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ABSTRACT 

 A productive adenovirus infection inundates the host cell with linear, 

double-stranded DNA molecules and an abundance of single-stranded DNA. The 

cellular responses of cell death and cell cycle arrest to this apparent profusion of 

damaged DNA are antagonized by overlapping activities encoded in the 

adenoviral E1B and E4 early genes. A mutant group C adenovirus that fails to 

express the E1B-55K and E4ORF3 genes is unable to suppress the DNA-damage 

response. Cells infected with this double-mutant virus display significant 

morphological heterogeneity at late times of infection. Fragmented nuclei and 

mitotic arrest frequently contribute to this heterogeneity. 

 Translocation of apoptosis inducing factor (AIF) from the mitochondria into 

the nucleus causes nuclear fragmentation in response to adenoviral infection. 

Viral DNA replication triggers poly(ADP-ribose) polymerase-1 (PARP-1) 

activation, which is required for the translocation of AIF. Nuclear fragmentation 

did not occur in AIF-deficient cells or in cells treated with a PARP-1 inhibitor. The 

E1B-55K or E4ORF3 proteins were independently able to prevent nuclear 

fragmentation subsequent to PARP-1 activation, possibly by altering the 

intracellular distribution of PAR-modified proteins.  

 Cells in early G1 were predisposed to mitotic arrest during adenoviral 

infection. This mitotic arrest shows similarities to mitotic catastrophe. The 

presence of either the E1B-55K or the E4ORF3 proteins is sufficient to rescue 

cells from mitotic arrest. The addition of colcemid to E1B-55K-mutant virus-

infected cells restores mitotic arrest, suggesting that the two viral proteins act to 



 xviii 

restrict entry into mitosis or to promote exit from mitosis to prevent infected cells 

from arresting in mitosis. The E1B-55K protein appeared to prevent inappropriate 

entry into mitosis through its interaction with the cellular tumor suppressor protein 

p53. The E4ORF3 protein facilitated exit from mitosis by possibly mislocalizing 

and functionally inactivating cyclin B1. 

 These results describe a new relationship between adenovirus and AIF. 

These studies also demonstrate that stage of the cell cycle at the time of 

infection can determine cell fate at very late times of infection. This work further 

illustrates how the redundant functions of adenovirus oncoproteins inhibit cellular 

responses to stressors that may be masked by apoptosis in many situations. 

Cancer cells often have altered cell death and arrest signaling that forestalls 

apoptosis. Adenoviral mutants that trigger, but are unable to suppress, multiple 

signaling pathways that bypass apoptosis and lead to cell death and cell cycle 

arrest have the potential to kill apoptosis-resistant tumor cells effectively. 

Furthermore, this work shows that adenovirus does not simply inhibit host 

proteins; rather, viral proteins both inactivate and replace cellular processes.  
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CHAPTER 1: INTRODUCTION 

Adenovirus overview 

 Human adenovirus is endemic in many parts of the world and is classified 

into eight species (Seto et al., 2011). Species C adenovirus is a human 

commensal that can be found in tonsil and adenoid tissues. In studies conducted 

in several countries, neutralizing antibodies against adenovirus have been seen 

in 40%-80% of the adult population. Increased incidence of neutralizing 

antibodies against adenovirus occurs in developing countries, but is still 

observed at high levels in the United States (Appaiahgari et al., 2007; Nwanegbo 

et al., 2004; Thorner et al., 2006). As a pathogen, adenovirus causes various 

illnesses based on type and site of infection. Diseases associated with 

adenovirus are cold-like symptoms, gastroenteritis, and conjunctivitis. These 

illnesses are typically mild, but in immunocompromised patients, adenovirus 

infections can lead to severe disease and death. Despite the generally mild 

clinical presentation of adenovirus, species E adenovirus is capable of causing a 

more severe respiratory infection in individuals living in close quarters under 

stressful conditions, such as military recruits (Knipe, 2006). Species E and B 

adenovirus types Ad4 and Ad7 underwent a 25-year vaccination scheme in the 

US military that ended in 1996 and led to more than a decade of increased 

adenovirus-induced acute respiratory illness until the vaccine’s reinstatement in 

2011 (Armed Forces Health Surveillance, 2013; Metzgar et al., 2007; Russell et 

al., 2006). In recent years, however, the species B2 adenovirus Ad14 has 

emerged with fatal consequences among both US military personnel and the 
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civilian population in the United States and abroad (Centers for Disease and 

Prevention, 2010; Metzgar et al., 2007; Zhu et al., 2009). 

Adenovirus lifecycle 

 Adenovirus is a nonenveloped icosahedral virus of about 90 nm with a 36 

kb linear double-stranded DNA genome. The virus attaches to host cells via the 

coxsackie-adenovirus receptor (CAR) and enters a cell through a clathrin-coated 

pit. The viral genome eventually enters the nucleus where cellular machinery is 

used to transcribe early viral genes that are grouped into four genomic regions, 

E1, E2, E3, and E4. The resulting early viral proteins promote viral replication 

and inhibit host signaling pathways. Among these early viral proteins are those 

needed for viral genome replication. The viral DNA polymerase copies one 

strand of the DNA genome at a time, displacing the other strand as it proceeds. 

The displaced single-stranded DNA is bound by the adenoviral DNA binding 

protein (DBP). Inverted terminal repeats allow the single strand of adenoviral 

DNA to reform a dsDNA terminus for the adenoviral polymerase to replicate the 

strand. Finally, the late viral gene transcripts are translated into structural 

proteins that are packaged with viral genomes to form progeny virions. Infection 

of lytically infected cells, such as epithelial cells, by adenovirus eventually results 

in lysis of the cell and the release of progeny (Knipe, 2006).  

Adenovirus early proteins 

 The first adenoviral gene products to be transcribed and translated are the 

E1A proteins, which are responsible for creating a favorable cellular environment 
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for adenoviral replication. The E1A 12S protein promotes adenoviral genome 

replication by binding pRB-family proteins, leading to the derepression of E2F 

and the subsequent induction of S-phase-promoting transcription factors (Berk, 

2005). The E1A 13S protein promotes adenoviral gene transcription by binding 

and activating transcription factors responsible for promoting S-phase, such as 

E2F/DP-1 complexes (Pelka et al., 2011), and those involved in adenoviral 

transcription (Berscheminski et al., 2013; Pelka et al., 2009). In the case of 

cellular E2F during adenoviral infection, for example, the E1A protein promotes a 

transcriptional and cell proliferative environment, in large part through the 

derepression of E2F that occurs after E1A binds pRb (Berk, 2005). E2F levels 

may increase, but the protein does not perform the identical function performed 

in uninfected cells. Rather, the E4ORF6/7 protein redirects and stabilizes the 

transcription factor at viral promoters and specific cellular promoters (Schaley et 

al., 2000). The E1A protein also increases centrosome duplication through its 

interaction with Ran GTPase (De Luca et al., 2003).  

 The E1B-55K protein of adenovirus inactivates and modifies many cellular 

proteins, particularly those involved with the DNA damage response, both on its 

own and in complex with the E4ORF6 protein. The E1B-55K/E4ORF6 complex 

replaces the specificity factor of a Cul5-E3 ubiquitin ligase and, as such, targets 

proteins for ubiquitination and proteasomal degradation (Berk, 2005). The 

E1B-55K/E4ORF6 complex also promotes viral RNA transport (Woo and Berk, 

2007). The E1B-19K protein is a Bcl2 homologue protein that strongly inhibits 

apoptosis during adenoviral infections (Cuconati et al., 2002).  
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 The E2 proteins promote viral genome replication. While some host 

proteins, such as three of the template activating factors (TAFs), are required for 

the replication of the adenoviral genome (Giberson et al., 2012), adenoviral 

replication is critically dependent on the E2 proteins. The E2A protein, also 

known as DBP, shares homology with the cellular single-stranded nucleic acid-

binding RPA proteins. The E2B region encodes for both the viral preterminal 

protein (pTP) and the viral DNA polymerase. 

 The adenoviral E3 region encodes a number of proteins that modulate 

host response to adenoviral infection, such as inflammation and cell death. The 

immunosuppressive activity of E3 proteins in vivo occurs in part through the 

inhibition of antigen presentation by MHC Class I retention in the endoplasmic 

reticulum (ER). The E3 proteins also inhibit extrinsic signaling for cell death 

(Shisler et al., 1997). Because of its role in suppressing the host immune 

response, deletion of much of the E3 region results in a phenotypically wild-type 

virus as measured in cell culture. While most of the E3 genes are transcribed 

early in the adenoviral life cycle, the E3-encoded adenovirus death protein (ADP) 

is found at late times of infection, having been transcribed from the adenoviral 

late promoter. ADP facilitates infected cell lysis and progeny release at late times 

of infection (Tollefson et al., 1996a; Tollefson et al., 1996b).  

 The E4ORF1 protein of adenovirus serotype 9 has transforming properties 

in rat embryo fibroblasts and causes estrogen-dependent mammary tumors in rat 

models (Javier, 1994). This adenoviral protein interacts with cellular proteins with 

PDZ domains and likely alters cellular signaling through PI3-kinase (Lee et al., 
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2000). The E4ORF2 protein has no known function and the absence of the protein 

during an Ad5 adenoviral infection has no as-yet observed phenotype (Täuber 

and Dobner, 2001). The E4ORF4 protein interacts with protein phosphatase 2A 

(PP2A) and it is this association of the E4ORF4 protein that also causes cell death 

independent of adenoviral infection (Shtrichman et al., 1999). This interaction 

provides another example of how adenovirus reprograms the activity of a cellular 

protein. Through its association with the B55α subunit of PP2A, the E4ORF4 

protein increases the activity of PP2A towards some substrates and diminishes 

its activity towards others (Brestovitsky et al., 2011). The tumor suppressor 

protein p53 may be another example of a cellular protein that is not only 

inactivated by adenovirus but reprogrammed. In the case of p53, the activity of 

p53 may be changed from a growth suppressive factor to one that promotes 

some aspects of cell proliferation (Mercer et al., 1984). In addition to its function 

as part of the E1B-55K/E4ORF6 complex, the E4ORF6 protein also has a role in 

muting the DNA damage response (Hart et al., 2005). As previously discussed, 

the E4ORF6/7 protein supports the function of the E1A protein by facilitating E2F 

recruitment to promoter sites (Schaley et al., 2000) 

E1B-55K 

 Adenovirus expresses self-limiting activities in that pairs of viral proteins 

appear to act in opposition. In rodent cells, E4ORF1 is a growth promoting 

oncoprotein (Javier, 1994). During a productive infection of human cells, the 

E4ORF1 protein acts to suppress late viral translation, which is counteracted by 

the E1B-55K protein (Thomas et al., 2009). In other capacities, the E1B-55K 
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protein itself strongly inhibits DDR, suppresses pro-apoptotic signaling, and 

inhibits host protein synthesis, activities that are promoted by other viral proteins.  

 The E1B-55K protein forms a complex with the E4ORF6 protein and in 

doing so, reprograms a Cullin5-based E3 ubiquitin ligase by creating a new 

specificity factor. This allows the complex to target numerous DDR proteins for 

ubiquitination and subsequent proteasomal degradation. These proteins include 

DDR sensor proteins Mre11 and Rad50 and the repair protein DNA ligase IV (as 

reviewed in Berk, 2005). 

 In addition to complex-mediated degradation of cellular targets, E1B-55K 

changes the transcriptional profile of the infected cell. One group targeted by 

E1B-55K are the p53-dependent genes. E1B-55K binds p53 and the p53-

responsive promoter regions, inhibiting the transcription of these genes (Martin 

and Berk, 1998; Yew et al., 1994). The E1B-55K/E4ORF6 protein complex also 

selectively exports viral transcripts into the cytoplasm, while retaining cellular 

mRNA in the nucleus (Blanchette et al., 2008).  

 The E1B-55K protein also undergoes numerous post-translational 

modifications. E1B-55K is phosphorylated at its C-terminus by casein kinase 2 

(Teodoro and Branton, 1997; Teodoro et al., 1994) and this modification of the 

E1B-55K protein alters the intracellular localization of the protein (Wimmer et al., 

2013). Phosphorylation of the E1B-55K protein, which itself is a SUMO ligase 

(Gogna et al., 2013; Pennella et al., 2010), promotes its SUMOylation (Wimmer 

et al., 2013). The SUMO-modified form of the E1B-55K protein allows it to bind to 

PML (Wimmer et al., 2010), but does not affect binding with another PML-



 7 

associated protein, the death domain associated protein 6 (Daxx) (Schreiner et 

al., 2011). Nonetheless, this post-translational modification of the E1B-55K 

protein does, however, increase E1B-55K-mediated degradation of the Daxx 

(Schreiner et al., 2011).  

E4ORF3 

 The E4ORF3 protein is the most conserved adenovirus protein; however, 

the E4ORF3 protein of the human group C adenoviruses is the most divergent 

from the other adenovirus species. The adenovirus E4ORF3 protein is able to 

sequester various cellular proteins into nuclear-matrix associated tracks and to 

direct these proteins away from normal sites of function in the cell. The E4ORF3 

protein of group C adenoviruses displaces the Nbs1 protein from sites of viral 

DNA replication. The mislocalization of Nbs1 by the group C E4ORF3 protein is 

sufficient to prevent ATR activation, thereby partially crippling the DNA damage 

response (Carson et al., 2009). Curiously, the E4ORF3 protein of non-group C 

adenoviruses permit Nbs1 to localize to sites of viral DNA replication and may 

use other means to suppress DNA damage-signaling to ATR.  

 Although only the group C E4ORF3 protein targets Nbs1 (Stracker et al., 

2005), all E4ORF3 proteins are able to divert the promyelocytic leukemia gene 

product (PML) protein from the PML oncogenic domains or PODs into insoluble 

tracks. The adenoviral E4ORF3 protein closely associates with the redirected 

cellular nuclear proteins in distinct filament-like structures within the nucleus. 

These structures, called tracks because of their extended nature, are separate 

from centers of viral DNA replication. In doing so, the E4ORF3 protein dampens 
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the ability of infected cells to respond to exogenous interferon (Ullman et al., 

2007). Among the proteins found in PODs include transcriptional regulators, 

interferon-stimulated gene products, and DNA repair proteins. (Leppard and 

Everett, 1999; Ullman et al., 2007; Yondola and Hearing, 2007). Yet another 

cellular transcription factor targeted and inactivated by E4ORF3 is the 

transcriptional intermediary factor 1 alpha or TIF-1α (Yondola and Hearing, 

2007). 

 The redundant properties of E4ORF3 are masked by the E1B-55K/E4ORF6 

complex. The ability of adenovirus to disable the MRN complex and prevent viral 

genome concatenation, for example, is carried out by two independent pathways. 

The ability of E4ORF3 to reorganize Nbs1 is sufficient to suppress the DNA 

damage response, as is the ability of the E1B-55K/E4ORF6 complex to degrade 

Mre11 (Stracker et al., 2005). In the absence of a functional E1B-55K/E4ORF6 

complex, the contribution of E4ORF3 to a successful virus infection becomes 

more evident. Similarly, the function of E4ORF3 has been observed to be 

important to viral replication in the absence of E4ORF6 (Evans and Hearing, 

2005). The E4ORF3 protein also alleviates a virus growth restriction seen in 

E1B-55K-single mutant virus in S-phase cells (Shepard and Ornelles, 2003).  

Adenovirus replication 

 The adenoviral pre-terminal protein (pTP) is required for the initiation of 

viral genome replication. It provides the initial hydroxyl group to which 

nucleotides are added to form the viral genome. This protein also recruits the 

viral DNA polymerase to the DNA template. TAF-1ß, TAF-II, and TAF-III are then 
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recruited and replication commences (Giberson et al., 2012). The replication of 

the viral genome occurs via leading strand synthesis alone and results in the 

displacement of a single strand of DNA that is bound by the viral DBP (Challberg 

and Kelly, 1989). The inverted repeats refold to regenerate a double-stranded 

DNA end that serves as a substrate for pTP and viral polymerase docking. The 

replication of the second strand of genome replication completes viral genome 

replication (Hay et al., 1984). 

 The free ends of the viral double-stranded DNA genomes and the single 

non-replicating DNA strands are sensed by the cell as being double- and single- 

stranded DNA damage. Input genomes during initial infection, the intermediaries 

during DNA replication, and the increase in progeny genomes inundate the cell 

with what are perceived as overwhelming amounts of DNA damage. This triggers 

DNA damage response pathway signaling that is antagonized by early adenoviral 

proteins (Turnell and Grand, 2012; Weitzman et al., 2004). 

Adenovirus late proteins 

 The transcription of late viral proteins is directed by a limited number of 

late viral promoters. The late proteins consist of primarily structural proteins that 

constitute the viral capsid or promote capsid assembly. The abundant hexon 

protein is assembled into a viral scaffold in the form of an icosahedron before the 

ends are capped by penton base proteins and fiber, forming an empty capsid 

(Cepko and Sharp, 1982). The adenoviral genome, bound by late viral protein 

VII, is then packaged into the empty capsid. Adenoviral proteins associated with 

the assembled virion are then cleaved by a viral protease that uses viral DNA as 
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a cofactor to produce a mature virion that is infectious and able to uncoat upon 

infection (Cotten and Weber, 1995; Mangel et al., 1993; San Martín, 2012). The 

adenoviral death protein (ADP) then facilitates cell lysis and progeny release. In 

the absence of ADP, cell lysis and subsequent viral release are delayed 

(Tollefson et al., 1996b). Overexpression of ADP in the context of adenoviral 

infection results in increased cell lysis, cell-to-cell spread, and viral yield (Doronin 

et al., 2003). Viral yield of an inefficiently replicating Ad41 vector is also 

increased with the insertion of Ad5 ADP into the E3 region (Lu et al., 2013). 

Overview of DNA damage response 

 One mechanism of signaling DNA damage proceeds through the 

phosphorylation of latent cellular proteins (Karran, 2000). Among the first 

responders to DNA damage is the sensor protein complex Mre11/Rad50/Nbs1 

(MRN) (Williams et al., 2010). Once localized to sites of DNA damage, the MRN 

complex recruits apical kinases related to the phosphoinositol-3’-kinase, 

including the DNA-dependent protein kinase (DNA-PK), ataxia telangiectasia 

mutated protein (ATM), and ATM- and Rad3-related protein (ATR) (Durocher and 

Jackson, 2001; Nam and Cortez, 2011). ATM is most closely associated with the 

double-stranded DNA damage response (DDR) through checkpoint kinase 2 

(Chk2), ATR is associated with the single-stranded DDR though checkpoint 

kinase 1, and DNA-PK is associated with the repair of double-stranded breaks 

through non-homologous end-joining (NHEJ) (Karran, 2000; Turnell and Grand, 

2012). Once active, these apical kinases activate distal kinases, scaffolding 

proteins such as H2AX, and effector proteins such as p53 that direct DNA repair 
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(Khanna and Jackson, 2001), cell cycle arrest (Zhou and Elledge, 2000), or cell 

death (Biss and Xiao, 2012). 

DNA damage response signaling 

 Cells recognize and respond to both double- and single-stranded DNA 

breaks through the DDR. Response to DDR eventually leads to repair, cell cycle 

arrest, or death. The two main pathways of double strand break repair are 

homologous recombination and non-homologous end joining. During 

homologous recombination, DNA ends are processed so that a 3’ end is created 

that can recognize a homologous sequence and invade the intact double strand. 

The homologous sequence serves as a template to repair the damaged strand. 

During non-homologous end joining, a cluster of proteins called the Ku complex 

binds free double-stranded DNA ends. The Ku complex recruits the kinase 

DNA-PKc, which in turn recruits a nuclease and DNA ligase IV to the site of DNA 

damage, facilitating DNA break repair. Single-strand break repair is initiated by 

the binding of poly(ADP-ribose) polymerase to sites of damage. Polymerases, 

kinases, and DNA ligase III are recruited to damage sites and fill in the missing 

bases (Zhang et al., 2006). Sensor proteins, such as the MRN complex, localize 

to sites of DNA damage. These proteins have been shown to be required for 

proper ligation by the DNA damage response pathways described. The MRN 

complex protein Nbs1 is also important in facilitating intra-S-phase checkpoint 

control, a process by which S-phase is slowed, but not completely inhibited in 

response to DNA damage by the inhibition of replication origin firing. In response 

to ionizing radiation, ATM activates Chk2, which in turn phosphorylates Cdc25A. 
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The phosphorylated form of Cdc25A is inactive and targeted for degradation, 

thus contributing to the intra-S-phase checkpoint. Nbs1 is required for activation 

of DNA damage response proteins ATM and Chk2 (Zhang et al., 2006). The 

MRN complex recruits kinases ATM and ATR to sites of damage and thus 

initiates a phosphorylation cascade that leads to DNA damage repair, cell cycle 

arrest, or cell death. Cell cycle arrest prevents cells from continuing on to 

replicate until the damage is repaired or, as is often the case with overwhelming 

amounts of DNA damage, the cell dies (Kobayashi et al., 2008). 

