuc cells were infected with dl1004, harvested at 48 hpi, and the viral DNA 

was analyzed by PFGE (Fig. 4-10).  As expected, infection of the HeLa-shLuc 

cells with dl1004 led to concatemer formation.  In the HeLa-shCtIP cells, 

concatemers also form, thus knockdown of CtIP does not prevent 

concatemers during infection (Fig. 4-10).  Our results demonstrate that CtIP is 

not required for concatemer formation during infection.  Therefore, although 

CtIP is required for concatemers in vitro it is not required for concatemer 

formation in vivo.   
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Figure 4-10.  The HeLa-shCtIP cells support concatemer formation.  
HeLa-shLuc and HeLa-shCtIP cells were infected with dl1004 for 48 h.  Cells 
were harvested and prepared for analysis on PFGE as described in Materials 
and methods. 
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Discussion 

 In chapter 4, we developed an in vitro assay to identify proteins 

required for concatemer formation.  The xCtIP protein was found to be 

required for concatemer formation in our in vitro system.  CtIP was most likely 

promoting removal of the TP, which is required for initiation of viral replication.  

Confirming this hypothesis, knockdown of CtIP in cells rescued the defective 

replication of dl1004 virus to levels displayed by wild-type Ad5 virus.  An 

ectopically expressed GFP-CtIP protein localized to viral centers during 

infection.  The N- and C-termini of CtIP were required for two distinct 

localization phenotypes during Ad5 infection, with the N-terminus displaying 

the dominant phenotype.  Our results suggest that CtIP may play an important 

role during adenovirus infection and our conclusions discuss the role of CtIP in 

TP removal, in promoting a switch between NHEJ to HR and the dual roles of 

CtIP itself in transcriptional control and the DDR.  

Our combined studies using Xenopus extracts, purified protein 

biochemical reactions, and rescue of dl1004 replication with CtIP depletion 

suggest that CtIP promotes removal of the TP from the Ad genome.  Current 

studies in our lab are pursuing the biochemical mechanism of TP removal, and 

suggest that it is by an endonucleolytic mechanism (B.J.L., data not shown).  

The TP bound Ad5 genome is structurally similar to Spo11-bound DNA 

occuring during meiosis.  Spo11 cleaves and covalently binds 5’ ends of the 

DNA until HR proteins resolve the protein-DNA structure mediating 
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homologous recombination (Keeney and Kleckner, 1995; McKee and 

Kleckner, 1997). The S. cerevisiae protein Sae2 promotes Spo11 removal and 

is suggested to be a functional ortholog of CtIP (Sartori et al., 2007).  It has yet 

to be demonstrated whether CtIP possesses the enzymatic activity to process 

Spo11 bound DNA during meiosis.  Therefore, if our studies demonstrate that 

CtIP functions to remove the TP from the adenovirus genome, it may suggest 

a more general role for CtIP in removal of Spo11 during meiosis outside the 

context of viral infection. 

Our experiments demonstrated that CtIP is required for concatemer 

formation in vitro, but not during infection.  Our conflicting results can be 

explained by the presence of cell cycle regulation in the cell system and the 

absence of viral replication in the Xenopus system (Garner and Costanzo, 

2009).  The switch between double strand break repair by NHEJ and HR is 

cell cycle regulated, even though proteins required for both processes are 

present throughout the cell cycle (as reviewed by (Branzei and Foiani, 2008)).  

During G1, repair by NHEJ predominates, while repair by HR is preferred in S 

and G2 (as reviewed by (Branzei and Foiani, 2008)).  CtIP is cell cycle 

regulated, peaking in S/G2; and the absence of CtIP promotes NHEJ over HR 

(Yu and Baer, 2000; Yun and Hiom, 2009). We observed DNA-PKcs 

phosphorylation and increased hyperphosphorylation of RPA at S4, 8 in HeLa-

shCtIP cells as compared to HeLa-shLuc cells during dl1004 infection 

(Appendix Fig. 2). DNA-PKcs autophosphorylation is required for its 
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activation (Chan et al., 2002), and phosphorylates RPA32-S4, 8 (Boubnov and 

Weaver, 1995; Brush et al., 1994; Shao et al., 1999; Zernik-Kobak et al., 

1997). In our experiments, levels of CtIP were inversely proportional to RPA-

S4,8 phosphorylation during infection (Appendix Fig. 2). Therefore, enhanced 

NHEJ in HeLa-shCtIP cells may overcome the effects of CtIP knockdown in 

TP removal, resulting in the formation of concatemers during dl1004 infection. 