Consequences of DNA damage 

 DDR signaling leads to the major downstream consequences of DNA 

damage, DNA repair, cell cycle arrest, and cell death. The outcomes depend on 

the kinases and effector proteins activated. DNA-PK is often associated with the 

repair of DNA damage, while ATM and ATR are associated with the activation of 

p53 (Karran, 2000; Turnell and Grand, 2012). The response of p53 to DNA 

damage has many arms leading to cell cycle arrest, cell death, senescence, 

autophagy, and cell proliferation (Brady and Attardi, 2010). 

DNA damage repair 

 Upon recognition of DNA damage, proteins are activated that facilitate 

DNA repair. This repair can occur in response to mismatched nucleotides or 

single-stranded DNA damage and is known as excision repair, or in response to 

dsDNA damage through homologous recombination (HR) or non-homologous 

end joining (NHEJ). Excision repair involves the removal of incorrect nucleotides 
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and the use of the sister strand of DNA to replace the nucleotide (Dianov and 

Hübscher, 2013; Peña-Diaz and Jiricny, 2012). HR also uses a template to repair 

breaks, but as this requires the use of a sister chromatid, it is limited to dsDNA 

repair of replicated DNA in S- or G2-phase. Available throughout the cell cycle is 

NHEJ, which involves the ligation of broken DNA ends without the help of a 

template and, as a result, is prone to errors. DNA-PK localizes to sites of damage 

and recruits DNA ligase IV and XRCC4, the proteins responsible for ligating the 

ends (Chapman et al., 2012). 

Cell death  

 Another response to DNA damage is cell death, particularly in response to 

overwhelming DNA damage. This typically occurs in the form of apoptosis, a 

highly regulated and quickly acting form of death (Andrabi et al., 2006; Katyal 

and McKinnon, 2007; Lavin and Kozlov, 2007). Apoptosis is programmed cell 

death that is considered the classical cell death pathway. Apoptosis is stimulated 

by the death receptor-mediated extrinsic or damage-induced intrinsic pathways 

that lead to the activation of a controlled cleavage cascade. Apoptosis is 

regulated by proteins, such as Bcl-2, that prevent the permeabilization of the 

mitochondrial membrane by pro-apoptotic proteins Bax and Bak, and by proteins 

that inhibit activation and function of caspases. Extrinsic stimuli for apoptosis 

cause the cleavage of the procaspase 8 zymogen into active caspase-8. Intrinsic 

stimuli for apoptosis, which include DNA damage, as well as caspase-8 

activation, lead to the release of mitochondrial proteins, such as SMAC/Diablo, 

AIF, and cytochrome c. SMAC/Diablo inhibits caspase inhibitors, AIF promotes 
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nuclear degradation, and cytochrome c leads to the formation of the 

apoptosome. Both the apoptosome and active caspase-8 are capable of cleaving 

and activating caspase-3, an effector caspase that cleaves cellular products, 

eventually leading to death by apoptosis. (Assunção Guimarães and Linden, 

2004; van Loo et al., 2002). 

 Alternative mechanisms of cell death lead to death in a caspase-

independent manner. Mitotic catastrophe is the failure of mitosis to successfully 

complete. This can occur as a result of check-point failure in response to DNA 

damage allowing defective cells to enter mitosis or through the inhibition of 

mitotic exit. Mitotic catastrophe occurs in response to ionizing radiation during 

mitotic arrest by nocodazole treatment, which inhibits polymerization of 

microtubules, and is characterized by cells with abnormal spindle formation 

(Huang et al., 2005). Autophagy is both a form of cell death and a method for cell 

survival in response to nutrient deprivation or induction by mTOR inhibitor 

rapamycin. Starvation or mTOR inhibition leads to the derepression of the pro-

autophagic Ulk1-Atg13-Fip200 complex (Hosokawa et al., 2009). This cellular 

response is characterized by the formation of autophagosomes. These double-

membraned vesicles engulf organelles and eventually fuse with lysosomes to 

degrade the organelles. In short-term stressful situations, such as starvation or 

nitrogen deprivation, autophagy is a means by which cells delay death through 

the recycling of nutrients from non-essential organelles. Extended or strongly 

induced autophagy, however, results in cell death (Galluzzi et al., 2012; Lerena 

et al., 2008). Cells treated with the topoisomerase inhibitor etoposide have been 
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observed to undergo autophagy in conditions during which apoptosis is inhibited 

(Shimizu et al., 2004). Senescence involves the nonreversible aging of a cell in 

which cell cycle progression is blocked completely. Senescence is often induced 

along with apoptosis in response to DNA damage, ensuring that a damaged cell 

is unable to replicate (Ricci and Zong, 2006). 

 Another mechanism of cell death occurs in response to excitotoxic signals 

and is dependent on PARP-1 and AIF. The phosphorylation-mediated DNA 

damage signaling to p53 has been studied extensively in the context of a viral 

infection (reviewed in Turnell and Grand, 2012); however, signaling also 

proceeds through the activation of poly(ADP-ribose) polymerase-1 (PARP-1). 

PARP-1 activation occurs in response to DNA-damage and promotes the 

addition of poly(ADP-ribose) (PAR) to PARP-1 itself, the ribosylation of cellular 

proteins such as histones, and the accumulation of free PAR chains (Halldorsson 

et al., 1978; Wang et al., 2009a). PARP-1 automodification and the localization of 

PAR at sites of DNA damage recruit DNA signaling and repair proteins and lead 

to PAR-modification of these proteins (Haince et al., 2007; Li and Yu, 2013; 

Sousa et al., 2012; Wang et al., 2012b). Not all forms of DNA damage activate 

PARP-1 to an equivalent extent. In neuronal cells, cell death associated with 

PARP-1 activation tends to result from excitotoxic signals or in response to the 

DNA-alkylating agent N-methyl-N’-nitro-N-nitrosoguanidine (MNNG) (Andrabi et 

al., 2006; Yu et al., 2003; Yu et al., 2002). PARP-1 activation is also required for 

AIF to translocate to the nucleus (Yu et al., 2002). 

 Translocation of AIF into the nucleus can lead to profound changes to the 
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integrity of the cell nucleus and the survival of the cell. AIF provokes a caspase-

independent form of cell death accompanied by PARP-1-dependent nuclear 

fragmentation (Susin et al., 1999; Yu et al., 2002). The mechanism by which 

active PARP-1 signals for death and facilitates AIF release from the mitochondria 

remains unclear. Studies have demonstrated that free PAR chains are sufficient 

to induce caspase-independent cell death (Andrabi et al., 2006). Still other 

studies indicate that AIF itself must be PAR ribosylated in order to be released 

from the mitochondria and to translocate to the nucleus (Wang et al., 2002). 

Cell cycle arrest 

 Cell cycle arrest mediated by p53 downstream of DNA damage signaling 

typically occurs at the G1/S border (Schwartz and Rotter, 1998), but p53 also 

inhibits cell cycle progression just prior to mitosis. The ability of chromosome 

alignment protein, Kif23, to bundle microtubules during mitosis is inhibited by 

p53, preventing entry into mitosis (Fischer et al., 2013). Treatment of p53-

competent cells or p53-complemented, p53-null cells with nocodazole and 

inhibitors of the early mitosis regulator, Plk1, result in more apoptosis than in 

p53-deficient or p53-depleted cells. Conversely, cells deficient in p53 show 

increased mitotic catastrophe and DNA damage than p53-positive cells (Sanhaji 

et al., 2013). This may be due to the inability of p53-dependent apoptosis to clear 

cells that have aberrantly arrested in mitosis. In other examples of p53-

dependent outcomes leading to mitotic catastrophe, it is believed that p53-

dependent cell cycle arrest at the G2/M border is the key factor in determining 

whether a cell undergoes mitotic catastrophe or apoptosis (Ingemarsdotter et al., 
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2010). 

 In addition to the well-understood cell cycle arrest during other phases of 

the cell cycle, mitosis is a highly regulated event that typically proceeds through 

mitosis once past the reversible antephase checkpoint, during which mitosis is 

delayed. Despite DNA damage that may occur past the irreversible entry into to 

mitosis, cells are unable to change course and this results in mitotic arrest (Pines 

and Rieder, 2001). Mitosis is regulated by the localization of proteins and their 

degradation. During the G2 phase of the cell cycle, cells begin to produce cyclin 

B1, which forms a complex with Cdk1 (Takizawa and Morgan, 2000). The cyclin 

B1-Cdk1 complex, also known as the Maturation Promoting Factor (MPF), is 

inactivated by the phosphorylation of Cdk1 on threonine 14, which is maintained 

by kinases Wee1 and Myt1, and on tyrosine 15, which is maintained by Myt1 

(Squire et al., 2005). Entry into mitosis begins with the activation of phosphatase 

Cdc25C by Polo-like kinase1 (Plk1) and the subsequent dephosphorylation of 

Cdk1 (Kumagai and Dunphy, 1996). The cyclin B1-Cdk1 complex is believed to 

shuttle in and out of the nucleus. This shuttling is regulated by the 

phosphorylation status of cyclin B1 with hyperphosphorylation of serines 126, 

128, 133, and 147 on cyclin B1 promoting nuclear import (Jackman et al., 2003) 

and phosphorylation of serine 147 by Plk1 preventing nuclear export of the 

complex. This leads to an intranuclear increase in the concentration of cyclin 

B1-Cdk1. Within the nucleus, this kinase regulates mitotic progression through 

phosphorylation of a number of proteins (Holland and Cleveland, 2009). The 

cyclin B1-Cdk1 complex phosphorylates nuclear lamins, leading to the 



 18 

dissolution of the nuclear lamina and the subsequent breakdown of the nuclear 

envelope (Heald and McKeon, 1990). The Cdk1/cyclin B1 kinase also 

phosphorylates and activates condensin, which is responsible for the 

condensation of the chromosomes (Kimura et al., 1998). As the chromosomes 

condense, DNA-bound factors, including RNA polymerase II, dissociate, halting 

transcription. The condensed chromosomes are then arranged around bipolar 

spindles (Delcuve et al., 2008). Exit from mitosis is regulated primarily through 

ubiquitin-aided, protease-dependent degradation of key nuclear proteins by the 

anaphase promoting complex/cyclosome (APC/C) (Holland and Cleveland, 

2009). APC/C is an E3 ligase that targets proteins for proteosomal degradation. 

In terms of mitotic progression, APC/C is present in two forms, APC/CCdc20 and 

APC/CCdh1. These two forms are distinguished by their specificity factors. 

Among the targets of APC/CCdh1 are cyclin B1 and securin, both of which 

stabilize early mitosis through the inhibition of separase. With the degradation of 

cyclin B1 and securin, separase is free to cleave cohesin from the sister 

chromatids, leading to progression out of mitosis (Mehta et al., 2012).  

 Aberrant mitotic arrest occurs when cells enter mitosis and then halt prior 

to anaphase. This is referred to as mitotic catastrophe and typically results in 

apoptosis or senescence (Galluzzi et al., 2012). The presence of p53 has been 

seen to promote apoptosis in response to mitotic catastrophe, while the absence 

of p53 leads to senescence (reviewed in Vakifahmetoglu et al., 2008). One 

example of mitotic catastrophe occurs in some cells in response to treatment with 

both wild-type and irradiated adeno-associated virus (AAV). During AAV 
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infections of cells with a defective G2/M checkpoint, centriole overduplication via 

Cdk2 causes mitotic arrest (Ingemarsdotter et al., 2010). Another well-studied 

example of mitotic catastrophe occurs in response to apoptin, a viral protein from 

chicken anemia virus that has been studied for its potential use in cancer 

therapy. Apoptin directly inhibits the APC/C, thereby preventing exit from mitosis, 

resulting in mitotic arrest and subsequent apoptosis (Teodoro et al., 2004). This 

arrest is found to be independent of p53 and occurs through inhibition of the 

metaphase-to-anaphase transition (Lanz et al., 2013). Hallmarks of mitotic 

catastrophe are the formation of multipolar spindles and the appearance of a 

cleaved form of cyclin B1 that is unable to be degraded and is therefore 

presumed to have uninhibited MPF (Chan et al., 2009; Lanz et al., 2013). The 

DDR elicited during an adenoviral infection is likely to cause cell cycle arrest. 

Mitotic arrest could have disastrous consequences to the viral lifecycle. As a 

consequence, it would not be surprising for adenoviral proteins to be able to 

circumvent such arrest. 

Adenovirus and the DDR 

 Entry of adenovirus into a host cell and replication of the linear, double-

stranded DNA viral genome inundates the cell with what may be sensed as 

double-stranded DNA breaks, regions of single stranded DNA, and stalled 

replication forks (Karen et al., 2009; Nichols et al., 2009; Shepard and Ornelles, 

2004). Adenovirus dampens the DDR by the action of viral proteins encoded in 

the E1B and E4 early genes (Turnell and Grand, 2012; Weitzman et al., 2004).  

 The ATR arm of the DDR is targeted during adenovirus serotype 12 
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infections by E4ORF6-mediated degradation of TOPBP1 independently of 

E1B-55K (Blackford et al., 2010) and by the E1B-55K-associated protein 5 

(E1B-AP5) in its ability to promote phosphorylation of ATR substrates. Ad5 also 

targets the ATR arm of the DDR through the mislocalization of the MRN complex 

proteins. E4ORF3 is responsible for decreased ATR signaling, even though ATR 

and its related components localize to sites of viral replication (Carson et al., 

2009). This may be due to the mislocalization of Nbs1, the phosphorylated form 

of which has been seen to facilitate RPA32 hyperphosphorylation and activate 

ATR (Manthey et al., 2007; Shiotani et al., 2013). 

 The NHEJ arm of the DDR is targeted by E4ORF6 in complex with 

E1B-55K through the degradation of DNA ligase IV (Baker et al., 2007) and 

independently of E1B-55K through the disruption of XRCC4 association with 

DNA ligase IV, thus precluding binding to DNA (Jayaram et al., 2008a; Jayaram 

et al., 2008b). E4ORF6 also inhibits protein phosphatase 2A (PP2A), leading to 

the sustained phosphorylation of DNA-PK and H2AX with hyperactivation of the 

DDR in response to ionizing radiation (Hart et al., 2007; Hart et al., 2005).  

 Cells infected with an E4-deleted adenovirus show evidence of a strong 

DDR, including activation of non-homologous end-joining resulting in 

concatenation of the viral genome (Weiden and Ginsberg, 1994). Genome 

concatenation is believed to contribute to the inhibition of late protein synthesis in 

some E4-mutant adenoviral infections (Jayaram and Bridge, 2005). Defects in 

viral DNA replication in the absence of E4 adenoviral proteins are due to the 

Nbs1-dependent, Rad50-stabilized binding of Mre11 to viral DNA (Mathew and 
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Bridge, 2007, 2008). Cells infected with a virus bearing deletions in the E1B-55K 

and E4ORF3 genes also show robust DNA damage signaling and typically die as 

quickly as cells infected with single-mutant viruses (Shepard and Ornelles, 2004). 

 Translocation of AIF to the nucleus was found in irradiated cells 

radiosensitized by the E4ORF6 protein of adenovirus and AIF was found to be 

required for this radiosensitization (Hart et al., 2007). Perhaps this interaction of 

AIF with an adenoviral protein suggests the existence of a relationship between 

adenovirus and caspase-independent death signaling, much in the same way 

that adenovirus inhibits caspase-dependent apoptosis (Burgert et al., 2002; 

Degenhardt et al., 2000).  

 Adenoviruses with a deleted E4 region are unable to inhibit the DNA 

damage response. Evidence of this was observed by the formation of 

concatemers, which are multiply-ligated viral genomes. This defect was narrowed 

down to the redundant functions of the adenovirus proteins E4ORF3 and the 

E1B-55K/E4ORF6 complex in inhibiting the DNA damage response through 

proteins Mre11 and Nbs1. During a wild-type adenovirus infection, the MRN 

complex proteins are not seen to colocalize with viral replication centers. This is 

important to prevent DDR kinase activation, repair enzyme recruitment, and 

subsequent viral genome concatenation. In contrast, the MRN complex proteins 

are found colocalized to sites of viral replication during infection with the E4 

deletion mutant. (Shepard and Ornelles, 2004; Stracker et al., 2002). 

 The E1B-55K/E4ORF6 complex and the E4ORF3 protein inhibit the MRN 

complex through degradation and mislocalization. E1B-55K/E4ORF6 forms the E3 
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arm of the requisitioned ubiquitin ligase machinery complex that targets the MRN 

proteins Mre11 and Rad50 for degradation (Blanchette et al., 2004; Harada et al., 

2002; Querido et al., 2001; Stracker et al., 2002). The E4ORF3 protein of group C 

adenoviruses is responsible for directing Nbs1 away from viral replication centers 

(Stracker et al., 2005).  

 The E1B-55K/E4ORF6 complex targets many DDR proteins for 

degradation in addition to Mre11, including p53 and DNA ligase IV. During late 

stages of infection, the complex also serves to regulate mRNA transport, keeping 

cellular transcripts in the nucleus and facilitating the transport of late viral 

messages into the cytoplasm for translation (reviewed in Berk, 2005). E1B-55K 

has the ability to inactivate p53 independent of the E1B-55K/E4ORF6 complex, as 

well. In the absence of E1B-55K, virus growth is restricted to S-phase cells, 

indicating that E1B-55K allows for the virus to overcome cell cycle-dependent 

obstacles to growth (Goodrum et al., 1996). 

 The E1B-55K/E4ORF3 double mutant virus is defective in its ability to 

degrade and mislocalize the MRN complex and results in concatenation of the 

viral genome. In addition to the inability of the E1B-55K/E4ORF3 double mutant 

virus to suppress the DNA damage response pathway, the virus is defective in its 

ability to inhibit host protein synthesis and also exhibits low virus yields. These 

virus yields do not increase when the capacity to concatenate is inhibited, 

suggesting that the low yields are not simply a by-product of the accumulation of 

dysfunctional progeny viral genomes. This highly defective virus unsurprisingly 

kills HeLa cells faster than wild-type, despite only productively replicating in a 
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subset of the population (Shepard and Ornelles, 2004). 

Adenovirus and p53 

 The master regulator of cell survival, p53, is inhibited at the transcriptional 

level by the E1B-55K protein alone (Härtl et al., 2008; Martin and Berk, 1998; 

Yew and Berk, 1992), through degradation by the E1B-55K/E4ORF6 complex 

(Querido et al., 2001; Querido et al., 1997), and through the inhibitory 

methylation of p53-target promoters by the E4ORF3 protein (Soria et al., 2010). 

The p53 protein has been closely studied in the context of cancer, as it is 

defective in virtually all human cancers (Brown et al., 2009). Some of these 

defects in p53 occur due to mutations (Brady and Attardi, 2010), while others are 

due to the upregulation of inhibitory pathways, such as that mediated by Mdm2 

(Ito et al., 2011; Momand et al., 1992). Because of this, p53 has become a target 

for cancer therapy. The adenoviral E1B-55K protein blocks transcription of p53-

dependent genes by itself (Berk, 2005) and targets p53 for degradation in 

complex with the E4ORF6 protein For this reason, E1B-55K single-mutant 

adenovirus has been studied for its oncolytic potential (Bischoff et al., 1996; 

McCormick, 2003). The virus has been observed to selectively kill cancer cells, 

but the effectiveness of the virus has been shown to be independent of p53 

(Geoerger et al., 2002; Goodrum and Ornelles, 1998). Furthermore, some 

studies suggest that p53 is required for a robust cell death in response to 

E1B-55K mutant viral infections (Hall et al., 1998). The varying observations 

regarding p53 and adenovirus-mediated cell death may be due in part to inherent 

cell type differences. This may also contribute to mitotic arrest in the context of 
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an E1B-55K/E4ORF3 double-mutant viral infection. 

 The E1B-55K single mutant adenovirus has been studied for its oncolytic 

potential in clinical trials in the United States under the name of ONYX-015 and 

in clinical practice in China with a similar virus, H101. The mutant virus was 

chosen due to its inability to degrade p53, leading to the hypothesis that the virus 

would kill cells in which p53 was inactivated, as in some tumors, and not kill 

healthy cells with intact p53 (McCormick, 2003). The virus has been observed to 

selectively kill cancer cells, but the effectiveness of the virus has been shown to 

be independent of p53 (Geoerger et al., 2002; Goodrum and Ornelles, 1998). 

Nevertheless, the E1B-55K single mutant virus has been used to treat tumors, 

such as head and neck tumors, wherein surgical removal proves difficult and 

risky. As clinical therapy, however, the E1B-55K mutant virus is not as effective 

as initially predicted (Nemunaitis et al., 2000). In order to increase effectiveness, 

the virus has been applied in conjunction with the chemotherapeutic agents 

cisplatin and 5-fluorouracil (Khuri et al., 2000). 

Adenovirus and cell death 

 The outcome of an adenoviral infection is often cell-type specific. 

Adenovirus readily infects mucosal epithelial cells and is found in lymphocytic 

cells and lymphoid tissue, but the outcomes of infection are different. Adenoviral 

infection of mucosal epithelial cells results in an acute lytic infection resulting in 

cell death, while adenoviral infection of lymphocytic cells results in a latent 

infection with continued cell division (Garnett et al., 2009; Vesterinen et al., 1978; 

Zhang et al., 2010). Both adenoviral proteins and the cellular environment 
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contribute to cell fate in response to adenoviral infection. 