However, this model suggests that there is another protein required for TP 

removal during infection that allows NHEJ factors to ligate the DNA ends. 

The absence of virus replication in the Xenopus extracts allows us to 

identify proteins required for specific processing of the Ad5-TP substrate. 

During viral replication a multitude of dsDNA and ssDNA substrates are 

presented to the cellular machinery (Fig. 1-3).  Although CtIP may be required 

for processing the Ad5-TP substrate, it may not be sufficient to process the 

mass of genome substrates presented during viral replication.  It is intriguing 

that Mre11 is required for concatemer formation and replication inhibition, but 

CtIP is only required for the inhibition of viral replication.  Mre11 has distinct 

roles in activation of the DDR that are separable from its roles in DNA end-

processing (Buis et al., 2008).  Interestingly, MRN activation of the ATM and 

ATR damage responses is not required to inhibit viral replication, but activation 

of these kinases is required for concatemer formation (Lakdawala et al., 2008).  

Our combined results leads to a three-step model of concatemer formation: 

the first step requires removal of the terminal protein, the second step requires 
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activation of the ATM and/or ATR damage responses, and the third step 

results in ligation of genomes.  Previous studies and the results presented in 

this chapter suggest that Mre11 and CtIP are involved in the first step of 

concatemer formation, and may function to activate the second step of 

concatemer formation.  Mre11 has ssDNA endonuclease and 3’-5’ 

exonuclease activity in vitro which does not suggest that it can function in TP 

removal alone (D'Amours and Jackson, 2002).  CtIP could be required to 

promote Mre11 dsDNA endonucleolytic activity, switch the polarity of Mre11 

exonuclease activity or may possess endonucleolytic activity itself.  However, 

after removal of the TP, MRN may still be required to recruit factors including 

ATM or ATR to promote concatemer formation.  Similar to the previous model, 

the caveat with this model is that during infection viral genome concatemers 

form in the absence of CtIP. Therefore another protein must compensate for 

CtIP that can collaborate with Mre11 to remove the TP from the genome, or 

Mre11 possesses functions later during infection that can lead to concatemer 

formation. 

CtIP is a multifaceted protein with several reported functional domains 

(Chinnadurai, 2006).  The N-terminal dimerization domain mediates 

localization to punctate foci during Ad5 infection.  It has been reported that 

Ad5 replication is slightly defective in the absence of CtIP (Bruton et al., 2007). 

It was hypothesized that CtIP interaction with E1a promoted expression of 

adenovirus early proteins, and loss of this interaction resulted in defective Ad5 
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replication (Bruton et al., 2007).  We also observed a minimal decrease in 

replication of Ad5 in the absence of CtIP.  The localization of CtIP at foci 

during Ad5 infection could be related to the reported function of CtIP in 

transcriptional control, but association of CtIP with MRN at viral centers during 

dl1004 infection may switch CtIP function towards end processing and 

activation of a damage response. 

Our results have demonstrated that CtIP is inhibitory to dl1004 

infection.  The inhibitory effects of CtIP are most likely due to its function in 

promoting removal of the TP from the Ad genome.  It will be interesting to 

understand the discrepancy for the role of CtIP in concatemer formation in 

vitro and in vivo.  Our results also suggested that CtIP has dual functions in 

either the absence (Ad5) or presence (dl1004) of DNA damage.  If future 

studies to determine the biochemical function of CtIP suggest that CtIP can 

endonucleolytically remove the TP from the Ad genome, our results may 

translate to a role for CtIP in removal of Spo11 from the cellular genome 

during meiosis. 

 

Materials and methods 

Xenopus extracts.  Xenopus egg extracts were prepared by Z. You as 

previously described (Smythe and Newport, 1991).  Eggs were obtained from 

hormonally induced Xenopus laevis, and lysed by centrifugation at 16,000g in 

the presence of cycloheximide.  Crude extracts were centrifuged 260,000g to 
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separate membrane components.  Prior to incubation, Xenopus extracts were 

supplemented with ATP regenerating complex (150 mM creatine phosphate, 

20 mM ATP, 0.5 mg/mL creatine phosphokinase). To deplete xCtIP from the 

Xenopus extract, 30 µL protein-A agarose beads coupled with 90 µL xCtIP 

antiserum were incubated with 150 µL extract for 45 min at 4oC.  Beads were 

then removed from the extract by low-speed centrifugation.  The extract 

supernatant was then subjected to two additional rounds of depletion under 

the same conditions.  Unless indicated otherwise, Ad5-TP was incubated at a 

concentration of 20 nM in 50 µL Xenopus extracts for 2 h.  The reaction was 

stopped by addition of 5 µL of 0.5 M EDTA. 

Ad5-TP.  Ad5 was infected into 4 x 108 HEK293 cells for 48 h.  Infected cells 

were harvested and resuspended in 20 mL 10 mM Tris-HCl pH 8.  The 

infected cells were freeze-thawed for 3 cycles of liquid nitrogen / 37ºC 

incubation to release virus particles from the cells.  The cell debris was 

removed by centrifugation at 3000 rpm.  The virus particles were isolated over 

a CsCl2 gradient by 2 rounds of ultracentrifugation (25,000 rpm).  The viral 

genome was separated from the virus capsid by denaturation and 

ultracentrifugation over a guanidinium-CsCl gradient.  The genome was 

isolated by fractionation of the gradient, and fractions that contained DNA 

were combined and dialyzed in TE. 

PFGE.  The Xenopus extract reactions were mixed 1:1 with a solution of 

1.25% InCert cell agarose/125 mM Tris-Cl pH 7.5 melted and cooled to 50ºC. 
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The extract agarose mixture was solidified in a mold for PFGE loading (plug).  

The plugs were treated with Proteinase-K, washed, and analyzed by PFGE as 

previously described (Stracker et al., 2002).  The PFGE analysis in HeLa-

shLuc and HeLa-shCtIP cells was as previously described (Stracker et al., 

2002). 

Expression and purification of recombinant proteins and probe labeling.  

The rxCtIP proteins were produced in BL21 (DE3) E. coli strains, from the 

pET41b vector.  Induction conditions were 1 mM IPTG for 4 h at 37º, and the 

bacteria was lysed by emulsification.  The proteins were purified using a 

glutathione-agarose resin, according to the manufacturer’s protocol (Sigma, 

G4510).  Southern probes for the 5’ and 3’ ends were digested from plasmids 

pCMX-PL2 5’ and pCMX-PL2 3’ with EcoRI and BamHI.  Fragments were gel 

purified and labeled with α-32PdCTP using the Rediprime II kit (Amersham) 

and purified with Illustra Probequant G50 columns (Amersham). 

Biochemical in vitro reactions. Ad5-TP substrate (250 ng) was incubated 

with 100 nM, 200 nM, or 500 nM of the rxCtIP proteins 479-856 or 621-856 in 

25 mM MOPS, 50 mM NaCl, 2mM DTT, and 5mM MgCl2.  Reactions were left 

at 25oC for 1 h and stopped by incubation at 80ºC for 20 min.  The reaction 

was then digested with 10U SmaI for 2 h at 25oC.  The Pro-K samples were 

digested with 1ug Pro-K for 30 min at 37ºC. 

Southern Blot.  Agarose gels were denatured in 1M NaCl/.5M NaOH and 

neutralized in 0.5 M Tris-Cl pH7.5/1.5 M NaCl prior to transfer.  DNA was 
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transferred onto a membrane by capillary transfer in SSPE overnight, and the 

membrane was cross-linked with UV prior to hybridization.  Hybridization of 

denatured 5’ and 3’ probes in Rapid-Hyb (Amersham) was carried out at 65ºC 

for 4 h.  The membrane was washed in SSC and hybridized. 