 The cellular response to infection is often cell death. This is 

counterproductive to the need of the virus to replicate. Therefore, viruses 

antagonize host responses that could abort the viral infection or lead to the death 

of the cell. Adenovirus antagonizes apoptotic cell death on many levels, both by 

inhibiting the signaling response and by inhibiting apoptotic cleavage cascades. 

The adenovirus E3 region blocks extrinsic apoptotic stimuli by degrading Fas and 

TRAIL receptors and by inhibiting TNF-α-induced NF-κB signaling (Schaack, 

2005b; Shisler et al., 1997). In addition to blocking ligand-induced apoptosis, 

adenovirus blocks intrinsic signaling through the targeting of p53 by the 

E1B-55K/E4ORF6 complex for degradation and through the action of E1B-19K. 

The E1B-19K protein is a Bcl-2 homologue, and as such, prevents the 

association of mitochondrial pore-forming complex proteins Bax and Bak, while 

adenovirus mutants defective for suppressing apoptosis through the E1B-19K 

protein have been seen to induce rapid, caspase-dependent cell death (Cuconati 

et al., 2002; McNees and Gooding, 2002; Yew and Berk, 1992). 

 While apoptosis is generally regarded as absent in the presence of the 

E1B-19K protein, the mechanism by which cells die in response to adenovirus 

infection is unknown. Mechanisms of cell death have been studied in a mutant 

adenovirus being used in a phase I trial for treatment of ovarian cancer. In 

ovarian cancer cells infected with this mutant virus, the addition of proapoptotic 

proteins Smac/DIABLO or of antiapoptotic pancaspase inhibitors had no effect on 

cell death. Infected cells also did not show classical markers of apoptosis. An 
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increase in vacuoles, lysosomes, and the presence of autophagosomes was 

observed to be mediated by the mutant virus, but chemical inhibition of 

autophagy increased cell survival (Baird et al., 2008).  

Adenovirus and the cell cycle 

 Adenoviral proteins have been studied in the context of their relationship 

with the cell cycle and in the effect of the cell cycle on viral replication and on 

immediate host responses. Adenoviral mutants with defects in E4 region proteins 

show reduced viral replication. The E1B-55K single-mutant viral infections result 

in viral replication in only a fraction on the cell population, despite uniform 

expression of early viral proteins and equivalent levels of viral genome 

replication. The ability of a fraction of the cells to produce progeny virions has 

been identified as due to infection of S-phase cells and an aid to RNA transport 

during S-phase was proposed as a possible explanation (Goodrum and Ornelles, 

1997). Later studies showed that viral mRNA transport is indeed increased in 

S-phase-like cells (O'Shea et al., 2004). The E4ORF3 protein is required to 

overcome this S-phase restriction (Shepard and Ornelles, 2003).  

 Infection of tumor cells with the E1B-55K mutant virus results in effective 

cell death. The cell regulatory protein p53 had been implicated in preferential 

killing of tumorigenic cells (Bischoff et al., 1996), but subsequent studies have 

shown that this cell death is not, in fact, dependent on p53 (Goodrum and 

Ornelles, 1998). Rather, it has been speculated that E1B-55K-mediated tumor 

cell killing may be due to the inherent similarities to S-phase cells.  

 The work presented here shows that the E1B-55K and E4ORF3 
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oncoproteins modulate specific arms of the cellular responses of cell death and 

cell cycle arrest during an adenoviral infection. In the absence of these proteins, 

subsets of cells predisposed to these cell responses exhibit distinctive nuclear 

morphologies.  
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CHAPTER 2: MATERIALS AND METHODS 

Chemicals 

 All chemicals used in this study were obtained from Sigma/Aldrich (St. 

Louis, MO) unless otherwise noted. The PARP-1 inhibitor, 3-aminobenzamide, 

was prepared as a concentrated stock of 200 mM in water with gentle heating 

and used at a concentration of 2 mM. Aphidicolin was used at a concentration of 

0.08 µM to inhibit cellular DNA synthesis. Cycloheximide was used at a 

concentration of 100 ug per mL from a stock solution of 100 mg per mL in 

dimethyl sulfoxide to inhibit protein synthesis. N-acetylcysteine was used at a 

concentration of 20 mM from a stock solution 200 mM in serum-free medium to 

inhibit the production of reactive oxygen. Rapamycin was used at a concentration 

of 50 nM to promote autophagy. Chloroquine was used at a concentration of 50 

µM from a stock solution of 10 mM in water. The autophagy inhibitor 3-

methyladenine was used at a concentration of 5 mM from a stock solution of 100 

mM in water prepared with gentle heating. Hydroxyurea (HU) was used at a 

concentration of 2 mM from a stock solution of 1 M in water. KaryoMAX Colcemid 

from Gibco/Invitrogen (Gaithersburg, MD) was used at a concentration of 0.2 µg 

per mL from a stock solution of 10 µg per mL in HBSS.  

Cell lines 

 Cell culture media, cell culture supplements, and sera were obtained from 

Invitrogen (Gaithersburg, MD) or Lonza (Hopkinton, MA) through the Tissue 

Culture and Virus Vector Core Laboratory of the Comprehensive Cancer Center 
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of Wake Forest University. HeLa cells were originally obtained from the American 

Type Culture Collection (ATCC, Manassas, VA) and maintained in Dulbecco's 

modified Eagle medium (DMEM) supplemented with 10% newborn calf serum. 

PC3 cells were originally derived from a metastatic prostatic adenocarcinoma. 

HeLa and PC3 cell lines stably transfected with short hairpin RNA expressing 

constructs against AIF or LacZ were maintained in DMEM supplemented with 

10% fetal bovine serum (Lewis et al., 2012). H1299 cells were maintained in 

DMEM supplemented with 10% fetal bovine serum. MCF10A cells were 

maintained in a 1:1 mixture of DMEM and F12 (DMEM/F12) medium 

supplemented with 5% heat-inactivated horse serum, 2 mM GlutaMAX and 100 

U penicillin, 0.1 mg streptomycin, 10 µg insulin, 20 ng epidermal growth factor, 

0.5 µg hydrocortisone, and 100 ng cholera toxin per mL. Retinal pigmented 

epithelial cells immortalized by hTERT (hTERT RPE-1) were obtained from the 

ATCC and maintained in DMEM/F12 supplemented with 10% FBS and 0.01 mg 

per mL hygromycin B. All cells were cultured in a 5% CO2 atmosphere at 37oC by 

passaging twice weekly at a 1:4 dilution for MCF10A cells and at a 1:10 dilution 

for HeLa, PC3, H1299, and hTERT RPE-1 cells. For high-resolution 

immunofluorescence microscopy, cells were grown on nitric acid-cleaned, 

sterilized glass coverslips. 

Viruses 

 The virus dl309 was used as the wild-type virus for this study. This virus 

contains several deletions and a substitution within the E3B region, but displays 

wild-type characteristics in cultured cells (Jones and Shenk, 1979). The dl355* 
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virus contains a 14-bp deletion in E4ORF6 and has a restored E3 region, as 

described previously (Huang and Hearing, 1989). The replication-deficient virus 

H5wt300ΔpTP bears a deletion in the terminal protein gene (Schaack, 2005a). 

The E1B-55K and E4ORF3 doubly-deleted virus, 3112, was described previously 

(Shepard and Ornelles, 2003) and is a recombinant of the dl1520 virus that 

contains both Ad2 and Ad5 elements and an 827 bp lesion in the E1B-55K open 

reading frame (Barker and Berk, 1987) and the dl341 virus that contains an 

E4ORF3 deletion (Sarnow et al., 1982). The dl338 virus was described previously 

(Pilder et al., 1986) and contains a 524 bp deletion in the E1B-55K region that 

allows some variants to be expressed. The dl110 virus contains a 472 bp 

deletion that also allows for the expression of E1B-55K variants, including the 14 

kDa truncated variant, as is described previously (Babiss and Ginsberg, 1984). 

The E1B-55K point mutation mutants listed in Table 1 were obtained from the 

Dobner lab at the Heinrich Petit Institute (Hamburg, Germany). The parental virus 

for these mutants was the pH5pg4100 virus, which contains a deletion in the E3 

region at nucleotides 28593–30471 and has an added endonuclease restriction 

site at nucleotide 30955 (BstBI). The H5wt300ΔpTP virus was grown in 293 cells 

expressing the E2B gene. All other viruses were grown in 293 cells and 

concentrated virus stocks prepared by sequential centrifugation through CsCl 

gradients as described previously (Shepard and Ornelles, 2004).  

Antibodies 

 Primary antibodies included a human anti-nuclear antibody derived from 

autoimmune human serum that was determined to stain the nuclear lamin used 
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at a 1:100 dilution, a mouse monoclonal antibody against COX IV from Abcam  

(Eugene, OR) used at a 1:1000 dilution, a rabbit polyclonal antibody against AIF 

(Cell Signaling, Danvers, MA) used at a 1:250 dilution, polyclonal rabbit anti-PAR 

antibody (#551813) from BD Pharmingen (San Jose, CA) used at a 1:400 dilution 

for microscopy and 1:2000 dilution for western blotting, a polyclonal goat anti-

PARP-1 (N-20) from Santa Cruz Biotechnology (Santa Cruz, CA) used at a 

1:1000 dilution, polyclonal rabbit antibody against LC3B from Cell Signaling 

(Danvers, MA) used at a 1:400 dilution, monoclonal mouse antibody against ß-

tubulin (Clone TUB 2.1, T4026) from Sigma Aldrich (St. Louis, MO) used at a 

1:500 dilution, monoclonal mouse antibody against cyclin B1 (#CC03) from 

Oncogene/CalBiochem (Cambridge, MA) used at a 1:250 dilution for microscopy 

and 1:1000 dilution for western blotting, monoclonal pantropic mouse antibody 

against p53 (DO-1) from CalBiochem (Darmstadt, Germany) used at a 1:100 

dilution, polyclonal rabbit antibody against phospho-histone H3 (Thr11, #9849) 

from Cell Signaling (Danvers, MA) used at a 1:100 dilution. Secondary antibodies 

used for immunofluorescence microscopy were anti-mouse or anti-rabbit whole 

IgG conjugated to Alexa Fluor 488 (AF488) or Alexa Fluor 568 (AF568) from 

Invitrogen used at 2 µg per mL. Secondary antibodies used for western blot 

analysis were anti-rabbit or anti-goat conjugated to horseradish peroxidase from 

Jackson ImmunoResearch Laboratories (West Grove, PA) and used at a 

concentration of 0.1 µg per mL.  

PEI transfection 

 Cells were plated at a density of 5 x104 cells per mL on acid-cleaned glass 
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coverslips in 6-well plates. For each well, 1 µg of DNA was used in a volume of 

200 µL serum-free media with poly(ethylenimine) (PEI) at a 1:5 dilution from a 

7.5 mM stock dissolved in deionized water with gentle heating. Transfections 

were carried out in a 5% CO2 atmosphere at 37°C with gentle rocking and 

regular turning for 8 hours before being replaced with growth medium. 

Indirect immunofluorescence 

 Cells were washed twice with phosphate-buffered saline (PBS), fixed for 

30 min with 2% paraformaldehyde, and permeabilized for 5 min with 0.2% Triton 

X-100 in phosphate-buffered saline at room temperature. All subsequent washes 

were performed with Tris-buffered saline with BSA, glycine and Tween-20 (TBS-

BGT: 0.137 M NaCl, 0.003 M KCl, 0.025 M Tris-Cl [pH 8.0], 0.0015 M MgCl2, 

0.5% bovine serum albumin, 0.1% glycine, 0.05% Tween 20, and 0.02% sodium 

azide). Antibodies used for immunofluorescence were diluted in TBS-BGT 

supplemented with 10% normal goat serum (Invitrogen). Samples were stained 

for 90 min with primary antibody and for 30 min with secondary antibody, with 

multiple washes in between. Samples were mounted with ProLong Gold 

mounting media (Invitrogen) containing 4′,6-diamidino-2-phenylindole (DAPI).  

Microscopy 

 Fluorescent and live-cell micrographs were obtained by either 

epifluorescence or transmitted light microscopy using a Nikon TE300 inverted 

microscope or by confocal laser scanning microscopy with a Nikon TiE inverted 

microscope fitted with a Nikon CISi system. A 20×/0.45 NA dry phase-contrast 
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objective was used for live cell imaging. A 100×/1.4 NA magnification oil-

immersion objective was used for all other micrographs. 

 Mean apparent cell diameters were determined from live cells 

photographed with the 20× objective. A distinct phase-refractile ring defined the 

perimeter of each detached cell. Using the macro language of the open-source 

image processing software ImageJ (Rasband) and the open source software 

environment R, a Gaussian blur was applied and the mean diameter of the 

phase-refractile ring was determined as the mean of the central 14 of 18 

measured diameters.  

 To quantify levels of PAR-staining, 12-bit monochromatic images were 

acquired with a Retiga EX 1350 digital camera (QImaging Corp., Burnaby, British 

Columbia, Canada) using the 100× objective. The relative brightness and 

contrast of the images from each experiment were adjusted to fall within the 

same linear range using mock-infected cells. Fluorescence intensity was 

measured with the ImageJ. The modified Manders and Pearson coefficient of 

correlation was determined with the JACoP plugin for ImageJ (Bolte and 

Cordelières, 2006).  

 Samples for scanning electron microscopy and transmission electron 

microscopy were fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer 

and processed by the Wake Forest University Microscopy Core Lab. The 

samples were imaged using a Philips 515 SEM or a Philips TEM400.  

Flow cytometry 

 HeLa cells were mock-infected or infected with the four viruses at a 
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multiplicity of 25. Infected cells were harvested by scraping. Single cells were 

obtained by passing the harvested cells through a 35 µm cell strainer and 

suspended in phosphate-buffered saline. For some analyses, cells were fixed 

with 4% formaldehyde before analysis by flow cytometry with a Becton Dickinson 

FACS Calibur to collect forward (FSC-H) and side (SSC-H) scatter on a linear 

scale. Subcellular debris was excluded by discarding events in the lower 2.5 

percentile for FSC-H and SSC-H parameters. 

 For DNA profile analysis, cells were harvested by trypsinization. EdU-

labeled cells were labeled as indicated below and resuspended in FACS buffer 

(1% BSA in PBS) with propidium iodide provided by the Click-iT EdU kit. All other 

samples were washed twice with PBS and resuspended in 100 µL PBS. Cells 

were transferred dropwise into 2.5 mL of 70% ethanol with vortexing. Samples 

were stored at -20oC for at least 12 hours. Ethanol was then removed and the 

samples resuspended at a density of 106 cells per mL in 1X PI solution diluted in 

water from a 10X stock (1 M NaCl, 0.36 M sodium citrate, 500 µg per mL 

propidium iodide, 6% NP-40) with 0.1 mg per mL RNase A diluted from a stock 

solution of 10 mg per mL in 0.01 M sodium acetate with 0.1 M Tris-Cl, pH 7.4). 

Samples were incubated with PI for 30 minutes in the dark at 37oC and then 

transferred to ice for flow cytometric analysis. A Becton Dickinson FACS Calibur 

instrument was used to acquire the propidium iodide signal in linear mode. 

Western blotting 

 Cells grown and infected in 60 mm diameter culture plates were washed in 

the presence of protease and phosphatase inhibitors (2 mM EDTA, 1 mM NaF, 1 
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mM sodium pyrophosphate, 1 mM phenylmethylsulfonyl fluoride, 1 mM Na3VO4, 

and 2 µM leupeptin), harvested by scraping, and suspended in a small volume of 

one-tenth concentrated PBS. An equal volume of 2X sodium dodecyl sulfate 

(SDS) protein sample buffer (20% SDS, 0.5 M Tris [pH 6.8], glycerol, 0.01% 

bromophenol blue, and 5% β-mercaptoethanol) was added. The cell lysate was 

heated for 5 min at 95oC and sonicated 3x for 20 sec. The lysates were 

separated by SDS-polyacrylamide gel electrophoresis through 7.5%, 10%, or 

15% acrylamide gels. The proteins were then electrophoretically transferred to 

nitrocellulose (Whatman/GE Healthcare) overnight at 4oC. The nitrocellulose was 

blocked in TBS-BGT containing 5% nonfat dry milk and sodium azide, stained 

with primary antibodies diluted in TBS-BGT with sodium azide overnight at 4oC 

and with secondary antibodies diluted in TBS-BGT without sodium azide for 1 hr 

at room temperature. The stained proteins were visualized by a mixture of 

SuperSignal West Pico and SuperSignal West Femto chemiluminescence 

substrate from Pierce/ThermoScientific (Rockford, IL) and X-ray film. 

Click-iT EdU 

 Cells were plated at a density of 5x104 cells per mL in 60 mm dishes for 

cell cycle profile analysis or on acid-treated glass coverslips in 35 mm dishes for 

immunofluorescence. Cells were pulsed with an appropriate amount of EdU from 

a 10 mM stock in DMSO diluted in a small volume of warm growth medium to 

make a final concentration of 100 µM EdU in the wells. At the end of the pulse 

period, the wells were washed and replaced with pre-warmed growth medium. At 

time of harvest, samples for DNA profile analysis were harvested by trypsinizing, 
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while samples on glass coverslips were fixed and permeabilized in dishes and 

processed for immunofluorescence in a humidifying chamber. The samples were 

fixed with 4% paraformaldehyde in PBS for 15 minutes, washed with FACS 

buffer (1% BSA in PBS), and permeabilized with 0.5% Triton X-100 for 20 

minutes at room temperature. The Click-iT reaction cocktail was prepared by 

mixing Click-iT reaction buffer, CuSO4, fluorescently labeled azide, and reaction 

buffer additive in order with the volumes described in the product sheet. Samples 

were washed with FACS buffer and allowed to incubate with the Click-iT reaction 

cocktail in a humidifying chamber at room temperature for 30 minutes in the dark. 

The samples were washed and those on coverslips were mounted on slides with 

Prolong Gold supplemented with DAPI. Samples for DNA profile analysis were 

pelleted and resuspended in 500 µL of FACS buffer with 0.2 mg per mL RNase A 

(from a 20 mg per mL) and 4 µg per mL PI (from a 1 mg per mL stock solution in 

water).  

Cell Synchronization 

 Mitotic cells were mechanically harvested from subconfluent cells grown in 

75 cm2 flasks and pelleted gently. The mitosis-enriched pellet was resuspended 

at a concentration of 2x104 cells per mL in 2 mM HU in growth medium and 

plated in 60 mm dishes for DNA profile analysis or on acid-treated glass 

coverslips in 35 mm dishes for immunofluorescence. After 1 hour, plates were 

swirled to dislodge any dead S-phase cells and the media replaced with a fresh 

solution of 2 mM HU in growth medium. Cells were held in HU for 16 hours to 

allow cells to cycle to the G1/S border. All samples were released from HU by 
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washing and replacing with growth medium. At various times post infection, 

samples were collected for DNA profile analysis to determine phase of the cell 

cycle of the sample.  

Electric Cell Impedance Sensing 

 Changes in electrical impedance through each well of a 96-well culture 

plate fitted with gold-film electrodes were used to measure the integrity and 

morphology of an adherent cell monolayer. Adherent cells create a dielectric 

layer that provides impedance, which could be measured, as with an alternating 

current of 1000 Hz. Changes in the integrity, extent, and geometry of the cells in 

the monolayer leads to a corresponding increase or decrease of the electrical 

impedance. For these studies, the basal impedance was first determined with the 

culture plate filled with 100 µL per well of prewarmed growth medium. Cells were 

then seeded onto the gold-plated 96-well plates in a volume of 100 µL per well at 

a density of 2x103 cells per well and allowed to adhere overnight. Impedance 

measurements were collected every 15 min during this time. The medium was 

removed and replaced with 100 µL per well of virus diluted in serum-free 

medium. After 1 hour of incubation with periodic agitation, 100 µL of growth 

medium with 20% serum was added. The electrical impedance was collected 

every 15 min over the course of three days. 

 The impedance of non-infected cells was observed to increase in a linear 

fashion over the course of the experiment as the cells continued to divide and 

increase the density of the cell monolayer. The impedance of infected cells was 

observed to peak approximately 20 hours after infection and then decline in a 



 38 

linear manner until reaching background levels with increasing cytopathic effect. 

The rate of decline varied with the infecting virus and multiplicity. This rate of 

decline was determined for each well to quantify the rate of change in cellular 

shape and cell monolayer integrity. 

 The rate of change was determined by performing a robust linear 

regression on the impedance measured between 24 and 72 hours after infection. 