Plasmids.  The GFP-CtIP plasmid and mutant constructs were a gift from Z. 

You and T. Hunter.  The GFP-CtIP-1-400 and GFP-CtIP-130-693 were 

constructed using the KpnI and SmaI sites in pEGFP-C1.  The pET41b 

plasmids expressing GST-CtIP-479-856-HIS and GST-CtIP 621-856-HIS were 

from Z. You and T. Hunter.  The pCMX-PL2 5’ and pCMX-PL2 3’ were created 

by PCR amplification of the Ad5 genome.  The 5’ probe was amplified from 

105-1009 and the 3’ probe was from 35357-35836.  PCR products were 

cloned into EcoRI and BamHI sites in pCMX-pL2. 

Antibodies.  Antibodies were purchased from Santa Cruz (CtIP, Ku70, Ku86, 

Chk1), Gentex (Rad50), Novus Pharmaceuticals (Nbs1, Nbs1-S343), Cell 

Signaling (Chk1-S345, Chk2-T68), Epitomics (ATM), Rockland (ATM-S1981), 

BrdU (Sigma). Anti-pTP was a gift from R. Hay and anti-RPA32 was a gift from 

T. Melendy.  Polyclonal rabbit antisera to DBP was a gift from P. van der Vliet, 

monoclonal B6 antibody to DBP was from A. Levine, and xCtIP and xNbs1 

antibodies were a gift from Z. You.  Secondary antibodies were from Invitrogen 

Molecular Probes (Alexa fluor conjugated) or Jackson Labs (HRP conjugated). 

Immunofluorescence and immunoblotting.  Cells grown on coverslips were 

fixed with 4% PFA.  Where indicated, cells were pre-extracted for 20 min on 
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ice by incubation with the solution described in chapter3.  Immunoblotting was 

performed as described in Materials and methods in chapter 2. 
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Chapter 5. Discussion 

 

Summary 

 The cellular DNA damage response (DDR) is a hierarchical response 

that initiates when DNA damage sensor proteins detect a DNA break, and 

then activate a signaling cascade that facilitates repair of the DNA break.  

During infection, the presence of linear dsDNA adenovirus genome in the 

nucleus results in activation of the DDR.  Wild-type adenovirus (Ad5) 

expresses the E4orf3 and E1b55K/E4orf6 proteins that prevent the detection 

of the viral genome as cellular DNA breaks. The study of adenovirus infection 

provides an interesting perspective on the DDR; cells have the DDR and 

repair pathways to protect the integrity of their genome and the virus 

counteracts these processes to protect the integrity of its own genome. Our 

studies have demonstrated that preventing the detection of the viral genome 

by the DDR machinery is vital to adenovirus, and Ad5 has evolved two 

mechanisms to prevent the earliest steps of the DDR.  The data presented in 

this thesis demonstrate that proteins involved in the DDR and DNA repair 

processes impose a barrier to adenovirus infection.  Studies to understand the 

functions of these proteins during adenovirus infection can translate to their 

function in basic cellular processes.  
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E4orf3 inhibition of ATR activation 

The small viral protein E4orf3 functions redundantly with 

E1b55K/E4orf6 to inhibit the MRN complex.  The fact that the virus has 

evolved these redundant mechanisms underscores the importance of targeting 

MRN for the adenovirus lifecycle.  While degradation of MRN by 

E1b55K/E4orf6 inhibits ATM and ATR activation, our results in chapter 2 

demonstrate that E4orf3 mislocalization of MRN only prevents ATR activation.  

E4orf3 can function as efficiently as E1b55K/E4orf6 for rescuing the known 

defects of an E4-deleted virus (Bridge and Ketner, 1989; Halbert et al., 1985; 

Stracker et al., 2005).  Since E4orf3 inhibits ATR but not ATM activation, 

inhibiting ATR activation may be more crucial to the adenovirus lifecycle.  

Consistent with this, we have found that ATR (but not ATM) activation is 

inhibitory to the accumulation of late proteins during infection (S.S.L. and 

M.D.W., unpublished) and a recent report demonstrated that adenovirus 

serotype 12 degrades TopBP1 to inhibit ATR but not ATM signaling (Blackford 

et al., 2010). 