The robust linear fit was produced by the rlm function of the MASS module in the 

open source statistical and analysis software package R. This function achieved 

a robust fit by an iterated re-weighted least squares method using Tukey's 

biweight M-estimator to diminish the weight of outlying values. The resulting 

negative slope of the robust regression line served as a quantitative measure of 

the rate of change in cell shape and cell integrity over that time of the infection.  
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Figure 1. HeLa cells infected with the E1B-55K/E4ORF3 double-mutant virus 

are heterogeneous in appearance at late times of infection  

(A) HeLa cells were mock-infected or infected at an MOI of 10 with the E1B-55K-

deleted virus (ΔE1B-55K) or E1B-55K/E4ORF3 double-mutant virus 

(ΔE1B-55K/ΔE4ORF3). Representative images captured by phase-contrast 

microscopy at 72 hpi are shown. (B) HeLa cells were infected with the indicated 

viruses and the apparent diameters of detached cells were determined as 

describe in the Materials and Methods. The mean diameters of 120 to 250 cells 

are summarized in the box and whiskers plot. 
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CHAPTER 3: E1B and E4 Oncoproteins of Group C Adenovirus Antagonize 

the Effect of Apoptosis Inducing Factor 

Chapter 3: Results 

Cells infected with the E1B-55K/E4ORF3 double-mutant virus show striking 

morphological heterogeneity 

 A subconfluent monolayer of HeLa cells shows typical epithelial cell 

morphology. These mock-infected cells have irregular polygonal shapes when 

adhered to a substrate (Fig. 1A, mock). After 72 hours, however, cells infected 

with the E1B-55K mutant virus (Fig. 1A, ΔE1B-55K) were loosely attached to the 

substrate and appeared uniformly round. The loosely-attached rounded cells 

showed a median diameter of 12 µm (Fig. 1B, ΔE1B-55K). Cells infected with 

either wild-type or E4ORF3 single-mutant viruses shared morphological similarity 

to wild-type virus-infected cells (data not shown) and the detached rounded cells 

were of similar size to the E1B-55K single-mutant virus-infected cells (Fig. 1B). 

Cells infected by the E1B-55K/E4ORF3 double-mutant virus, on the other hand, 

included detached and rounded cells as well as adherent, polygonal cells. These 

attached cells were most likely infected because over 99% of similarly infected 

cells stained for an early adenovirus protein (data not shown). This cell 

population was further distinguished from wild-type and single-mutant infections 

by the size of the detached and rounded double-mutant virus-infected cells, 

which were found to be larger than other infected cells. The diameter of the 

detached cells varied considerably with a median diameter of 16 µm and an 
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interquartile range nearly twice that of the wild-type virus-infected cells (Fig. 1B). 

 The experiment represented in Fig. 1B was repeated on two additional 

occasions. Differences among mean cell diameters from the three independent 

experiments were significant (p = 0.008, one-way ANOVA allowing for unequal 

variances among groups.) Application of the t-test with the Bonferroni correction 

for multiple comparisons indicated that cells infected with the E1B-55K/E4ORF3 

double-mutant virus were significantly larger than other virus-infected cells (p = 

0.01, 0.001 and 0.0002 versus the wild-type, E4ORF3- and E1B-55K-mutant 

virus, respectively). Cells infected with the E1B-55K-mutant virus were slightly 

larger than cells infected with the wild-type-virus (p = 0.044). All other pairwise 

comparisons were non-significant (p > 0.3). 

 The visual heterogeneous morphology of double-mutant virus-infected 

cells was confirmed by flow cytometry. Forward scatter reflects the volume of the 

cell. This property did not change appreciably among infected cells. Side scatter 

reflects properties such as the presence of cytoplasmic granules, nuclear shape, 

and membrane roughness. Many infected cells showed increased side scatter. 

More notably, however, the heterogeneity in side scatter was much greater for 

cells infected with the double-mutant virus (Fig. 2). 

 The striking variability in cell shape determined by phase contrast 

microscopy and flow cytometry was evident in the morphology of the plasma 

membrane visualized by scanning electron microscopy. Non-infected cells show 

the characteristic polygonal and flat morphology with abundant microvilli (Fig. 

3A). Wild-type virus-infected cells, which were uniformly round in appearance, 
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displayed numerous small blebs and ruffles. Very few microvilli were evident in 

these cells (Fig. 3B). By contrast, the representative image of E1B-55K/E4ORF3 

double-mutant virus-infected cells confirms the heterogeneity in cell shape and 

the variability in membrane morphology (Fig. 3C) that were seen using the other 

techniques. Some cells appeared smooth with few membrane blebs and 

appeared similar to wild-type virus-infected cells. Additional cells contained small 

blebs that were larger in extent and protruded further from the membrane than in 

wild-type virus-infected cells. Some cells appeared to retain long thin cytoplasmic 

processes attached to the substrate. Still other cells appeared to have 

fragmented and possibly damaged membranes showing a granular texture (Fig. 

3C). These results indicate that expression of the E1B-55K and E4ORF3 proteins 

contributes to the uniform appearance of adenovirus- infected cells at late times 

of infection.  

Cells infected with the E1B-55K/E4ORF3 double-mutant virus exhibit 

unusual nuclear morphology 

 Heterogeneity during E1B-55K/E4ORF3 infections was further studied at 

the nuclear level. The double-mutant virus-infected cell population shows 

aberrant nuclear morphology. The nuclear lamina was visualized in infected 

HeLa cells 72 hours post infection by immunofluorescence microscopy and DNA 

was simultaneously visualized by staining with 4',6-diamidino-2-phenylindole 

(DAPI). Most cells infected with the double-mutant adenovirus displayed a non-

uniform distribution of DNA tightly bound by an intact nuclear lamina, similar to 

what is observed in wild-type and single-mutant virus-infected cells (Fig. 4A, B  
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Figure 2. HeLa cells infected with the E1B-55K/E4ORF3 double-mutant virus 

show increased granularity 

HeLa cells were infected at an MOI of 10 with the indicated viruses and live cells 

were analyzed for size (Forward Scatter) and intracellular or surface 

perturbations (Side Scatter) by flow cytometry. The percentage of cells found in 

the upper left quadrant is indicated in each panel. 
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Figure 3. Cell surface properties of HeLa cells infected with the 

E1B-55K/E4ORF3 double-mutant virus are heterogeneous at late times of 

infection 

HeLa cells were (A) mock-infected or infected with the (B) wild-type or (C) 

double-mutant virus at an MOI of 10 and processed for SEM at 72 hpi. Scale bar 

indicates 10 µm. Representative images are shown.  
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and C). The nuclei of approximately 10% of the double-mutant virus-infected 

cells contained highly condensed chromatin surrounded by diffuse lamina 

staining (Fig. 4D, E and F). These nuclei superficially resemble a metaphase 

nucleus but lack the characteristic bipolar symmetry (Tanenbaum and Medema, 

2010). The remaining 15-20% of cells contain nuclei of an unusual and distinctly 

fragmented nature (Fig. 4G, H and I). The DNA in these fragmented nuclei was 

partitioned into approximately 5 to 25 bodies surrounded by individual intact 

nuclear lamina. Confocal microscopy confirmed that many of these discrete 

DAPI-stained bodies were separated from each other and surrounded by nuclear 

lamina staining. These lamina-bound blebs of nuclear material differ from the 

fragmented nuclei seen in apoptotic cells because proteolytic cleavage of lamin 

and the subsequent disruption of nuclear lamina occur prior to nuclear 

fragmentation (Lazebnik et al., 1995). 

E4ORF6 does not contribute to nuclear fragmentation induced by the 

E1B-55K/E4ORF3 double-mutant virus 

 Studies have shown that the E4ORF6 protein of adenovirus contributes to 

a peculiar nuclear fragmentation phenotype in response to ionizing radiation (IR) 

(Hart et al., 2007). To test whether the E4ORF6 protein contributed to the 

fragmentation seen in E1B-55K/E4ORF3 infections, HeLa cells infected with 

E4ORF6 and E4ORF3/E4ORF6 double-mutant viruses were compared to those 

infected with wild-type and E1B-55K/E4ORF3 mutant viruses at 72 hours post 

infection (Fig. 5). Infection with the E4ORF3/E4ORF6 mutant virus yielded a similar 

fraction of cells with fragmented nuclei (p = 0.54, Chi-squared test for  
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Figure 4. HeLa cells infected with the E1B-55K/E4ORF3 double-mutant virus 

exhibit unusual nuclear morphology 

HeLa cells were infected with the double-mutant virus at an MOI of 10 and 

stained at 72 hpi with DAPI to visualize DNA (A, D, G) and an autoimmune 

serum recognizing the nuclear lamina (B, E, H). Each row represents a pair of 

cells imaged by confocal microscopy with the three dimensional distribution of 

DNA represented in the rendering in panels C, F, and I. Scale bar indicates 10 

µm. 
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equal proportions), suggesting not only that the nuclear fragmentation is not 

dependent on the presence of the E4ORF6 protein, but also that the inhibition of 

nuclear fragmentation during a wild-type adenoviral infection is likely a function of 

the E1B-55K/E4ORF6 complex, rather than a function of E1B-55K alone.  

Nuclear fragmentation by the E1B-55K/E4ORF3 double-mutant virus occurs 

in tumorigenic and non-tumorigenic cell lines  

 There is precedent for nuclear fragmentation similar to that elicited by the 

E1B-55K/E4ORF3 double-mutant virus. Nuclear fragmentation of this type is 

associated with caspase-independent programmed cell death. Because the 

pathways governing growth, survival and death in tumor cells often differ from 

those in benign cells (Hsieh et al., 2012; Sette et al., 2012; Zeng et al., 2012), we 

evaluated additional cell lines for their susceptibility to nuclear fragmentation by 

the double-mutant virus. In both cervical cancer-derived HeLa cells and prostate 

cancer-derived PC3 cells, the frequency of cells with fragmented nuclei after 

infection with wild-type and single-mutant adenoviruses was the same as mock-

infected cells (Fig. 6A). By contrast, significantly more cells with fragmented 

nuclei (8-15%) were seen after infection with the double-mutant virus.  

 Similar results were obtained with two non-tumorigenic, immortal cell lines. 

Approximately 5 to 15% of the nuclei of human telomerase-expressing retinal 

pigment epithelial cells (hTERT-RPE-1) and mammary epithelial MCF10A cells 

contained fragmented nuclei 72 hours after infection with the double-mutant 

virus. As observed for tumor-derived cells, the frequency of fragmented nuclei 

was less than 1% for non-infected cells and cells infected with the wild-type or  
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Figure 5. E4ORF6 does not contribute to E1B-55K/E4ORF3 double mutant 

virally induced nuclear fragmentation 

The viruses indicated were used at an MOI of 10 to infect HeLa. Cells were 

stained for DNA at 72 hpi and the fraction of cells containing fragmented nuclei 

determined.  
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single-mutant viruses (Fig. 6B). Although the frequency of nuclear fragmentation 

varied among cell lines, the increase appears to be unrelated to the tumorigenic 

nature of the cell line.  

AIF is released from the mitochondria independently of other mitochondrial 

proteins 

 The similarity in appearance of virally induced fragmented nuclei with 

those observed in cells dying by a caspase-independent mechanism linked to the 

release of apoptosis-inducing factor (AIF) from the mitochondria led to the 

evaluation of AIF localization in infected cells (Lorenzo et al., 1999). Adenovirus- 

infected cells do not exhibit classical markers of apoptosis, most likely because 

the E1B-19K protein inhibits mitochondrial permeabilization by binding to Bax 

and Bak and preventing both Bax and Bak hetero- and homo-oligomerization 

(Han et al., 1998; Sundararajan and White, 2001). The localization of AIF and 

another mitochondrial protein, COX IV, was evaluated at 72 hours post infection. 

In mock-infected cells, AIF was restricted to the mitochondria and, at the 

resolution afforded by fluorescence microscopy, co-localized with COX IV in 

elongated structures spanning the cytoplasm (Fig. 7A). Although most cells 

infected with the wild-type or single-mutant viruses detached by 72 hours post 

infection and showed a thin rim of cytoplasm about the swollen nucleus, AIF and 

COX IV remained closely associated in the cytoplasm (data not shown) and AIF 

remained excluded from the nucleus as seen in the representative cells infected 

with the E1B-55K-mutant virus (Fig. 6B, E1B-55K-). By contrast, AIF was found 

outside of the mitochondria and in the nuclei of a subset of cells infected with the  
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Figure 6. The E1B-55K/E4ORF3 double-mutant virus elicits nuclear 

fragmentation in multiple cell lines 

The viruses indicated were used at an MOI of 10 to infect (A) tumorigenic HeLa 

and PC3 cells and (B) non-tumorigenic hTERT RPE-1 and MCF10A cells. Cells 

were stained for DNA at 72 hpi and the fraction of cells containing fragmented 

nuclei determined. Results from a representative experiment of at least three 

experiments are shown. Error bars indicate the upper 95% exact binomial 

confidence interval for the representative experiment. The Chi-squared test for 

identical proportions showed that the percentage of cells with fragmented nuclei 

differed significantly among the viruses within each cell line (p < 10-6). By leaving 

out a single sample and repeating the Chi-squared test with the remaining four 

samples, non-significant p-value were obtained (p = 0.70, 0.76, 0.06 and 0.07 for 

HeLa, PC3, RPE1 and MCF10A cells, respectively) only when the E1B-

55K/E4ORF3 double-mutant virus 3112 was excluded from the analysis. 
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double-mutant virus. The coincidence of AIF and DNA only occurred in cells 

showing nuclear fragmentation, as seen in the representative cells (Fig. 7B, 

E1B-55K-/E4ORF3-, fragmented).  

 The association of AIF and COX IV was quantified with at least 50 

confocal images of infected cells stained for AIF and COX IV. Double-mutant 

virus-infected cells were further stratified into those with intact or fragmented 

nuclei. Pearson’s correlation coefficient provides a global measure of the 

association of staining for AIF and COX IV. For all cells containing intact nuclei, 

AIF and COX IV showed a strong positive correlation, with a median value of 

0.95. More than 75% of the cells analyzed had a value greater than 0.9. By 

contrast, the median Pearson’s correlation coefficient for double-mutant virus-

infected cells with fragmented nuclei was 0.77 and varied over a wider range 

among individual cells (Fig. 7C). These results show a separation of staining for 

COX IV and AIF in cells with fragmented nuclei. These images were also used to 

determine modified Manders’ coefficients of overlap, which quantifies the 

proportion of one signal above an automatically determined threshold that is 

coincident with the other signal. This pair of coefficients provides a directional 

measure of how frequently one fluorophore coincides with the other. For mock-

infected cells and cells infected with the wild-type or single-mutant viruses, nearly 

all the AIF signal was coincident with COX IV signal. Because COX IV is 

restricted to mitochondria, this indicates that most of the AIF remained in the 

mitochondria in these cells. A slightly smaller fraction of the COX IV signal was 

coincident with AIF, suggesting that some COX IV staining occurred in areas  
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Figure 7. AIF is found outside the mitochondria in cells with fragmented 

nuclei 

HeLa cells were infected with the indicated viruses at an MOI of 10, processed 

for immunofluorescence at 72 hpi, and imaged by confocal microscopy. 

Representative images are shown in panels A and B. The scale bar indicates 10 

µm. The virus identified as ΔpTP bears a deletion in the preterminal protein gene 

and is unable to direct viral DNA replication. (A) Staining for AIF and the 

mitochondrial marker COX IV is coincident in the mock-infected cells. (B) AIF 

remains in the cytoplasm in mock-infected cells and cells infected with the 

E1B-55K-mutant virus. Nuclear translocation of AIF is seen only in cells with 

fragmented nuclei following infection with the E1B-55K/E4ORF3 double-mutant 

virus. (C) The coincidence of AIF and COX IV was determined in at least 50 cells 

and quantified with the Pearson’s correlation coefficient. Cells infected with the 

double-mutant virus were stratified into those with intact nuclei and those with 

fragmented nuclei. (D) Manders’ coefficients of overlap were determined to 

quantify the proportion of COX IV staining that is coincident with AIF staining (red 

symbols) and the proportion of AIF staining that is coincident with COX IV 

staining (green symbols).  
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without AIF. Similar Manders’ coefficients were measured for both COX IV and 

AIF in double-mutant virus-infected cells with intact nuclei (Fig. 7D). However, 

the Manders’ coefficients for double-mutant virus-infected cells with fragmented 

nuclei revealed the basis for a reduced Pearson’s correlation coefficient seen in 

Fig. 7C. The fraction of COX IV coincident with AIF was modestly reduced. 

However, the fraction of AIF signal that overlapped COX IV signal was markedly 

reduced in cells containing fragmented nuclei. This indicates that a significant 

portion of AIF was found in areas of the cell devoid of COX IV staining. This 

measurement supports the visual evidence indicating that some AIF remained in 

the mitochondria but that some was released from the mitochondria and often 

entered the nucleus. In double-mutant virus-infected cells with fragmented nuclei, 

AIF also colocalized less with cytochrome c, which was found in discrete 

structures mimicking COX IV staining (data not shown). These results further 

show that AIF escapes the mitochondria in the presence of the E1B-19K protein, 

which is a potent inhibitor of mitochondrial permeability.  

Nuclear fragmentation is AIF-dependent  

 The fragmented nuclear morphology that arises following infection with the 

E1B-55K/E4ORF3 double-mutant virus resembles effects associated with a 

PARP-1-responsive and caspase-independent mechanism of cell death that is 

mediated by AIF (Gilliams-Francis et al., 2003; Yu et al., 2002). To determine if 

the nuclear fragmentation observed here required AIF, AIF-proficient and AIF- 

depleted HeLa cells were infected and their nuclear morphology was evaluated 

after 72 hours. Irrespective of AIF status, few uninfected cells or cells infected 
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with the wild-type or single mutant viruses contained fragmented nuclei (<2.5%). 

However, the large percentage of AIF-proficient cells with fragmented nuclei 

(17%) among cells infected with the double-mutant virus was reduced to the 

same percentage observed in cells infected with the single-mutant viruses in the 

absence of AIF (Fig. 8A). Accordingly, the Chi-squared test for equivalent 

proportions confirmed that the differences in percentage of cells with fragmented 

nuclei were not significant among AIF-depleted cells (p = 0.49) but highly 

significant among of AIF-proficient cells (p < 10-10). This result indicates that AIF 

is required for the nuclear fragmentation seen in double-mutant viral infections of 

HeLa cells. Although tumor cell lines often differ in their susceptibility to death by 

the AIF-dependent pathways (Kanno et al., 2012), we observed similar results 

using PC3 cells depleted of AIF. Even though fewer PC3 cells contained 

fragmented nuclei, the significant differences in the percentage of fragmented 

nuclei (p < 10-5, Chi-squared test for equivalent proportions) measured for AIF-

proficient PC3 cells were absent (p = 0.47) for AIF-depleted PC3 cells (Fig. 8B).  

Whole-cell morphological heterogeneity is AIF-dependent 

 Additional studies monitored the integrity of the infected cell monolayer by 

measuring time-dependent changes in the electrical impedance across the cell 

monolayer in AIF-proficient and AIF-depleted cells in order to quantify the 

heterogeneity in cell shape. The method of Electrical Cell-substrate Impedance 

Sensing (ECIS) evaluates changes in monolayer integrity by measuring the 

impedance to an alternating current passing through a gold foil-lined cell culture 

plate. Although ECIS was developed to quantify rates of cell death as dying cells  
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Figure 8. Nuclear fragmentation is AIF-dependent 

The viruses indicated were used at an MOI of 10 to infect AIF-proficient (shLacZ) 

and AIF-depleted (shAIF) (A) HeLa and (B) PC3 cells. Cells were stained for 

DNA at 72 hpi and the fraction of cells containing fragmented nuclei determined. 