Our studies on E4orf3 raise the question of how mislocalization of MRN 

inhibits ATR activation. Our experiments demonstrate that MRN is required for 

ATR activation independently of the activation of ATM during infection.  This is 

distinct from reports suggesting that MRN is only required to activate ATM, 

and activated ATM subsequently activates ATR after γIR (Jazayeri et al., 

2006; Yoo et al., 2009). E4orf3 expression does not prevent recruitment of 
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ATR/ATRIP/TopBP1/RPA to viral centers, suggesting that the MRN complex 

activates ATR at a step downstream of recruitment. It has been reported that 

after γIR, Nbs1 recruits ATM and TopBP1 bringing them in close proximity to 

promote phosphorylation of TopBP1, which in turn co-activates ATR (Yoo et 

al., 2009). Our data raise the possibility that physical separation of Nbs1 (in 

E4orf3 tracks) and TopBP1 (at replication centers) prevents ATM-mediated 

activation of ATR by phosphorylation of TopBP1.  Our results in chapter 2 

demonstrate that the nuclease activity of Mre11 is not required for adenovirus-

induced activation of ATR. However, in chapter 4 we demonstrate that 

knockdown of CtIP abrogates ATR during dl1004 infection.  These two pieces 

of data have led us to hypothesize that MRN recruitment of CtIP to virus 

replication centers is required for ATR activation.  In an alternate model, the 

viral ssDNA binding protein DBP could compete with RPA for ssDNA binding 

at sites of replication.  If MRN/CtIP could function to bias RPA coating of 

ssDNA this would also promote ATR activation.  Recently, S. cerevisiae RPA 

was found to promote resection by interactions with the DNA2 nuclease and 

Sgs1 helicase, suggesting RPA itself may function to promote resection of 

DNA (Cejka et al., 2010; Niu et al., 2010).  While human RPA was not 

demonstrated to work similarly as the yeast RPA (Niu et al., 2010), this does 

suggest that proteins not previously characterized for promotion of resection 

and ATR activation are still being identified.  Our results in chapters 2 and 4 

suggest that there is more to ATR activation beyond ATRIP/TopBP1/RPA. 



153 

Future studies include determining which domain of CtIP is required to 

promote activation of ATR, if the MRN complex activates ATR by interaction 

with CtIP, and why recruitment of the reported ATR activators is not sufficient 

for ATR activation.  These studies will provide a greater understanding of ATR 

activation in the context of cellular damage and adenovirus infection.  The 

evolution of adenovirus proteins to target specific steps of the DDR provides 

us with a unique system to dissect the activation of ATM and ATR pathways 

independently of one another. 

Cellular requirements for concatemer formation 

Over 15 years ago, the observation that E4 deleted adenovirus was 

ligated into concatemers during infection (Weiden and Ginsberg, 1994), 

suggested that DNA damage proteins could recognize viral genomes and 

opened an area of research to determine which cellular proteins were 

involved.  For Adenovirus, we propose that there is a three-step mechanism in 

concatemer formation: removal of the TP, activation of a damage response, 

and ligation of the genome ends. The work in this thesis suggests that removal 

of the TP requires MRN and CtIP, and previous work suggests that NHEJ 

machinery including DNA-PKcs (Boyer et al., 1999), DNA Ligase IV (Stracker 

et al., 2002) and XLF (Appendix Fig. 5) are required for ligation of viral 

genomes. The questions that remain are i) what enzymatic functions of 

CtIP/MRN are required for TP removal and are more proteins involved, and ii) 
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how does the activation of ATM, ATR and DNA-Pkcs promote the transition 

from TP removal to end joining. 

The in vitro assays conducted in Xenopus extracts (chapter 4), 

identified CtIP as being required for in vitro concatemer formation, and 

confirmed the function of Nbs1 in concatemer formation.  Since CtIP and Nbs1 

also inhibit dl1004 replication (chapter 4, and (Lakdawala et al., 2008)), 

perhaps the initiation of virus replication is hampered by the removal of the TP. 