Results from a representative experiment of at least three experiments are 

shown. Error bars indicate the 95% exact binomial confidence intervals for the 

representative experiment. 
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detach, adenovirus-infected cells round and detach long before cell death as 

measured by a conventional trypan blue dye-exclusion assay. Consequently, this 

method quantifies the integrity of the infected cell monolayer. For this 

experiment, the gold-lined 96-well plates were seeded with AIF-proficient and 

AIF-depleted HeLa cells. The cells were infected with wild-type, single-mutant, 

and double-mutant adenovirus and the impedance or cell index was measured 

every 15 minutes for approximately 96 hours. Comparison of AIF-proficient and 

AIF-depleted cells infected with the double-mutant virus shows that the AIF-

proficient cells have a more gradual change in cell index (Fig. 9A). As noted, the 

changes in the cell index occur before cell death measured by trypan blue dye-

exclusion. Inspection of the rate of decline in cell index between the two cell lines 

infected with the double-mutant virus shows that the cell index declines more 

slowly in AIF-proficient cells (Figs. 9A and B). It seems likely that an 

asynchronous, or temporally heterogeneous, change in the morphology and 

attachment of individual cells would lead to a more gradual change in the 

aggregate property of the cell monolayer reflected as the cell index. By contrast, 

a uniform or more synchronous change in individual cellular morphology would 

be expected to lead to a more precipitous change in the cell index. The rate of 

change was determined as the slope of the cell index for each well by fitting a 

robust regression line through the straightest part of the curve between 20 and 

72 hours post infection (Fig. 9). The negative slope of the regression line was 

averaged for each condition. Although there is an MOI-dependent increase in the 

steepness of the slope, the more striking result is that, while there is no  
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Figure 9. Morphological heterogeneity of E1B-55K/E4ORF3 double-mutant 

virus-infected cells is due to AIF 

HeLa cells were infected with the viruses indicated at a various multiplicities. The 

physical nature of the infected AIF-proficient and deficient cell monolayer was 

measured by changes in electrical impedance (cell index). Representative results 

from AIF-proficient and AIF-deficient cells infected with the double-mutant virus 

are seen in panel (A). The blue points are cell index values measured every 15 

min. The rate of decline in cell index between approximately 12 and 60 hours 

postinfection (vertical gray lines) was measured by robust linear regression. The 

best-fit regression lines are plotted in red. Panel (B) shows the results from a 

complete 96-well plate in which two cell lines were infected with three different 

viruses at four different multiplicities. The average of three values obtained from 

cells infected at an MOI of 30, represented as the negative slope of the best-fit 

regression line is seen in panel (C).The only significant differences in the 

average rate of decline between the shLacZ and shAIF cell lines was observed 

for double-mutant virus-infected cells (p were non-significant except for rate). 
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Figure 10. Forward/side scatter 

AIF-proficient and AIF-depleted HeLa cells were mock-infected or infected with 

the indicated viruses at a multiplicity of 25. Cells were harvested at 72 hpi for 

analysis by flow cytometry. Some samples were analyzed as live cells while 

other samples were fixed with 4% formaldehyde before measuring side (SSC-H) 

and forward scatter (FSC-H) by flow cytometry. The mean values obtained from 

3 to 5 independent infections were normalized by dividing by the corresponding 

value from mock-infected cells. These values were analyzed by ANOVA to 

determine if any mean values differed among virus-infected cells for both AIF-

proficient and AIF-deficient HeLa cells. An ANOVA p-value of 0.05 or less was 

considered significant. Differences between groupings that were found to be 

significant were further analyzed with Tukey’s Honestly Significant Difference test 

to determine the adjusted p-value for each pair of comparisons. Significant 

pairwise comparisons (p < 0.05) are indicated by the dashed lines. 
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difference between the slopes of the AIF-proficient and the AIF-depleted cell 

lines infected with wild-type or single-mutant adenovirus (p > 0.5, Student’s t-

test), the rate of change is more severe and significant in the AIF-proficient cell 

lines as compared to the AIF-depleted cell line during double-mutant virus 

infection (Fig. 9D). If the slope of the line obtained using ECIS can be interpreted 

as measuring the extent of morphological heterogeneity in the integrity of the cell 

monolayer, these results show a quantifiable measure of whole-cell 

morphological heterogeneity and indicate that the whole-cell morphological 

heterogeneity seen in double-mutant virus infections is AIF-dependent.  

 The interpretation that a decrease in the rate of change in cell index is due 

to heterogeneity in the physical nature of the infected cells was also reflected in 

measures of side and forward scatter by flow cytometry. Five independent of 

infections of AIF-proficient and three independent infections of AIF-depleted 

HeLa cells were analyzed as described for Fig. 2. The mean side scatter and 

forward scatter values were normalized to mock-infected cells in each 

experiment (Fig. 10). All infected cells showed increased side scatter compared 

to mock-infected cells (Fig. 10A). However, statistically significant increases were 

observed only among AIF-proficient cells infected with the double-mutant virus. 

Similarly, although forward scatter of the infected cells was generally lower than 

mock-infected cells, the only statistically significant differences cells occurred 

among AIF-proficient cells infected with the double-mutant virus (Fig. 10B).  

 This requirement for the E1B-55K and E4ORF3 proteins to suppress AIF-

mediated nuclear fragmentation and AIF-dependent morphological heterogeneity  
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Figure 11. PARP-1 is active in adenovirus-infected cells 

HeLa cells were infected with the viruses indicated at an MOI of 10. (A) Protein 

lysates were collected in the presence of protease and phosphatase inhibitors at 

72 hpi. Cellular lysates from identical numbers of cells were separated by SDS-

PAGE and immunoblotted for PAR-ribosylated proteins and PARP-1. The 

approximate migration of protein standards (in kDa) is shown on the right. (B) 

Cells were fixed and stained by indirect immunofluorescence for PAR. The 

fluorescence intensity of between 100 and 1000 individual cells for each virus 

was determined by quantitative fluorescent microscopy. The log of the total 

fluorescence intensity is plotted as a density distribution where the area under 

each curve is identical. Results from a representative experiment of three 

experiments are shown. 

  



 73 

 

 



 74 

reveals a new relationship between AIF and adenovirus infection. 

PARP-1 is active during adenoviral infections 

 Reports of AIF-dependent nuclear fragmentation indicate that PARP-1 is 

thought to facilitate AIF release from the mitochondria during caspase-

independent cell death (Wang et al., 2012a; Wang et al., 2009a). Consequently, 

we evaluated PARP-1 activity in adenovirus-infected cells by measuring the 

overall PAR-ribosylation of cellular proteins and the extent of PARP-1 cleavage. 

Cell lysates obtained from all infected cells at 72 hours post infection showed 

increased PAR-ribosylation of proteins between 50 and 120 kDa compared to 

mock-infected cells. Curiously, PAR banding was also seen in wild-type and 

single-mutant virus-infected lysates corresponding to late viral proteins (see Fig. 

13). Immunoprecipitation of late viral proteins indicates the presence of PAR-

ribosylation on penton (data not shown). 

 Cleavage of the 24-kDa amino-terminal DNA-binding domain from the 

carboxyl-terminal 89-kDa catalytic domain occurs after PARP-1 activation. The 

binding of the 24-kDa fragment to DNA is believed to channel PARP-1 activity 

from promoting DNA repair to promoting cell death (Alvarez-Gonzalez et al., 

1999a; Alvarez-Gonzalez et al., 1999b; Chaitanya et al., 2010). PARP-1 

remained intact in mock-infected cells. Apparently complete cleavage of the 119-

kDa PARP-1 protein was observed in cells infected with each virus. Curiously, 

despite equivalent PAR-riboysylation, less PARP-1 was observed in cells 

infected with viruses expressing the E1B-55K protein (Fig. 11A, dl309 and dl341) 

suggesting that there was either additional proteolysis or more rapid turnover of 
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PARP-1 in these cells. Cells infected with E1B-55K-deficient adenoviruses are 

also defective in inhibiting host protein synthesis and the increase in PARP-1 

.may reflect ongoing PARP-1 synthesis. These results show that PARP-1 is 

activated after adenovirus infection irrespective of the status of the E1B-55K and 

E4ORF3 genes.  

AIF-dependent nuclear fragmentation is PARP-dependent  

 Although only double-mutant virus-infected cells give rise to fragmented 

nuclei (see Fig. 6), PARP-1 is activated in all adenovirus-infected cells. This 

indicates that PARP-1 activation is not sufficient to induce nuclear fragmentation. 

To determine if PARP-activation is required for nuclear fragmentation, cells were 

treated with the PARP inhibitor 3-aminobenzamide (3-ABA) and then infected 

with wild-type, single-mutant, and double-mutant viruses. At 72 hours post 

infection, the nuclear morphology was quantified. The low level of nuclear 

fragmentation seen in wild-type and single-mutant virus-infected cells was 

unchanged by the PARP-1 inhibitor. More fragmented nuclei were observed in 

untreated double-mutant virus-infected cells, as expected. However, the PARP-1 

inhibitor prevented nuclear fragmentation in double-mutant virus-infected cells, 

reducing the levels to that observed in cells infected with the E1B-55K-mutant 

virus (Fig. 12). The addition of the PARP-1 inhibitor affects the frequency of only 

fragmented nuclei, not total nuclear morphological heterogeneity including 

condensed chromatin (data not shown). These results suggest that, although not 

sufficient, PARP-1 activity is necessary for AIF to promote nuclear fragmentation 

during adenoviral infections.  
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The E1B-55K and E4ORF3 proteins alter the distribution of PAR-modified 

proteins 

 PARP-1 cleavage and the increase in PAR-modified proteins show that 

PARP-1 is activated following adenovirus infection. This raises the question of 

how the E1B-55K and E4ORF3 proteins prevent the abundant PAR-modified 

proteins from triggering nuclear fragmentation. Another DNA-damage signal that 

increases in adenovirus-infected cells is the phosphorylation of histone H2AX or 

γH2AX. It has been suggested that adenovirus disrupts this signaling process by 

mislocalizing γH2AX rather than preventing the phosphorylation of H2AX 

(Nichols et al., 2009). In order to determine if PAR-modified proteins are also 

differentially localized in adenovirus-infected cells, PAR was visualized with 

fluorescence microscopy at 72 hours post infection. PAR staining is absent in 

most mock-infected cells. In the few positively stained cells, PAR staining was 

distributed diffusely throughout the cytoplasm. A similar diffuse distribution, albeit 

much brighter, was seen in virus-infected cells (Fig. 13A, diffuse). In wild-type 

and single-mutant virus-infected cells, we observed two additional staining 

patterns. A clustered pattern consisting of focal concentrations in limited regions 

of the nucleus was seen in approximately 15% of cells infected with the wild-type 

or single-mutant viruses (Fig. 13A, clustered). A more finely speckled pattern was 

observed throughout the nucleus of 10-15% of infected cells when the E1B-55K 

protein was expressed (Fig. 13A, speckled). Cells infected with the double-

mutant virus, however, contained only diffusely distributed PAR-modified 

proteins. The frequency of these staining patterns was quantified and is shown in  



 77 

 

Figure 12. PARP-1 activity is necessary for nuclear fragmentation in 

double-mutant virus-infected cells 

HeLa cells were infected with the viruses indicated at an MOI of 10. Infected cells 

were treated with PARP-1-inhibitor 3-aminobenzamide. Cells were stained for 

DNA at 72 hpi and the fraction of cells containing fragmented nuclei was 

determined. Results from a representative experiment of three independent 

experiments are shown. Error bars indicate the upper limit of the 95% exact 

binomial confidence interval for the representative experiment.  
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Fig. 13B. Quantitative fluorescence microscopy of individual cells confirmed the 

increase in PAR-modified proteins present in all adenovirus-infected cells (Fig. 

13B). These results show that the E1B-55K and E4ORF3 proteins alter 

localization of PAR-modified proteins. However, it remains unclear if the distinct 

staining pattern seen in a fraction of wild-type or single-mutant virus-infected 

cells is sufficient to block the PARP-1-dependent signal for nuclear 

fragmentation.  

Autophagy occurs in E1B-55K mutant viral infections 

 Autophagy is a mechanism triggered by nutrient and metabolic deprivation 

that can lead to cell death. Autophagy can also be induced by rapamycin 

treatment and is identified by the formation of double-membraned vesicles called 

autophagosomes, visible by transmission electron microscopy (TEM) or by the 

punctate staining pattern of LC3B, a marker of such autophagosomes (Galluzzi 

et al., 2008; Lerena et al., 2008). Because the E1B-55K/E4ORF3 mutant virus is 

unable to shut off host protein synthesis and because of the increase in PARP-1 

activation in adenovirus-infected cells, the increased metabolic burden on the 

host cell could trigger autophagy in these cells, possibly leading to an increase in 

the formation of reactive oxygen species. In order to determine if autophagy 

occurs in adenovirus infections, cells were evaluated for the presence of 

characteristic double-membraned vesicles.  

 HeLa cells were mock-treated, treated with 50 nm rapamycin with 

protease inhibitors for 48 hours as a positive control, or infected with wild-type or 

E1B-55K/E4ORF3 mutant viruses for 72 hours. The cells were then fixed in  
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Figure 13. The E1B-55K and E4ORF3 proteins alter the distribution of PAR-

modified proteins 

(A) HeLa cells infected with the wild-type virus were stained for PAR at 72 hpi 

and analyzed by immunofluorescent microscopy. Representative images show 

three patterns of staining: (a, Diffuse) a diffuse pattern uniformly distributed 

through cytoplasm and nucleus; (b, Speckled) a speckled pattern limited to a 

subset of the nucleoplasm; (c, Clustered) brightly stained clusters within the 

nucleus. (B) The relative frequencies of the three patterns of PAR localization are 

tabulated for approximately 300 cells for each viral infection from one of three 

representative experiments. 
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glutaraldehyde in sodium cacodylate for 1 hour and stored in sodium cacodylate. 

The cells were processed for transmission electron microscopy and stained with 

lead and uranyl acetate. The mock-treated HeLa cells were free of excessive 

vesicle formation and exhibited an elongated morphology typical of healthy HeLa 

cells (Fig. 14A-B). By contrast, the positive control cells showed an increase in 

multivesicular bodies, but were only slightly rounded in shape (Fig. 14C-D). Both 

infected cell populations demonstrated the rounded morphology typical of an 

adenovirus infection. The number of vesicles in the wild-type infected cells 

increased; however, none of the vesicles appeared to have double membranes 

(Fig. 15A-B). Vesicles with double membranes were present in the 

E1B-55K/E4ORF3 mutant virus-infected cells, suggesting that some degree of 

autophagy may occur in these cells (Fig. 16A-D).  

 Further evaluation of autophagy in adenovirus-infected cells using 

immunofluorescent identification of characteristic autophagosomes by staining 

for LC3B showed the presence of autophagosomes in both E1B-55K single-

mutant viral and E1B-55K/E4ORF3 double-mutant viral infections (Fig. 17). 

Adenoviral genome replication triggers PARP-1 activation 

 The presence of the linear, double-stranded adenovirus DNA genome has 

been suggested to be sufficient to trigger the DNA damage response (Cherubini 

et al., 2011; Karen et al., 2009; Nichols et al., 2009), which could promote the 

activation of PARP-1. However, other consequences of a productive infection, 

including increased macromolecular synthesis, the production of reactive oxygen 

species, and aberrant cellular DNA synthesis (Nichols et al., 2009), could  
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Figure 14. Cells treated with rapamycin and protease inhibitors show 

double-membraned vesicles 

HeLa cells were (A-B) mock-infected for 72 hours or (C-D) treated with 50 nM 

rapamycin and protease inhibitors for 48 hours before being processed for TEM. 

The cells were then imaged at (A) 5500x, (C) 7000x, and (B and D) 15200x. The 

scale bars indicate 1 µm.  
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Figure 15. Cells infected with wild-type adenovirus show increased vesicle 

formation 

HeLa cells were infected with wild-type adenovirus for 72 hours before being 

processed for TEM. The cells were then imaged at (A) 2500x or (B) 15200x. The 

scale bars indicate 5 µm and 1 µm, respectively.  
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Figure 16. Double-membraned vesicles are present in E1B-55K/E4ORF3 

double-mutant virus-infected cells 

HeLa cells were infected with E1B-55K/E4ORF3 double-mutant adenovirus for 72 

hours before being processed for TEM. The cells were then imaged at (A) 4300x 

or (B-C) 15200x. (D) is an inset of (C). The scale bars indicate 1 µm. 
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Figure 17. Autophagy occurs in E1B-55K mutant viral infections 

HeLa cells untreated, treated with 50 µM chloroquine (CQ) with or without 5 mM 

3-methyladenine (3-MA), or infected at an MOI of 10 with the indicated viruses 

were stained for DNA and LC3B at 72 hpi.  

  



 90 

 

 

 

  



 91 

 

Figure 18. Nuclear fragmentation is not dependent on ROS production 

HeLa cells mock-infected or infected at an MOI of 10 with the E1B-55K/E4ORF3 

virus were treated with the broad spectrum antioxidant and free radical 

scavenger N-acetylcysteine (20 mM), at various times before or after infection. 

Cells were stained for DNA and the fraction of cells with fragmented nuclei was 

determined at 72 hpi. Results from a representative experiment of three 

independent experiments are shown. Error bars indicate the 95% exact binomial 

confidence interval for the representative experiment.  
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stimulate pathways that converge on the activation of PARP-1. The potential 

contribution of these factors to PARP-1 activation was tested. 

 Reactive oxygen species (ROS) can promote PARP activation (Amé et al., 

1999). Because the protein VI-dependent, pH-independent escape of adenovirus 

from the endosome (Wiethoff et al., 2005) triggers ROS production through 

cathepsin B-mediated mitochondrial destabilization in macrophages (McGuire et 

al., 2011), we used N-acetylcysteine, a pan-reactive ROS inhibitor to determine if 

the production of ROS contributed to the activation of PARP and nuclear 

fragmentation. The ROS inhibitor had no impact on nuclear fragmentation 

measured at 72 hours post infection whether added prior to, shortly after or long 

after infection with the double-mutant virus (Fig. 18). This result suggests that 

virus-induced reactive oxygen production does not trigger nuclear fragmentation.  

 E1B-55K/E4ORF3 double-mutant virus-infected cells continue to 

synthesize host proteins at late times of infection (Shepard and Ornelles, 2004). 

The continual synthesis of both cellular and viral proteins could be a metabolic 

stress that triggers PARP-1 activation. Alternatively, the failure to block host 

protein synthesis at late times of infection could permit the synthesis of antiviral 

effector proteins that contribute to PARP-mediated fragmentation. To determine if 

sustained protein synthesis is required for PARP-mediated nuclear 

fragmentation, mock-infected or E1B-55K/E4ORF3 double-mutant virus-infected 

cells were treated with cycloheximide at various times post infection before being 

evaluated for nuclear fragmentation at 72 hours post infection. Although the 

number of fragmented nuclei in non-infected cells increased with longer 
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exposures to cycloheximide in an AIF-independent manner (data not shown), the 

frequency of cells with fragmented nuclei among the infected cells remained 

approximately constant (Fig. 19). This result suggests that although the 

prolonged inhibition of protein synthesis can affect nuclear integrity in non-

infected cells, the AIF-dependent nuclear fragmentation observed in the virus-

infected cells does not require ongoing protein synthesis. 

 In addition to continued host protein synthesis, adenovirus elicits aberrant 

cellular DNA synthesis including re-replication, which is the replication of once-

replicated segments of the genome without an intervening mitosis (Nichols et al., 

2009). Re-replication is especially extensive in cells infected with the E1B-55K-

mutant virus (unpublished observations and Cherubini et al., 2006) and leads to 

double-stranded DNA breaks and regions of single stranded DNA that trigger the 

DNA-damage response pathway (Hook et al., 2007; Jones and Petermann, 

2012). Because the adenovirus DNA polymerase is unaffected by a level of 

aphidicolin that blocks cellular DNA synthesis (Kwant and van der Vliet, 1980), 

double-mutant virus-infected cells were treated with a concentration of 

aphidicolin sufficient to suppress cellular but not viral DNA replication. This 

concentration of aphidicolin (0.08 µM) blocked rereplication by reducing the 

number of infected cells with greater than 4N DNA content from approximately 

30% in untreated cells to less than 2% at 72 hpi. Nuclear fragmentation in 

aphidicolin treated and untreated cells was measured (Fig. 20). Inhibition of 

cellular DNA synthesis had no effect on the frequency of fragmented nuclei seen 

in double-mutant virus-infected cells, demonstrating that aberrant cellular DNA 
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Figure 19. Nuclear fragmentation is not dependent on ongoing protein 

synthesis 

HeLa cells mock-infected or infected at an MOI of 10 with the E1B-55K/E4ORF3 

virus were treated with 100 µg per ml of the protein synthesis inhibitor 

cycloheximide at the indicated times post-infection. Cells were stained for DNA 

and the fraction of cells with fragmented nuclei was determined at 72 hpi. Results 

from a representative experiment of at least three independent experiments are 

shown. Error bars indicate the 95% exact binomial confidence interval for the 

representative experiment. 
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synthesis is not the likely trigger for PARP-dependent nuclear fragmentation. 