The major caveat to these studies is the discrepancy for the requirement of 

CtIP in vitro versus in vivo.  Studies in the Xenopus extracts could be more 

sensitive as there is a defined amount of substrate and no viral replication.  

However, in the absence of CtIP, the TP still needs to be removed for 

concatemer formation to occur during infection.  An unidentified protein that 

removes the TP itself or promotes MRN function in this process could be 

responsible for this step in concatemer formation.  Currently, the same 

proteins required to inhibit viral replication are also implicated to promote 

concatemerization in vitro. Future studies to determine if other proteins are 

required for TP removal could be discovered by screening concatemer 

formation in the Xenopus extract system or by assaying the replication of 

dl1004 in cells deficient for candidate proteins. Our system provides a unique 

way to assay the requirements for removal of proteins bound to DNA ends by 

using a naturally occurring viral substrate as opposed to an engineered one.  

Future studies to test if purified CtIP can function endonucleolytically to 
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remove the TP from the genome would have implications for CtIP in the 

removal of Spo11 during meiosis. 

Another question raised by recent publications and the work presented 

in this thesis is if MRN/CtIP are required for TP removal, and the NHEJ 

machinery is required for joining, which proteins are required for the steps in-

between?  Dual inhibition of the ATM and ATR signaling pathways inhibits 

concatemer formation (Lakdawala et al., 2008). Our results in chapter 2 

demonstrate that E4orf3 can prevent concatemers even though there is robust 

ATM signaling during dl1004 infection. These data suggest that ATM signaling 

is not sufficient for concatemer formation. E4orf3 also mislocalizes PML 

(Carvalho et al., 1995; Doucas et al., 1996), but we established that inhibition 

of concatemers was not due to E4orf3 mislocalization of PML or due to a 

requirement for PML in E4orf3 track formation (chapter 2 and Appendix Fig. 

8).  Although we cannot rule out that another protein targeted by wild-type 

E4orf3 but not by the I104R mutation plays a role in concatemer formation, 

this discussion will focus on the functions of the MRN complex members in 

concatemer formation. Both the nuclease activity of Mre11, and the presence 

of the C-terminus of Nbs1 (containing the ATM and Mre11 interaction 

domains) are required for concatemer formation (Lakdawala et al., 2008; 

Stracker et al., 2002).  We observed that NBS cell lines complemented with an 

Mre11-NLS that localizes MR to the nucleus did not form concatemers 

(Appendix Fig. 9), demonstrating that Nbs1 has additional requirements 
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beyond relocalization of Mre11 to the nucleus.  Cells deficient for ATM also 

form concatemers, suggesting that Nbs1 activation of ATM is also not 

sufficient.  Nbs1 interaction with CtIP is not the missing link as concatemers 

form in the absence of CtIP, and the Nbs1-CtIP interaction is mediated 

through the N-terminus and not the C-terminus of Nbs1 (Lloyd et al., 2009; 

Williams et al., 2009a).  Based on these reports and on our results from 

chapter 2 and 4, we can develop two hypotheses for the role of ATR activation 

in concatemerization based on the status of CtIP.  In the presence of CtIP, 

CtIP/MRN mediated activation of ATM and ATR promotes concatemer 

formation through a DNA-PK dependent mechanism.  In the absence of CtIP, 

hyper activation of ATM and DNK-PKcs promotes concatemer formation by 

compensating for the decrease in ATR activation.  While these models remain 

to be tested, they suggest an explanation for the requirement of the PIKKs and 

for the discrepancies between the roles CtIP plays in concatemer formation.  

The ability of the adenovirus system to tease apart activation of the ATR and 

ATM responses and specifically inhibit proteins involved in these pathways 

may provide information on how this intricate pathway between resection and 

end joining is regulated. 

Localization of cellular damage proteins during wild-type infection 

In the context of a wildtype virus infection, we also observed interesting 

localization phenotypes of several cellular proteins. During Ad5 infection, the 

foci formed by CtIP, BLM and WRN (Appendix Fig. 6), were adjacent to sites 
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of viral replication. It has also been suggested that CtIP can function in 

transcriptional regulation (Liu and Lee, 2006; Meloni et al., 1999; Yu et al., 

1998), and it is has been reported that knocking down CtIP leads to a slight 

decrease in wild-type Ad5 viral replication by inhibition of transcription (Bruton 

et al., 2007).  The dual roles of CtIP as a transcriptional repressor and a DNA 

processing protein have not been clarified by the recent studies on CtIP 

function in resection.  In chapter 3, we show that BLM localizes to foci at viral 

centers during wild-type Ad5 infection (prior to degradation) and throughout 

dl1004 infection.  WRN re-localization to foci at replication centers occurs 

during wild-type Ad5 infection, but not during dl1004 infection (Appendix Fig. 

6).  It is interesting to consider whether WRN could be actively recruited during 

Ad5 infection for a function beneficial to the viral lifecycle.  The recruitment of 

WRN and CtIP to adenovirus replication centers during wild-type viral 

replication, suggests that their functions could be beneficial to infection 

although this has not yet been shown.  Study of the recruitment of the proteins 

during a wild-type adenovirus infection may uncover new roles for CtIP, BLM 

and WRN that could apply to their role in a non-viral context, separate from 

their functions in end processing. 

Final conclusions 

The data presented in this thesis provide new mechanistic insights into 

the roles of the MRN complex in activation of damage signaling and 

concatemer formation. Since CtIP and MRN are both implicated in TP 
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removal, suggesting they can play a role in removal of proteins covalently 

attached to the 5’ ends of DNA.  CtIP and MRN are suggested to play a role in 

Spo11 removal during meiotic recombination, if we demonstrated that they 

could enzymatically function to remove the TP, it would strengthen the 

implication for these proteins functions in meiosis.  Perhaps the most 

interesting observation is the identification of BLM as a novel target for 

degradation by E1b55K/E4orf6.  BLM is implicated in end processing and in 

suppression of hyper-recombination.  It is exciting to imagine that BLM is 

targeted by adenovirus to promote hyper-recombination between co-infected 

virus serotypes.  Future studies to understand why adenovirus targets BLM for 

degradation may find a role for BLM in the processing of replication 

intermediates or in suppression of viral recombination. The idea that DNA 

processing proteins play a role during adenovirus infection separate from 

concatemerization may expand the use of adenovirus as a model system to 

study transcriptional repression, recombination and processing of secondary 

DNA structures. 
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Figure A-1.  Knockdown of BLM by shRNA. BLM levels are undetectable 
after retroviral transformation with shBLM.  HeLa cells were transformed with a 
retrovirus expressing shRNA to BLM.  Cells were treated with 2 mM HU for 2 
h, or with 10gy γIR and harvested after 2 h.  Lysates were analyzed on SDS-
PAGE y immunoblotting with the indicated antibodies. 
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Figure A-2. Knocking down CtIP by shRNA alters phosphorylation of 
specific PIKK targets. HeLa cells retrovirally transformed to express shRNA 
against luciferase (control) or CtIP were either uninfected (M) or infected with 
dl1004 and harvested at 24 or 48 hpi.  CtIP is knocked down efficiently as 
levels of CtIP are not detected in the shCtIP lanes.   Phospho-specific 
antibodies detect increase in phosphorylation in the HeLa-shCtIP cells over 
the control for DNA-PKcs-T2069, Chk2-T68, RPA32-S4,8, and RPA32-S33.  
Phospho-specific antibodies detect a decrease in Chk1-S345 in the HeLa-
shCtIP lanes. 
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Figure A-3.  Expression of GFP-CtIP during infection prevents RPA32-
S4,8 phosphorylation at sites of viral replication.  (A) HeLa cells were 
transfected with GFP-CtIP and infected with dl1004 (MOI of 25) and harvested 
at 24 hpi.  Immunostaining was performed for RPA32 or RPA32-S4,8.  DAPI 
staining in the merged image represents nuclei.  (B) Cells were transfected 
and infected as above.  Immunostaining was performed with RPA32 and three 
different phospho-specific antibodies. RPA staining is represented in yellow to 
show sites of replication. 
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Figure A-4.  Localization of GFP-CtIP and E4orf3.  HeLa cells were 
transfected with GPF-CtIP mutants that localized to track like structures during 
infection (Table 4-1) and a vector expressing Ad5-E4orf3 in a 1:1 ratio.  
Immunofluorescence was performed for E4orf3.  DAPI staining represents the 
nuclei in the merged images. 