 Replication of the double-stranded adenovirus genome leads to numerous 

double-stranded DNA ends with a free 3’-hydroxyl and abundant single-stranded 

DNA. These structures also have been postulated to trigger a potent DNA 

damage response (Shepard and Ornelles, 2004; Turnell and Grand, 2012). To 

determine if viral genome replication activates PARP-1, cells were infected with 

wild-type, single and double-mutant viruses as well as a virus bearing a deletion 

in the pre-terminal protein gene (H5wt300ΔpTP) and is therefore unable to direct 

the synthesis of new viral DNA. Cellular lysates were collected and the levels of 

PAR-ribosylated proteins were analyzed by immunoblot (Fig. 21). As previously 

noted, PAR-ribosylated proteins were readily detected among higher molecular 

weight proteins in cells infected with the wild-type, single or double-mutant 

viruses. By contrast, the level of PAR-ribosylated proteins in H5wt300ΔpTP virus-

infected cells was similar to that seen in mock-infected cells. The population-wide 

PAR level differences were reflected in the PAR staining seen in individual cells, 

in which cells infected with H5wt300ΔpTP virus alone among the adenoviral 

mutants showed background levels of PAR staining similar to that of mock-

infected cells (Fig. 21B). These results support the hypothesis that viral DNA 

replication triggers a potent host response that activates PARP-1, which in turn 

could lead to nuclear fragmentation through AIF. Because the activation of 

PARP-1 does not require late protein synthesis, we propose that that it is the act 

of viral genome replication per se that activates PARP-1. 
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Figure 20. Nuclear fragmentation is not dependent on cellular DNA 

replication 

HeLa cells infected at an MOI of 10 with the indicated viruses were treated with a 

concentration of aphidicolin (0.08 µM) at the time of infection sufficient to inhibit 

cellular DNA replication but not viral DNA replication, Cells were stained for DNA 

and the fraction of cells with fragmented nuclei was determined at 72 hpi. Results 

from representative experiments of at least three independent experiments are 

shown. Error bars indicate the 95% exact binomial confidence interval for the 

representative experiment. 
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Figure 21. Adenoviral genome replication triggers PARP-1 activation 

HeLa cells were infected at an MOI of 10 with the indicated viruses, including an 

adenovirus mutant unable to direct viral DNA replication (ΔpTP). (A) Protein 

lysates were collected at 72 hpi in the presence of protease and phosphatase 

inhibitors and material from identical numbers of cells analyzed by 

immunoblotting for PAR-ribosylated cellular proteins indicated by square 

brackets. The approximate migration of protein standards (in kDa) is shown on 

the right. Arrowheads on the left indicate the position of the hexon (upper) and 

penton base (lower) adenovirus capsid proteins determined by separately 

stained blots. (B) Cells were fixed and stained by indirect immunofluorescence 

for PAR. The PAR-specific fluorescence intensity from between 100 and 1500 

individual cells for each virus was determined by quantitative fluorescent 

microscopy. The log of the fluorescence intensity is plotted as a density 

distribution where the area under each curve is identical. Results from a 

representative experiment of three are shown. 
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 In summary, these findings suggest that adenoviral genome replication 

triggers a cellular DNA-damage response that leads to the activation of PARP-1. 

Notably, this activation occurs in wild-type virus-infected cells, suggesting that at 

least a portion of the DNA damaging signaling network is operational; however, 

in the absence of the viral E1B-55K and E4ORF3 proteins, a subset of cells 

respond to this signal by releasing AIF from the mitochondria and undergoing 

AIF-dependent nuclear fragmentation. 

Chapter 3: Discussion 

 Replication of the double-stranded DNA adenoviral genome provokes a 

cellular response that includes activation of PARP-1. In the absence of the 

adenoviral E1B-55K and E4ORF3 proteins, active PARP-1 leads to AIF-

dependent nuclear fragmentation. The precise stimulus provided by adenoviral 

DNA replication that activates PARP-1 is not known. However, it seems likely 

that the viral genome itself and forms of DNA that arise during viral DNA 

replication are the likely culprits. Adenoviruses are unique among animal viruses 

(Challberg and Kelly, 1989) because the viral genome persists as a linear, 

double-stranded DNA molecule during the course of the infection (Knipe, 2006). 

The lytically infected cell contains thousands of double-stranded DNA ends, each 

of which has the 5’ terminal phosphate covalently attached to the preterminal 

protein and a free 3’ hydroxy terminal group. One single-stranded DNA genome 

is generated each time a double-stranded DNA genome is used as a template 

(Knipe, 2006). These DNA structures can stimulate a robust DNA-damage 

response (Germann et al., 2010; Peterson and Côté, 2004). We previously 
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reported that viral genome replication leads to widespread phosphorylation of 

H2AX, suggesting that the infected cell experiences a diffusely distributed 

genotoxic signal (Nichols et al., 2009). This response may more closely mimic 

the type of wide-spread DNA damage caused by alkylating agents, rather than 

the more localized damage caused by ionizing radiation (IR). At the molecular 

level, IR causes discrete foci of damaged DNA and triggers the ATM-Chk2 

pathway (Khalil et al., 2011; Thompson et al., 2012). Alkylating agents such as 

MNNG, on the other hand, activate the ATM protein only when PARP-activation 

is inhibited (Carrozza et al., 2009). Alkylation by MNNG activates the ATR protein 

to arrest cell cycle progression and to promote mismatch repair (Stojic et al., 

2004). Significantly, cells infected with the E1B-55K/E4ORF3 double-mutant virus 

activate ATR signaling independent of ATM (Carson et al., 2009). 

 PARP-1 was activated in adenovirus-infected cells irrespective of the 

status of the E1B-55K and E4ORF3 genes (Fig. 11). The E1B-55K and E4ORF3 

proteins most likely act after PARP-1 activation to block the release of AIF from 

the mitochondria and its subsequent nuclear translocation (Fig. 4). Active 

PARP-1 may contribute to the mitochondrial release and nuclear translocation of 

AIF by several mechanisms (Andrabi et al., 2008; Wang et al., 2009a). 

Exogenously applied free PAR is cytotoxic and the introduction of neutralizing 

PAR antibodies into excitotoxic model systems are protective (Andrabi et al., 

2006), indicating that PAR alone may be sufficient to cause AIF-dependent cell 

death. In some cells, the exogenous application of NAD+ or nicotinamide and the 

systematic depletion of NAD+ promotes AIF translocation from the mitochondria 
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to the nucleus (Alano et al., 2010; Cimadamore et al., 2009), suggesting that the 

depletion of cellular energy stores due to the consumption of NAD+ during ADP-

ribose polymerization contributes to the translocation of AIF. Cytosolic levels of 

calcium increase and activate the protease calpain after PAR-formation and 

NAD+ depletion (Pink et al., 2000; Tagliarino et al., 2001). In ex vivo 

experiments, activated calpains have been shown to cleave purified AIF (Wang 

et al., 2009b) and to release membrane-bound AIF from purified mitochondria 

(Ozaki et al., 2009; Polster et al., 2005). In vivo, however, calpain activity was not 

required for AIF release from the mitochondria and its subsequent nuclear 

translocation (Wang et al., 2009b). Calpain activation also was required for 

PARP-1 and AIF-mediated cell death in neuronal cells (Cao et al., 2007; 

Mizukoshi et al., 2010). The presence of cytotoxic quantities of PAR, NAD+ 

depletion, calcium release, and calpain activation may play a role in adenovirus-

mediated nuclear fragmentation. It is possible that the adenoviral oncoproteins 

antagonize nuclear fragmentation downstream of PARP-1 activation at any of 

these steps.  

 Neither the E4ORF3 nor E1B-55K protein directly interacts with AIF or with 

factors that are known to facilitate the release of AIF from the mitochondrion such 

as calpain, tBid, or Bax (Harada et al., 2002). The E1B-55K protein blocks 

transcription of p53-dependent genes including BAX (Berk, 2005) which could 

limit pro-death signaling to the mitochondria. AIF-dependent, caspase-

independent neuronal cell death requires p53 (Cregan et al., 2002). The death of 

these cells could be rescued through the inhibition of p53 by the adenovirus E1B-
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55K protein (Aloyz et al., 1998). However, because nuclear fragmentation in the 

p53-null PC3 prostate cancer cell line proceeded only in the absence of both 

E1B-55K and E4ORF3 function (Fig. 3 and data not shown), it seems unlikely that 

E1B-55K-mediated suppression of p53 is sufficient to block AIF translocation and 

nuclear fragmentation. Nevertheless, the lack of p53 signaling in the PC3 cells 

could have contributed to a lower frequency of nuclear fragmentation in these 

cells. It also is possible that the unfettered DNA-damage response signaling in 

infected cells lacking the E1B-55K and E4ORF3 proteins leads to an 

overwhelming stimulus through PARP-1 that promotes AIF release. Free chains 

of PAR may be more abundant in double-mutant virus-infected cells; however, 

PAR-modified proteins were no more abundant in these cells than in wild-type 

virus-infected cells (Fig. 6). It also is possible that the nature of signal provoked 

by the adenovirus genome in the double-mutant virus-infected cells is unique. 

Despite equivalent levels of viral genome replication directed by the wild-type, 

single- and double-mutant viruses, late viral proteins are synthesized at a much 

reduced rate in cells infected with the double-mutant virus (Shepard and 

Ornelles, 2004). A key late viral protein that is underrepresented in these cells is 

protein VII, which protects viral genomes from detection by the host DNA-

damage response (Karen and Hearing, 2011; Vayda et al., 1983). The nature of 

the signaling from nascent viral genomes devoid of protein VII could differ from 

that of protein VII-rich genomes. 

 Differences in PAR localization in the adenoviral mutant infections (Fig. 

13) lead us to suggest that the adenoviral E1B-55K and E4ORF3 proteins redirect 
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PARP-1 activity or mislocalize cytotoxic PAR chains or PAR-modified proteins in 

order to inactivate a key signal for nuclear fragmentation. Immunoblotting 

suggests that the late adenoviral hexon and penton base proteins were PAR-

ribosylated (Fig. 21), but co-immunoprecipitation shows that PAR-ribosylation 

was limited to penton base (data not shown). Aggregates that were intensely 

stained for PAR were observed in the nuclei of cells infected with the wild-type 

and single-mutant viruses. Similar structures were observed in cells stained for 

the late adenoviral proteins, suggesting that the aggregates may be composed of 

late viral proteins. By contrast, PAR staining in the double-mutant virus-infected 

cells was more diffusely distributed through the nucleus and the large PAR-

ribosylated aggregates were absent (Fig. 13). Perhaps the relatively abundant 

viral structural proteins in cells infected with the wild-type or single-mutant 

viruses serve as a non-productive substrate for PAR. In addition, the molecular 

meshworks formed by the E1B-55K (Pennella et al., 2010) and E4ORF3 (Ou et 

al., 2012; Patsalo et al., 2012) proteins may restrict the trafficking of PAR-

modified proteins within the nucleus and dampen PARP-1 initiated signaling.  
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Figure 22. HeLa cells infected with the E1B-55K/E4ORF3 double-mutant 

virus show evidence of mitotic distress 

HeLa cells were mock-infected or infected at an MOI of 10 with the indicated 

viruses and stained at 72 hpi with DAPI to visualize DNA, phospho-H3 as a 

marker of early mitosis, and tubulin to visualize mitotic spindles. (A) 

Representative images of (a-b) mock, (c) wild-type, and (d-e) E1B-55K/E4ORF3 

mutant viral infections are shown as captured by immunofluorescent microscopy 

using a 100x oil immersion lens. (B) The relative frequency of mitotic-like 

morphology was quantified for at least 500 cells for each viral infection. These 

represent the results of at least three independent experiments. 
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CHAPTER 4: Overlapping Functions of E1B and E4 Adenoviral 

Oncoproteins Prevent Mitotic Arrest 

Chapter 4: Results 

Cells infected with the E1B-55K/E4ORF3 double-mutant virus show evidence 

of mitotic distress 

 In addition to fragmented nuclei, the heterogeneity among 

E1B-55K/E4ORF3-mutant viral infections is evident in a subset of cells that have 

condensed chromosomes (Fig. 4). Approximately four percent of exponentially 

growing HeLa cells contain condensed chromatin typical of mitosis (Fig. 22A, 

mock and Fig. 22B). The mitotic spindle in these cells, visualized by staining for 

β-tubulin, occurs in a symmetrical bipolar arrangement about the condensed 

chromatin in metaphase and anaphase cells (Fig. 22A panel a). A fraction of the 

mitotic cells also contain highly phosphorylated histone H3 or phospho-H3 (Fig. 

22A panel b, and Fig. 22B).The phosphorylation of histone H3 increases early in 

mitosis and precipitously decreases during anaphase as the cell exits mitosis 

(Hans and Dimitrov, 2001). In contrast to mock-infected cells, none of the cells 

infected with the wild-type or E4ORF3-mutant adenovirus and less than 0.5% of 

cells infected with the E1B-55K-mutant virus contained condensed chromatin or 

phospho-H3 when evaluated at 72 hours post infection (Fig. 22B). This is 

consistent with previous observations indicating that adenovirus-infected human 

epithelial cells cease progression through the cell cycle (Goodrum and Ornelles, 

1998). However, a significant number (>10%) of cells infected with a virus 
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bearing deletions in both E1B-55K and E4ORF3 genes contained condensed 

chromatin characteristic of a mitotic cell (Fig. 22A, ΔE1B-55K/ΔE4ORF3 and Fig. 

22B). Some of the double-mutant virus-infected cells also stained for 

phospho-H3, suggesting that a subset of these infected cells progressed into 

mitosis. Although these cells superficially resembled mitotic cells, many 

contained an asymmetric distribution of β-tubulin or even a multipolar spindle. 

Although some double-mutant virus-infected cells appeared to progress into 

mitosis, the abundance of aberrant mitotic spindles in these cells makes it seems 

likely that these cells will fail to produce viable daughter cells. Expression of the 

small avian virus-derived protein apoptin in human tumor cells has been reported 

to lead to a similar mixture of cells with apparently normal, asymmetric, and 

multipolar spindles due to a block in the metaphase to anaphase transition (Lanz 

et al., 2013). 

 Cells infected with the double-mutant virus appeared to arrest in mitosis 

only at late times of infection (Fig. 23). Although some experiments identified a 

transient increase in mitotic-like cells at 24 hours post infection, cells with mitotic-

like nuclei do not begin to accumulate until 60 hours post infection. In all 

experiments, the number of cells apparently arrested in mitosis reached a 

maximum at 72 hours post infection. The decrease in cells with mitotic-like nuclei 

after 72 hours post infection appears to be due to the death and selective loss of 

these cells. Consequently, subsequent experiments evaluated cells at 72 hours 

post infection. Taken together, these results suggest that the E1B-55K and 

E4ORF3 proteins prevent adenovirus-infected cells from becoming trapped in a  
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Figure 23. Mitotic-like morphology in E1B-55K/E4ORF3 double-mutant virus-

infected cells peaks at 72 hours post infection 

HeLa cells were infected with the E1B-55K/E4ORF3 double-mutant virus at an 

MOI of 10. The cells were stained for DNA at the indicated times post infection 

and the frequency of mitotic-like cells is shown for each time point.  

  



 113 

 

 



 114 

mitotic-like state at late times of infection.  

Adenoviral E1B-55K protein prevents entry into mitosis 

 Significant numbers of mitotic-like nuclei were observed only after 

infection with the double-mutant virus. It therefore seems likely that the E1B-55K 

and E4ORF3 proteins act independently to prevent the infected cell from arresting 

in a mitotic-like state. These adenoviral oncoproteins could prevent the 

accumulation of mitotic-like cells by at least two distinct and non-exclusive 

mechanisms. First, the viral proteins could prevent entry into mitosis. Second, 

progression through mitosis could be facilitated by the viral proteins. Cherubini 

and associates observed that a fraction of E1B-55K-mutant virus-infected cells 

accumulated highly condensed chromosomes after 12 hours of exposure to 

colcemid (Cherubini et al., 2006). By depolymerizing microtubules, colcemid 

prevents cells from exiting mitosis, thus trapping any cells that enter into mitosis 

during the exposure to colcemid. Since mitotic-like cells did not accumulate in 

colcemid-treated cells that were infected with the wild-type virus, we reasoned 

that the E1B-55K protein may prevent the infected cell from entering into mitosis. 

To test this hypothesis, infected cells were treated with colcemid for 12 hours 

prior to fixation and analysis at various times after infection. The number of 

mitotic-like cells infected with the wild-type or E4ORF3-mutant virus did not rise, 

suggesting that cells infected with the wild-type or E4ORF3-mutant virus did not 

enter into mitosis (Fig. 24). As expected, mitotic-like cells were observed 

following infection with the double-mutant virus and the number of mitotic-like 

cells did not increase with the addition of colcemid. In contrast to the wild-type or  
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Figure 24. E1B-55K-mutant virus-infected cells enter mitosis 

HeLa cells were infected at an MOI of 10 with the indicated viruses and treated 

with colcemid 12 hours prior to staining at the indicated times post infection with 

DAPI to visualize DNA. The frequency of mitotic-like cells is shown for each time 

point 

  



 116 

 

 



 117 

E4ORF3-mutant virus, colcemid trapped increasing numbers of mitotic-like cells 

during the course of infection with the E1B-55K-mutant virus (Fig. 24). These 

results, which recapitulate the findings reported by Cherubini (Cherubini et al., 

2006), suggest that some E1B-55K-mutant virus-infected cells enter and exit 

mitosis at late times of infection. This indicates that E1B-55K prevents 

adenovirus-infected cells from entering into mitosis.  

E1B-55K prevents entry into mitosis through p53 inhibition 

 The E1B-55K protein performs a variety of functions during an infection. A 

complex of the E1B-55K and E4ORF6 proteins target several cellular proteins for 

degradation (Harada et al., 2002; Querido et al., 1997). Acting independently of 

E4ORF6, the E1B-55K protein directs the degradation of the cellular transcription 

factor Daxx and blocks p53-mediated transcription (Härtl et al., 2008; Martin and 

Berk, 1998). In order to identify the activity of the E1B-55K protein that prevents 

entry into mitosis, HeLa cells were infected with the E1B-55K-mutant 

adenoviruses described in Table 1. At 60 hours post infection, the infected cells 

were treated with colcemid for 12 hours to trap any cells entering mitosis and the 

number of mitotic-like cells was evaluated by fluorescent microscopy. As 

expected, colcemid significantly increased the fraction of mitotic-like cells 

following infection with the three E1B-55K-null adenoviruses (p-value < 10-6 by 

Fisher’s exact test, Fig. 25A). This analysis was extended to viruses bearing 

missense mutations in the E1B-55K gene. The Chi-squared test established that 

the proportion of mitotic-like nuclei differed among the 11 virus-infected samples 

exclusive of dl1520 represented in Fig. 25B (p-value < 0.0001). By systematically 
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dropping a single virus-infected sample and then analyzing the remaining 10 

samples, the p-value rose to a non-significant value (0.56) only when the virus 

H5pm4109 was excluded from the analysis. This confirms that only H5pm4109-

infected cells exhibited a significant change in the number of condensed nuclei in 

the presence of colcemid. Curiously, among the viruses bearing missense 

mutations in the E1B-55K gene, this virus encodes an E1B-55K protein that is 

unable to bind p53 and the E4ORF6 protein. All other mutant E1B-55K proteins 

analyzed in Fig. 25B appeared to prevent entry into mitosis as effectively as the 

wild-type protein expressed by H5pg4100. Note that over 20% of non-infected 

cells were trapped in mitosis by this treatment, confirming that the failure to 

detect mitotic-like cells indicates a productive adenovirus infection (data not 

shown). Because cells infected with the virus H5pm4108 were not trapped in a 

mitotic-like state by colcemid, we conclude that the ability to block entry into 

mitosis is independent of the E1B-55K/E4ORF6 protein complex since the 

H5pm4108 virus expresses an E1B-55K protein that fails to bind E4ORF6. These 

findings suggest that the key property of the E1B-55K protein needed to prevent 

entry into mitosis is its interaction with p53.  

 As noted for many HPV-transformed cells, expression of the integrated E6 

gene of HPV directs the continual degradation of p53 protein (Doorbar et al., 

2012). Without the selective pressure to eliminate p53 function that is normally 

associated with transformation, the TP53 gene in HeLa cells has remained intact 

(Athanassiou et al., 1999). Wild-type p53 protein accumulates to measurable 

levels in HeLa cells infected with adenovirus and to high level in cells infected 
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Table 1. Characteristics of E1B-55K mutant viruses 

Virusa Mutationb Likely defectc Reference 

dl110 deletion null Babiss and Ginsberg 
(1984) 

dl1520 stop codon, 
deletion null (Barker and Berk, 1987) 

dl338 deletion null (Pilder et al., 1986) 

H5pg4100 none none (Groitl and Dobner, 
2007) 

H5pm4108 T255A E4ORF6-binding 
(Identical mutation to 
virus described in Shen 
et al., 2001) 

H5pm4109 H260A p53-binding, 
E4ORF6-binding 

(Identical mutation to 
virus described in Shen 
et al., 2001) 

H5pm4127 C454S/C456S Mre11 binding (Härtl et al., 2008) 

H5pm4174 S490A/S491A/T495A Non-phospho C-
term 

(Wimmer et al., 2013) 
(Teodoro and Branton, 
1997; Teodoro et al., 
1994) 

H5pm4185 P70T/S73A Unknown 
(P70T/S73A) 

(Koyuncu and Dobner, 
2009) 

H5pm4197 E472A Daxx interaction 1 (Schreiner et al., 2011) 

H5pm4198 K185A/K187A Daxx interaction 2 (Schreiner et al., 2011) 

H5pm4216 GVVI233-236AAAS SUMO interaction T. Dobner, unpublished 

H5pm4217 V339A/V341A/I342S SUMO interaction T. Dobner, unpublished 

H5pm4227 S490D/S491D/T494D Phosphomimetic C-
term 

(Wimmer et al., 2013) 
(Schwartz et al., 2008) 

a Designation of the viral strain 

b The nature of the relevant mutation in the E1B-55K gene 

c The principle defect of the mutant E1B-55K protein 
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Figure 25. Cells infected with E1B-55K mutants unable to inhibit p53 enter 

into mitosis 

HeLa cells were infected at an MOI of 10 with (A) E1B-55K-null viruses and (B) 

the indicated E1B-55K point-mutation viruses and treated with colcemid 12 hours 

prior to staining at 72 hpi with DAPI to visualize DNA. The frequency of mitotic-

like cells is shown for each mutant infection. The proportion of mitotic-like nuclei 

among the 11 virus-infected samples (excluding the null-mutant dl1520) was 

statistically distinct only when the sample indicated with an asterisk (H5pm4109) 

was included in the analysis. 
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with adenovirus mutants that fail to direct the degradation of p53. To test the 

possibility that p53 contributes to mitotic entry in the infected cell, p53-null H1299 

cells were infected with the E1B-55K/E4ORF3 double-mutant virus and evaluated. 