164 

Figure A-5.  XLF is required for concatemer formation during dl1004 
infection.  HCT116 cells engineered using rAAV gene targeting to reduce 
expression of XLF or DNA Ligase IV (Fattah et al., 2010; Ruis et al., 2008).  
HCT116 cells represent the control cell line.  Cells were uninfected or infected 
with Ad5 or dl1004.  Cells were harvested at 48 hpi and split to determine 
protein levels by immunoblotting or viral DNA by PFGE.  Immunoblotting with 
the indicated antibodies represents the levels of XLF and DNA Ligase IV. 
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Figure A-6.  Analysis of WRN levels and localization during infection. (A) 
Addition of proteasome inhibitors does not increase levels of WRN during Ad5 
infection.  HeLa cells were uninfected or infected with wild-type Ad5 (MOI of 
10) or dl1004 (MOI of 25).  At 12 hpi epoxomicin and MG132 were added to 
the cells (+).  Cells were harvested 24 hpi.  Lysates were analyzed on SDS-
PAGE by immunoblotting with the indicated antibodies.  Ku86 served as a 
loading control. (B) HeLa cells were uninfected of infected with Ad5 or dl1004.  
Cells were fixed 24 hpi and immunofluorescence was performed for antibodies 
to WRN and DBP.  WRN is localized to Ad5 replication centers, but not during 
infection during di1004.  DAPI staining in the merge images represents the 
nuclei. 
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Figure A-7.  BLM localization in primary cell lines during infection.  
IMR90 cells, cells lines derived from patients with Blooms syndrome (BS) or 
cells lines derived from patients with Werner syndrome (WS) were infected 
with Ad5 of dl1004 and fixed 48 hpi.  Immunofluorescence was performed 
using antibodies to BLM and DBP.  DAPI stain represents the nuclei in the 
merged images. 
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Figure A-8. E4orf3 mislocalization of PML is not required for formation of 
E4orf3 tracks or inhibition of concatemer formation.  (A) PML is not 
required for E4orf3 track formation.  HFF cells retrovirally transformed to 
express an shRNA to Luciferase (control) or PML were infected with dl1017 
virus. Cells were fixed after 48 hpi and immunofluorescence was performed for 
PML and E4orf3.  DAPI staining in the merged panel represents the nucleus.  
(B) SUMO1 still localizes to E4orf3 tracks in the absence of PML.  HFF-shLuc 
and HFF shPML cells were infected and fixed as above.  Immunofluorescence 
was performed for an antibody to SUMO1.  (C) In the absence of PML, 
concatemers are still formed during dl1004 infection.  HFF-shLuc and 
HFF_shPML cells were infected with Ad5 or dl1004 and harvest 96 hpi for 
analysis by PFGE.  Infection with dl1004 still produces concatemers in the 
HFF-shPML cells. (D) Replication of dl1004 is increased in the absence of 
PML.  HFF-shLuc and HFF-shPML cells were infected with dl1004 and 
harvested at 4, 48 and 96 hpi.  DNA was extracted from cells and viral 
genomes were quantified by qPCR.  The bars represent fold change of the 
genomes at the indicated times over the input viral genomes. 
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Figure A-9.  Re-localization of Mre11 to the nucleus in NBS hypomorphic 
cells is not sufficient for concatemer formation.  NBS hypomorphic 
complemented with an empty vector (LXIN), wild-type Nbs1 (Nbs1), wild-type 
Mre11 (Mre11) or an Mre11 engineered to express an NLS (Mre11-NLS) were 
infected with dl1004 and harvested over regular intervals over a 48h time 
course.  Cells were prepared for analysis by PFGE.  NBS+Nbs1 cells 
supported the formation of concatemers, however the Mre11-NLS cells did 
not.  
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