In sharp contrast to HeLa cells, no mitotic-like cells were observed among H1299 

cells infected with this virus at any time after infection (data not shown).  

 To test directly a role for p53, H1299 cells were transfected with a p53-

expression plasmid 24 hours before infection. At 60 hours post infection, some of 

the infected cells were exposed to colcemid. At 72 hours post infection, p53-

positive cells were identified by immunostaining and the chromatin status was 

assessed. Expression of p53 to high levels has been reported to be acutely toxic 

to H1299 cells (Fries et al., 1996). Expression of p53 from the CMV immediate 

early promoter in this experiment reduced the number of evaluable cells and 

appeared to induce apoptosis in the mock-infected cells after 3 days (data not 

shown). The greater number of mitotic-like nuclei identified in p53-positive, mock-

infected H1299 cells may be the result of apoptosis rather than mitosis (Fig. 26). 

Infected cells should not to undergo apoptosis because each virus used in these 

experiments expresses the anti-apoptotic E1B-19K protein. Accordingly, pycnotic 

nuclei were not observed among E1B-55K-mutant virus-infected cells. Indeed, 

mitotic-like nuclei were seen only in E1B-55K-mutant virus-infected, p53-positive 

cells only after colcemid treatment. By contrast, the number of mitotic-like nuclei 

in H1299 cells positive for p53 after infection with the E1B-55K/E4ORF3 double-

mutant virus increased significantly over p53-negative cells (Fig. 26, p = 2x10-6, 

Fisher’s exact test). As observed for HeLa cells, colcemid was not required to 
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trap the mitotic-like double-mutant virus-infected cells. At least for the HeLa and 

H1299 cell lines, these results are consistent with an unexpected role for p53 in 

permitting the adenovirus-infected cell to enter mitosis, which is blocked by the 

E1B-55K protein. 

E4ORF3 mislocalizes cyclin B1 

 Colcemid is apparently required to trap a portion of E1B-55K-mutant virus-

infected HeLa cells in mitosis. By contrast, cells infected with the 

E1B-55K/E4ORF3 double-mutant virus appear to be trapped in mitosis without 

colcemid. If the absence of the E1B-55K protein allows the infected cell to enter 

mitosis, this result suggests that the E4ORF3 protein may facilitate exit from 

mitosis. A critical event that precipitates exit from mitosis is the degradation of 

the major mitotic cyclin, cyclin B1 (Holland and Cleveland, 2009). Previous 

studies had shown an increase in cyclin B1 in wild-type adenovirus-infected 

WI-38 and A549 cells as well as an S-phase-dependent increase in cyclin B1 in 

E1B-55K-mutant virus-infected cells (Zheng et al., 2008). We therefore compared 

the level of cyclin B1 among HeLa cells infected with wild-type and mutant 

viruses at 72 hours post infection. The level of cyclin B1 was indeed higher in 

double-mutant virus-infected cells compared to other virus-infected cells. 

However, cyclin B1 levels were elevated in all infected cells compared to mock-

infected cells (Fig. 27). It seems unlikely that the relative increase in cyclin B1 

level in double-mutant virus-infected cells compared to E1B-55K-mutant virus-

infected cells could force an apparent mitotic arrest. However, lysates from cells 

infected with the E1B-55K/E4ORF3 double-mutant virus also contained a 36-kDa 
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Figure 26. Transfection with p53 permits p53-null cells to enter mitosis after 

infection with E1B-55K-mutant viruses 

H1299 cells were PEI-transfected with p53 for 24 hours before being mock-

infected or infected at an MOI of 10 with either the E1B-55K virus or the 

E1B-55K/E4ORF3 double-mutant virus. The cells were untreated or treated with 

0.2 µg/ml colcemid 12 hours prior to staining at 72 hpi with DAPI to visualize 

DNA. The frequency of mitotic-like cells is shown for cells that have been 

partitioned according to the presence or absence of p53. 
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protein recognized by the cyclin B1 antibody. This form appears to correspond to 

a cleaved form of the cyclin B1 found during mitotic catastrophe termed cyclin 

B1Δ (Chan et al., 2009). It was suggested that cyclin B1Δ acts as a dominant-

negative inhibitor of cyclin B1 function and sustains the mitotic block in cells that 

would otherwise exit mitosis (Chan et al., 2009). While elevated cyclin B1 levels 

would account for a failure to exit from mitosis in E1B-55K/E4ORF3 double-

mutant viral infections, the increased presence of cyclin B1 during E1B-55K 

single-mutant viral infections points to the possibility of another mechanism by 

which E4ORF3 facilitates exit from mitosis.  

 Because the E4ORF3 protein disrupts cell signaling pathways by 

mislocalizing host proteins (O'Shea et al., 2004; Ullman et al., 2007; Yondola and 

Hearing, 2007), we explored the possibility that E4ORF3 mislocalizes cyclin B1. 

For this experiment, infected cells were stained for cyclin B1 and DNA then 

evaluated by fluorescent microscopy. The different localizations of cyclin B1 

among mock-infected cells were consistent with fluctuations in the level and 

movement of cyclin B1 during cell cycle progression. Cells in G2 contained high 

levels of cyclin B1 that was found in a diffuse or speckled pattern in the 

cytoplasm (Fig. 28A, panel b). Early in mitosis, cells contained high levels of 

cyclin B1 that was largely coincident with the DNA (Fig. 28A, panel a). Finally, a 

subset of cells with condensed chromatin was judged to be in late mitosis 

because of the absence of cyclin B1 staining (Fig. 28A, panel c). A subset of 

cells infected with the wild-type and E1B-55K-mutant virus contained nuclear 

cyclin B1; in most of these cells, cyclin B1 was found in large aggregates  
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Figure 27. Cyclin B1 levels are elevated during adenoviral infections 

HeLa cells were mock-infected or infected with the viruses indicated at an MOI of 

10. (A) Protein lysates were collected in the presence of protease and 

phosphatase inhibitors at 72 hpi. Cellular lysates from identical numbers of cells 

were separated by SDS-PAGE and immunoblotted for cyclin B1. (B) The 

intensities of main cyclin B1 bands were quantified for each lane and normalized 

to that of dl1520. 
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scattered throughout the nucleus (Fig. 28B panels a-d). A fraction of cells 

infected with E4ORF3-mutant viruses also contained nuclear cyclin B1. In contrast 

to infected cells containing the E4ORF3 protein, cyclin B1 was diffusely distributed 

in the nucleus of cells infected with the E4ORF3-mutant viruses (Fig. 28B, panels 

e-h). The distribution of cyclin B1 in these infected cells more closely resembled 

the patterns observed in mitotic or G2 mock-infected cells. These results, which 

were quantified in Fig. 28C, show that the E4ORF3 protein alters the distribution 

of cyclin B1 in the cell nucleus during an adenoviral infection. The E4ORF3 

protein may functionally inactivate cyclin B1 in order to facilitate exit from mitosis. 

Cells infected during early G1 give rise to cells trapped in a mitotic-like 

state 

 No more than 10% of HeLa cells infected with the E1B-55K/E4ORF3 

double-mutant virus were found in a mitotic-like state (Fig. 22) and this number 

was not increased by exposure to colcemid (Fig. 24). Several conditions could 

limit the number of infected cells with condensed chromatin, such as the death 

and loss of these cells following mitotic catastrophe, an inherently low probability 

of entering mitosis, or that a limited subset of infected cells are able to enter 

mitosis. Since the outcome of an infection with the E1B-55K-mutant virus is 

determined by the stage of the cell cycle at the time of infection (Goodrum and 

Ornelles, 1997; Shepard and Ornelles, 2003), we performed two experiments to 

determine if entry into a mitotic-like state was affected by the stage of the cell 

cycle at infection. Asynchronously dividing HeLa cells were labeled with the 

thymidine analog 5-ethynyl-2´-deoxyuridine (EdU) for 4-hour intervals in order to 
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Figure 28. E4ORF3 alters the distribution of cyclin B1 during adenoviral 

infections 

HeLa cells were mock-infected or infected with the indicated viruses at an MOI of 

10 and stained for DNA and cyclin B1 at 72 hpi. (A) Representative fields show 

asynchronous mock-infected cells with arrows indicating (a) early mitotic, (b) G2-

phase, and (c) late mitotic/early G1 cyclin B1 localization. (B) Representative 

cells show patterns of cyclin B1 staining for HeLa cells infected with (a-b) wild-

type, (c-d) ΔE1B-55K, (e-f) ΔE4ORF3, and (g-h) ΔE1B-55K/ΔE4ORF3 viruses. (C) 

The relative frequencies of the cyclin B1 localization are tabulated. 
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label cells passing through S phase during this fraction of their 22-hour division 

cycle as described in Fig. 29. After replacing the culture medium, the cells were 

maintained for varying intervals of time before being infected. At the time of 

infection, a portion of EdU-labeled cells was collected and EdU-positive cells 

were identified by the copper(I)-catalyzed reaction between a fluorescent azide 

and the alkyne in EdU. This sample was analyzed by flow cytometry for DNA and 

EdU to determine which stage of the cell cycle contained EdU-positive cells. The 

resulting flow cytometric analyses are shown in Fig. 30. After 72 h, the infected 

cells were stained for EdU and DNA and evaluated by fluorescence microscopy 

for the frequency of mitotic-like nuclei. The results of scoring approximately 600 

nuclei at each time point show that mitotic-like nuclei were seen more frequently 

among cells infected during G2/M and early G1 (Table 2).  

 Although the EdU-labeling method permits analysis of unperturbed 

dividing cells, the discrimination among stages in the cell cycle afforded by the 4-

hour labeling period was limited. A better resolution can be provided by using the 

method previously described (Goodrum and Ornelles, 1997) and which is 

demonstrated by the progression of synchronized hTERT-RPE cells (Fig. 31). 

Using this method, synchronized and actively cycling HeLa cells were infected 

with the E1B-55K/E4ORF3 double-mutant virus at hourly intervals from 6 to 14 

hours following release into S-phase. A culture of cells treated in parallel was 

collected and analyzed for DNA content by flow cytometry to determine the 

phase of the cell cycle at the time of infection. After 72 hours of infection, the 

cells were fixed and the frequency of cells with mitotic-like nuclei was determined 
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Figure 29. Schematic of Click-iT EdU labeling scheme 

Cells were labeled with Click-iT EdU for 4 hours at six staggered intervals over 

the course of 24 hours. At the indicated time, samples were either infected with 

the ΔE1B-55K/ΔE4or3 virus for immunofluorescence processing at 72 hpi or 

collected for flow cytometric DNA profile analysis at time of infection. The bars 

indicate the projected phase of the cell cycle the labeled cells are expected to 

have reached by time of infection for each interval. 
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(Fig. 32). These results agree with the findings obtained with asynchronously 

dividing cells (see Table 2) and indicate that cells infected with the 

E1B-55K/E4ORF3 double-mutant virus during a 4-hour window in early G1 gave 

rise to the subset of cells that were trapped in mitosis. These results suggest that 

the adenoviral E1B-55K and E4ORF3 proteins prevent early G1 cells from 

becoming trapped in mitosis at late times of infection.  

  



 138 

Table 2. Frequency of mitotic-like nuclei in EdU-positive cells labeled at varying 

times before infection with the E1B-55K/E4ORF3 double-mutant virus 

Labeling 

Period 

EdU-positive cells (%) 
Designation 

Mitotic-like Edu-

positive % G1 S G2/M 

-2 to +2 27 52 21 mid-S 25.6 

-6 to -2 6 15 79 G2/M 69.6 

-10 to -6 35 7 58 early G1 50.0 

-14 to -10 68 5 27 mid G1 20.0 

-18 to -14 61 25 14 late G1 0.0 

-22 to -18 56 25 20 G1/S early-S 5.8 
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Figure 30. DNA profile analysis of EdU-labeled cells at time of infection 

Samples of cells labeled with Click-iT EdU as described in Fig. 29 were collected 

at time of infection for cell cycle analysis using flow cytometry. Cells were stained 

with propidium iodide and those that incorporated EdU were fluorescently 

labeled. The gray shadowed histogram shows the DNA profile for the entire 

population of cells. The unfilled, black-lined histogram shows the DNA profile of 

EdU-positive cells.  
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Figure 31. Synchronization of cells allows for enrichment for and finer 

titration of cells at specific stages of the cell cycle 

Mitotic hTERT-RPE cells were mechanically harvested and held at the G1/S 

border with 2 mM hydroxyurea treatment. Cells were harvested at the indicated 

times post hydroxyurea release and stained with propidium iodide. Flow 

cytometry was used to generate the DNA profile for each sample.  
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Figure 32. Early G1 cells give rise to mitotic-like nuclei in response to 

E1B-55K/E4ORF3 mutant viral infection 

Mitotic HeLa cells were mechanically harvested and held at the G1/S border with 

2mM hydroxyurea treatment. Cells were either harvested for the DNA profile 

analysis or infected with the ΔE1B-55K/ΔE4ORF3 virus at the indicated times post 

hydroxyurea release. At 72 hpi, cells were processed for immunofluorescence 

and the frequency of mitotic-like nuclei was determined for cells infected at the 

phase of the cell cycle determined by flow cytometry as indicated.  
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Chapter 4: Discussion 

 Cells in early G1 are predisposed to arrest in a mitotic-like state following  

infection with human adenovirus type 5. The accumulation of these apparently 

arrested cells can be prevented by expression of either E1B-55K or E4ORF3 

genes. Mitotic-like cells that accumulate after infection with an E1B-55K/E4ORF3 

double-mutant virus frequently contained multipolar, aberrant mitotic spindles 

(Fig. 22). These cells also contain high levels of cyclin B1 (Figs. 27 and 28) and 

contain a cleaved form of cyclin B1 (Fig. 27) that is similar in size to one that 

sustains the mitotic block (Chan et al., 2009). Mitotic arrest typically results from 

either inappropriate entry into mitosis or the failure to exit mitosis. We show that 

the E1B-55K protein prevents the infected cell from progressing into mitosis while 

the E4ORF3 protein viral facilities exit from mitosis. 

 Inappropriate entry into mitosis can result from a failure of the G2 DNA-

damage checkpoint (Vakifahmetoglu et al., 2008). One function of the G2 DNA-

damage checkpoint is to prevent premature activation of the mitotic kinase Cdk1. 

Cdk1 activation requires activation of the Cdc25A phosphatase and inactivation 

of the tyrosine kinases Wee1 and Myt1. Both of these proteins are regulated by 

the ataxia telangiectasia mutated protein (ATM), and ATM- and Rad3-related 

protein (ATR). ATM activates the checkpoint kinase Chk2 and ATR activates 

Chk1. Chk1 and Chk2 regulate, among other targets, Cdc25A and Wee1 activity. 

Consequently, agents that disable the ATM and ATR pathways can force G2 

cells to enter mitosis prematurely. Both E1B-55K and E4ORF3 proteins disable 

the DNA-damage response by inactivating ATR (Carson et al., 2009) and ATM 
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(Carson et al., 2003). Consequently, our discovery that these two adenoviral 

proteins can prevent the accumulation of mitotically arrested cells is unexpected.  

 The ability of the E1B-55K protein to prevent entry into mitosis was 

characterized by Cherubini and associates who showed that primary human cells 

infected with the E1B-55K-mutant virus dl1520 accumulated highly condensed 

chromosomes after 12 hours of exposure to colcemid (Cherubini et al., 2006). 

Here we show that additional type 5 adenoviruses bearing large deletions in the 

E1B-55K gene behaved similarly (Fig. 25A). Among ten E1B-55K-mutant viruses 

bearing missense mutations (Table 1), only H5pm4109 failed to prevent cells 

from being trapped in mitosis in the presence of colcemid (Fig. 25B). This result 

suggests that many E1B-55K characteristics, including the ability to bind the 

E4ORF6, Daxx, and Mre11 proteins; the ability to interact with SUMO-modified 

proteins; and a requirement for C-terminal phosphorylation, are dispensable for 

the E1B-55K protein to block to entry into mitosis. The H5pm4109 E1B-55K 

protein has a substitution of alanine for histidine at position 260. The identical 

protein expressed by the related virus ONYX-053 is unable to bind both p53 and 

E4ORF6 (Shen et al., 2001). Because the T255A protein expressed by 

H5pm4108 is unable to bind E4ORF6 (Shen et al., 2001), we conclude that the 

E1B-55K protein needs to bind p53 to prevent entry into mitosis. Curiously, 

neither the E1B-55K/EORF3 double-mutant virus nor the combination of colcemid 

and infection with the E1B-55K single-mutant virus forced the p53-null H1299 

cells in mitosis unless p53 was expressed by transfection (Fig. 26). Note that the 

primary human cells studied in Cherubini and associates were wild-type for p53 
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(Cherubini et al., 2006). In addition to the HeLa cells studied in this report, 

MCF10A and hTERT-immortalized retinal pigmented epithelial cells also contain 

a wild-type p53 gene. These cells contained a significant number of cells 

arrested in mitosis after infection with the double-mutant virus whereas the p53-

null PC3 prostate cancer-derived cell line failed to show a statistically significant 

increase in arrested cells after infection with the double-mutant virus (data not 

shown).  

 The requirement of p53 for infected H1299 cells to enter mitosis and for 

the E1B-55K protein to prevent adenovirus-infected cells from entering mitosis 

appears to be at odds with the well-studied ability of p53 to enforce cell cycle 

arrest throughout the cell cycle. For example, p53 imposes both transcriptional 

and translational blocks to cell cycle progression in response to serum-starvation 

to preclude entry into S-phase (Loayza-Puch et al., 2013). Acting through the 

cyclin-dependent kinase inhibitor p21(Cip1), p53 represses expression of the 

chromosome alignment protein Kif23; the resulting inability to bundle 

microtubules prevents inappropriate entry into mitosis (Fischer et al., 2013). The 

cells that appear to be arrested in mitosis after infection by the double-mutant 

virus or after infection with the E1B-55K single-mutant virus and subsequently 

maintained in colcemid are clearly abnormal. However, the interaction between 

the E1B-55K protein and p53 cannot simply ablate p53 function, otherwise p53-

null cells infected with the E1B-55K/E4ORF3 double-mutant virus should have 

arrested in the mitotic-like state. Perhaps p53 is altered in the adenovirus 

infected cell in a manner that permits cells to slip past the G2 checkpoint. Post-
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translational modifications of p53 have been seen to impact its function. 

Acetylation status of p53, for example, determines differential DNA binding, with 

acetylation promoting apoptosis in myocardial infarctions and non-acetylated p53 

promoting prosurvival transcription (Gogna et al., 2013). Similarly, acetylation of 

p53 on a different site promotes miRNA processing and apoptosis, while the 

deacetylated form promotes cell cycle arrest. Adenoviral proteins may also 

redirect the function of host proteins (Chang et al., 2013). There is ample 

precedence for such activity. For example, the E1B-55K proteins of different 

adenovirus types partner with the adenoviral E4ORF6 protein to reprogram 

Cullin-5, Cullin-2 and possibly Cullin-3 (Cheng et al., 2013; Gupta et al., 2012) to 

create novel ubiquitin-protein ligases of the Skp1/Cul1/F-box (SCF) family. SCF 

complexes orchestrate normal progression through the cell cycle and activate 

checkpoint signaling under conditions of stress (recently reviewed in 

Bassermann et al., 2013). It may be significant that the SCF complex associated 

with the nuclear interaction partner of ALK keeps levels of cyclin B1 low and 

prevents early mitotic entry (Bassermann et al., 2005). Additionally, the physical 

interaction between the E1B-55K protein and p53 converts p53 from a 

transcriptional activator to a potent repressor of basal transcription (Martin and 

Berk, 1998; Yew et al., 1994). Perhaps the interaction between the E1B-55K 

protein and p53 changes expression of cellular factors such as Kif23 that act to 

prevent inappropriate entry into mitosis.  

 The need for an interaction between the E1B-55K protein and p53 to 

prevent mitotic arrest may contribute to observations suggesting that p53 
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enables the wild-type virus to elicit greater cytopathic effects (Hall et al., 1998). 

Braithwaite and colleagues compared the cytopathic effect defined as the decline 

in total protein present in the infected culture and virus replication among cell 

lines varying in p53 status, including two isogenic cell lines. These investigators 

concluded that the ability of the wild-type virus to kill cells and replicate was 

enhanced by p53 (Hall et al., 1998). It was later noted that replication of the 

E1B-55K-null virus dl1520 was enhanced by expression of the gain-of-function 

R248W p53 allele that could no longer bind DNA in a site-specific manner (Hann 

and Balmain, 2003). Subsequent studies should determine if the interaction 

between the E1B-55K protein and p53 that prevents entry into mitosis subverts 

the transcriptional activity of p53.  

 The E1B-55K protein, through its interaction with p53 during an 

adenovirus infection, acts to prevent entry into mitosis. Adenovirus-infected cells 

that enter mitosis may have an increased chance of arresting because of the 

action of other adenoviral proteins such as the E4ORF4 protein. The E4ORF4 

protein reprograms the activity of protein phosphatase 2A protein (PP2A) through 

its interaction with the B55α regulatory subunit (Kornitzer et al., 2001; Roopchand 

et al., 2001). By directing PP2A to the large ubiquitin-protein E3 ligase known as 

the anaphase promoting complex or cyclosome (APC/C), E4ORF4 was found to 

inactivate APC/C and induce a G2/M arrest in both yeast and the human 293 cell 

line (Kornitzer et al., 2001). Interestingly, when expressed alone, E4ORF4 

promotes p53-indepdendent, caspase-independent apoptosis in tumor cells 

(Lavoie et al., 1998; Marcellus et al., 1998; Shtrichman and Kleinberger, 1998) 
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while inhibiting apoptosis in normal cells (Pechkovsky et al., 2013). Other 

adenoviral proteins that promote cell cycle progression as well as the loss of viral 

functions encoded by the E1B-55K protein could push cells into an aberrant 

mitosis. Because prolonged arrest in a mitotic-like state or mitotic catastrophe is 

often followed by apoptosis or senescence, it would be advantageous for 

adenovirus to express an activity that promotes exit from mitosis. Because the 

E4ORF3 gene is needed to prevent the E1B-55K-mutant virus from arresting in a 

mitotic-like state (Fig. 22) and because colcemid fails to trap E4ORF3 single-

mutant virus-infected cells in a mitotic-like state (Fig. 24), we suggest that the 

E4ORF3 protein circumvents mitotic-like arrest by facilitating an exit from cells 

that have inadvertently entered mitosis, rather than preventing entry into mitosis. 

 Progression through mitosis beyond metaphase and anaphase requires 

satisfaction of the spindle assembly checkpoint and activation of the APC/C 

(reviewed in Bassermann et al., 2013). Two coactivators of APC/C, Cdc20 and 

Cdh1, dictate substrate specificity and activity. Cdc20 is sequestered by mitotic 

checkpoint proteins while unattached kinetochores or perturbations in the mitotic 

spindle persist. APC/CCdc20 initiates anaphase by targeting the cohesins for 

degradation while APC/CCdh1 promotes the irreversible exit from mitosis into G1 

(reviewed in Bassermann et al., 2013). A key target of both APC/CCdc20 and 

APC/CCdh1 is the mitotic cyclin B1, whose loss leads to the precipitous decline 

in Cdk1 activity (Takizawa and Morgan, 2000). Because cyclin B1 accumulates 

to high levels in adenovirus-infected cells (Fig. 27), E4ORF3 clearly cannot 

promote mitotic exit by removing cyclin B1. However, the E4ORF3 protein may 
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functionally inactivate cyclin B1 by mislocalizing this cyclin in the nucleus of the 

infected cell (Fig. 28). Double-mutant virus-infected cells also contain a cyclin B-

related protein (Fig. 27) similar in size to a cleaved form of cyclin B1 that sustains 

the mitotic block (Chan et al., 2009). In the context of an E1B-55K-deletion, 

E4ORF3 may prevent accumulation of this specific product.  

 E4ORF3 suppresses the activity of many cellular proteins by altering their 

localization or directing them to the aggresome, such is the case with the 

mislocalization of MRN proteins and γH2AX (Stracker et al., 2005). The 

mislocalization of Nbs1 by the E4ORF3 protein is sufficient to prevent ATR 

activation, thereby partially crippling the DNA damage response (Carson et al., 

2009), showing that changes in the localization of proteins by adenoviral proteins 

can have an impact in cellular signaling. The localization of cyclin B1 in normal 

cell function is also known to mediate its function (Takizawa and Morgan, 2000). 

It is therefore possible that in mislocalizing cyclin B1, the E4ORF3 protein would 

facilitate exit from mitosis by replacing a cellular process that was disabled by 

other adenovirus proteins in order to prevent the ill effects of mitotic arrest.  

 Aberrant mitotic arrest or mitotic catastrophe typically results in the 

removal of the afflicted cell through senescence or apoptotic cell death (Galluzzi 

et al., 2012). The small avian virus-derived protein apoptin elicits mitotic 

catastrophe in human tumor cells (Lanz et al., 2013). The arrest between 

metaphase and anaphase that occurs in response to apoptin is independent of 

p53 (Lanz et al., 2013) and occurs as a result of APC/C inhibition (Teodoro et al., 

2004). Similarly, inhibition of Polo-like kinase-1 (Plk1) leads to apoptosis in the 
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presence of p53 but a protracted period of mitotic catastrophe occurs in the 

absence of p53 (Sanhaji et al., 2013). Plk1 phosphorylates and activates Cdc25C 

and APC-associated proteins while phosphorylating and inactivating Wee1 and 

Myt1 to promote progression through mitosis (Bruinsma et al., 2012; van Vugt 

and Medema, 2005). Mitotic arrest elicited by apoptin and the inhibition Plk1 

differs from that seen during E1B-55K/E4ORF3 double-mutant viral infections by 

the absence of p53-dependence suggesting that the Plk1 and APC/C may not be 

the cellular targets contributing to mitotic arrest in double-mutant virus-infected 

cells. Another striking characteristic of the double-mutant virus is that only cells 

infected during early G1 accumulate in the mitotic-like state many hours after 

infection (Table2 and Fig. 32).  

 We previously demonstrated that the stage of the cell cycle at the time of 

infection influences the outcome of an infection with an E1B-55K-deleted virus. 

S-phase-infected cells direct greater synthesis of late viral proteins, are more 

likely to produce progeny virus, and are more rapidly killed by the E1B-55K-

deleted virus than cells infected at other stages of the cell cycle (Goodrum and 

Ornelles, 1997, 1999). The failure of the E1B-55K-mutant virus to effectively 

replicate in G1-infected cells was shown to be, in part, due to expression of the 

E4ORF1 product (Thomas et al., 2009). In the case of cell death, the stage of the 

cell cycle at the time of infection influenced an event that occurred as many as 

five days after infection (Goodrum and Ornelles, 1998; Thomas et al., 2009). 

Here we report that cells infected during early G1 with the E1B-55K/E4ORF3 

double-mutant virus are those that become arrested in a mitotic-like state 60-72 
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hours after infection. Together, these findings suggest that infection in early G1 is 

restrictive for the E1B-55K-mutant virus and favors arrest in a mitotic-like state 

for the E1B-55K/E4ORF3 double-mutant virus. 
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CHAPTER 5: CONCLUSIONS 

Alternative responses to DNA damage 

 Cell death in response to DNA damage occurs largely by apoptosis; 

however, other mechanisms of cell death become more significant when 

apoptosis is inhibited and many cancers are resistant to apoptosis (Hanahan and 

Weinberg, 2000). Stimuli that lead to apoptosis activate pathways that may be 

blocked in their abilities to induce apoptosis, but these pathways can have 

overlapping components with other types of cell death. For example, when 

mitochondrial membrane permeability occurs in response to apoptotic stimuli, 

proteins are released that induce autophagy. Still higher upstream, caspase 8 

stimulates a pathway that activates lysosomal activity, inducing autophagy. 

Apoptosis is usually the more potent response, but when it is strongly inhibited, 

autophagy occurs (Kim et al., 2006). Cancers resistant to apoptosis are often 

sensitive to other pathways of cell death, leading to interest in inducing 

alternative mechanisms of cell death in cancer cells. This can occur through 

many different pathways. Cancers have been observed to die in response to 

chemotherapy by means of mitotic catastrophe or senescence (Mansilla et al., 

2006) and autophagy has also been seen to be tumor suppressive (Gozuacik 

and Kimchi, 2004).  

 Of the apoptosis-related proteins, the p53 protein has been of particular 

interest because of the inhibition of p53 activity in most cancers (Brown et al., 

2009). Because the E1B-55K protein of adenovirus antagonizes p53, it has been 

studied for its oncolytic potential. Although the E1B-55K single-mutant virus was 
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hypothesized to be oncolytic through p53 activation (Bischoff et al., 1996; 

McCormick, 2003), subsequent studies found that that tumor-selective killing by 

this virus is independent of p53 (Geoerger et al., 2002; Goodrum and Ornelles, 

1998). The differences in response to p53 and the heterogeneity seen in E1B-

55K/E4ORF3 double-mutant virus-infected cells may be due in part to the inherent 

differences among cell types and among cells within a cell population.. 

Stochastic differences in protein expression, for example, may mean that some 

cells have the requisite amount of a trigger protein to surpass the threshold of 

and engage one pathway over another. Because of these cell-to-cell differences, 

a broad trigger for cell death that triggers many pathways would be more likely to 

kill a wider range of tumor cells. Adenovirus kills cells in an apoptosis-

independent manner and triggers pathways that are not necessarily inhibited in 

cancer, making the E1B-55K/E4ORF3 double-mutant virus a candidate for 

oncolytic viral therapy. 

PARP-1-dependent nuclear fragmentation 

 The fragmented nuclei in cells infected with the E1B-55K/E4ORF3 double-

mutant virus are unusual but not unique. These nuclei resemble those observed 

in PARP-1- and AIF-dependent excitotoxic neuronal cell death (Yu et al., 2003). 

Excitotoxic stimuli such as glutamate overstimulation (Zhang and Bhavnani, 

2006) triggers a form of cell death that differs from that caused by classical 

inducers of apoptosis, oxidative stress, or the withdrawal of trophic factors in that 

excitotoxic cell death shows virtually no caspase-3 activity and is accompanied 

by an increase in cytoplasmic calcium (Diwakarla et al., 2009). Injuries to the 



 156 

brain such as trauma or stroke often trigger an efflux of glutamate leading to 

nuclear fragmentation that was shown to be AIF- and PARP-1-dependent in 

mouse models of focal and global brain ischemia (Eliasson et al., 1997; Thal et 

al., 2011). Similar AIF- and PARP-1-dependent signaling occurs in 

neurodegenerative disease models for Parkinson’s disease and retinitis 

pigmentosa, in programmed cell death that occurs as embryonic stem cell 

differentiate into neuroepithelial cells, and in response to the DNA alkylating 

agent MNNG (Andrabi et al., 2008; Cimadamore et al., 2009; Murakami et al., 

2008; Perier et al., 2010; Yamashima et al., 2001; Yu et al., 2002). A productive 

adenovirus infection activates the cellular DNA-damage response and can drive 

entry of quiescent cells into the cell cycle. Perhaps this form of overstimulation 

mimics the synaptic surge that initiates neuronal cell death.  

 The E4ORF6 protein of adenovirus was reported to radiosensitize RKO 

colon cancer cells (Hart et al., 2007). Stable expression of E4ORF6 in the RKO 

cell line inhibited protein phosphatase 2A. Consequently, two targets of protein 

phosphatase 2A, histone H2AX and the DNA-dependent protein kinase, 

remained phosphorylated for prolonged times after exposure to IR. It was 

postulated that the sustained DNA-damage signaling after IR leads to the 

hyperactivation of PARP-1 and translocation of AIF to the nucleus. Because 

phosphorylated H2AX cooperates with AIF to fragment chromatin (Artus et al., 

2010), E4ORF6-expressing cells suffered increased chromatin damage in 

response to IR (Hart et al., 2007). These findings lead us to test the contribution 

of E4ORF6 to nuclear fragmentation in the context of a viral infection where viral 
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DNA replication would provide the damage signal in place of IR. Instead, we 

found that infection with a virus deleted of both E4ORF3 and E4ORF6 still caused 

nuclear fragmentation, leading us to conclude that, in the context of a viral 

infection, the presence of E4ORF6 is not necessary for AIF-dependent nuclear 

fragmentation (Fig. 5). 

 A hallmark of late stage apoptosis is DNA fragmentation (Wilson, 1998); 

however, apoptotic DNA fragmentation differs from the nuclear fragmentation 

triggered by infection with the E1B-55K/E4ORF3 double-mutant virus. Apoptotic 

nuclear bodies are typically composed of cellular DNA and nuclear material 

pulling away from a central mass. The resulting fragments of nuclear material are 

not defined by a distinct boundary of nuclear lamina as we report here (Soboloff 

et al., 2001; Zhao et al., 2006). Indeed, breakdown of the nuclear lamina 

precedes nuclear fragmentation during apoptosis (Burke, 2001; Lazebnik et al., 

1995). In addition, AIF-dependent ex vivo fragmentation causes infrequent DNA 

cleavage resulting in large fragments of DNA, as opposed to classical apoptotic 

DNA laddering that occurs in the two-step process involving both AIF and Endo 

G (Susin et al., 2000; Wang et al., 2002). Pulsed-field and standard gel 

electrophoresis of infected cell DNA showed no apoptotic DNA laddering in 

double-mutant virus-infected cells (Shepard and Ornelles, 2004). The failure of 

the pan-caspase inhibitor zVAD-fmk to change the frequency of fragmented 

nuclei in E1B-55K/E4ORF3 double-mutant virus-infected cells provides additional 

support for the caspase-independent nature of the adenovirus-induced nuclear 

fragmentation described here (data not shown).  
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 Although the specific mechanisms by which the adenoviral E1B-55K and 

E4ORF3 proteins enforce morphological homogeneity remain unknown, continued 

signaling after the insult of adenoviral genome replication elicits nuclear 

fragmentation. This morphologically distinctive nuclear fragmentation depends on 

AIF and on PARP-1 activation. Forced re-entry of mature, differentiated neuronal 

cells into the cell cycle causes cell death (Feddersen et al., 1992) that is 

dependent on AIF (Bonni, 2003; Chung et al., 2011). Since adenoviruses are 

able to productively infect terminally differentiated cells and force entry into an 

S-phase-like state, the E1B-55K and E4ORF3 proteins may be necessary to 

suppress forms of cell death that prevail in terminally differentiated cells. The 

heterogeneous nature of cells infected with the E1B-55K/E4ORF3 double mutant-

virus suggests that adenovirus triggers diverse pathways of cell death that must 

be antagonized by equally diverse functions provided by the early adenoviral 

proteins. Continuing to study the ways by which adenovirus limits heterogeneity 

may unveil novel relationships between adenovirus and host cellular processes 

that govern cell death and survival. 

Model of nuclear fragmentation inhibition 

 Replication of the adenoviral genome provides the signal that activates 

PARP-1 (Figure 33). Uninhibited, PARP-1 PAR-ribosylates downstream targets 

and creates chains of free PAR. This facilitates the translocation of AIF from the 

mitochondria to the nucleus, resulting in nuclear fragmentation. The presence of 

either the E1B-55K or the E4ORF3 protein mislocalizes PAR chains and PAR-

ribosylated proteins. This prevents nuclear translocation of AIF and the resulting 
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Figure 33. Model of nuclear fragmentation inhibition 

Viral DNA replication likely serves as the trigger for PARP-1 activation. PAR-

ribosylation leads to the translocation of AIF to the nucleus, leading to nuclear 

fragmentation. PARP-1 activation can be inhibited by 3-ABA. Nuclear localization 

of AIF is inhibited by the E1B-55K and E4ORF3 proteins.  
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nuclear fragmentation.  

Mitotic arrest 

 In addition to nuclear fragmentation, infection with the E1B-55K/E4ORF3 

double-mutant virus results in mitotic arrest. Aberrant mitotic arrest can also be 

called mitotic catastrophe and has been described as a failure of mitosis to 

occur, which typically results in removal from the cycling cell population through 

senescence or apoptotic cell death (Galluzzi et al., 2012). A cleaved, 

degradation-resistant form of cyclin B1 has been described and found to be 

unique to cells undergoing mitotic catastrophe (Chan et al., 2009). This mitotic 

catastrophe can be triggered independently of p53 (Lanz et al., 2013) and in 

response to APC/C inhibition (Teodoro et al., 2004), as in apoptin. Mitotic 

catastrophe as a result of Plk1 inhibition is also independent of p53 (Sanhaji et 

al., 2013). The independence from p53 in mitotic catastrophe in response to 

apoptin and Plk1 inhibition is in unlike the dependence of p53 in facilitating the 

mitotic arrest that is seen in response to E1B-55K/E4ORF3-mutant viral infections. 

Despite this, mitotic arrest in response to double-mutant viral infections shares 

morphological similarities to the mitotic catastrophe that occurs in response to 

apoptin. 

 Mitotic arrest that requires p53 is counterintuitive to the usual functions of 

p53, but many adenoviral proteins modify and replace cellular proteins and 

cellular functions. The E1A protein deprepressesE2F by binding pRb (Berk, 

2005), but is redirected away from its normal function by the E4ORF6/7 protein 

(Schaley et al., 2000). Another example of adenoviral modification of proteins is 
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that of protein phosphatase 2A (PP2A). The adenoviral E4ORF4 protein 

modulates the signaling capacity of PP2A not by merely increasing its activity, 

but by modulating the relative activation of subunits with differing function 

(Brestovitsky et al., 2011). In the case of p53, signaling capacity of p53 may be 

rerouted for some cell-proliferative activity. Adenovirus is known to have self-

limiting capacities. The E4ORF1 protein creates a transformation-promoting 

environment. The E1B-55K protein, however, counteracts this activity with its 

oncolytic properties (Thomas et al., 2009). If p53 were indeed reprogrammed by 

some viral protein to promote proliferation and therefore cell cycle progression, in 

the context of a viral infection, perhaps the ability of E1B-55K to promote entry of 

cells into mitosis by binding p53 is not due to inhibition of the cellular functions of 

p53 in response to DNA damage, but rather inhibition of some virally adapted 

role of p53.  

 Another possible explanation for this observation is that in addition to 

inhibition of p53, the E1B-55K protein retains a low level of p53 in the infected 

cells to strengthen the G2/M checkpoint. This low level would be sufficient to 

cause cell cycle arrest, but not high enough to signal for cell death. There are 

some incidences in which the obvious role of a cellular protein is to inhibit 

another, and yet the protein also promotes the same protein at carefully 

moderated levels. Take, for example, inhibition of licensing factor Cdt1. Cdt1 is 

present during G1 and S, but during late S-phase, the increase in nuclear 

geminin inhibits its function. Geminin does this by binding Cdt1 on one end and 

by creating steric hindrance with the other (Lee et al., 2004). This prevents re-
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replication of cellular DNA. Geminin also binds to Cdt1, however, to gain nuclear 

localization (Dimaki et al., 2013). Geminin also promotes Cdt1 accumulation 

during late mitosis (Ballabeni et al., 2013). Only cells infected with the double-

mutant virus at early G1 show aberrant mitotic arrest, however, leading to the 

question as to what sets early G1 cells apart. 

Early G1 cells 

 These studies show that the phase of the cell cycle at time of infection 

affects cell fate at late times of infection. Previous studies involving adenovirus 

and the cell cycle have focused primarily on how adenovirus suspends normal 

cell cycle progression (Goodrum and Ornelles, 1997) and how the cell cycle at 

time of infection affects the viral life cycle (Shepard and Ornelles, 2003). Events 

that occur early in G1 are known to have long-term effects that are not 

immediately apparent. Cellular chromatin in early G1 cells has many 

distinguishing characteristics. Early in G1, the relaxing chromatin of daughter 

cells exiting from mitosis is “reset” with DNA damage-response proteins, 

transcription factors, and licensing factors. At late stages of mitosis, proteins that 

signaling DNA-damage are displaced from the condensing chromatin. 

Consequently G1 cells are able to respond to DNA damage only after proteins 

such as 53BP1, RNF8, and RNF168 return (Giunta and Jackson, 2011; Nelson 

et al., 2009). Similarly, many transcription factors are displaced from 

nucleosome-depleted regions characteristic of active promoters during late 

mitosis (Hernandez-Verdun, 2011). Some proteins, such as Runx2, remain 

bound to mitotic chromosomes (Young et al., 2007) and mitotic chromosomes 
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also acquire epigenetic changes (Zaidi et al., 2011) purported to facilitate the 

transcription of essential genes quickly after mitosis. The histone variant H2A.Z 

shifts positions during mitosis to suppress transcription (Kelly et al., 2010). H2A.Z 

is believed to contribute to an open chromatin configuration to facilitate the 

resumption of transcription and to render the chromatin accessible to proteins 

that respond to and repair DNA damage (Wang et al., 2012a). H2A.Z is a critical 

player in the chromatin remodeling needed to respond to double-stranded DNA 

damage. The histone acetyl transferase Tip60 is recruited to sites of DNA 

damage where it modifies histone H4. This in turn promotes the exchange of 

H2A.Z into this site that facilitates the association of DNA repair proteins. The 

E1B-55K protein has been shown to target Tip60 for destruction (Gupta et al., 

2012), which may render cellular chromatin less able to signal DNA damage and 

unsuitable for further progression through the cell cycle. 

 Another critical process that occurs at the end of mitosis and early G1 is 

the reloading of licensing factors needed for DNA replication. During S phase, 

licensing factors are displaced from origins of DNA replication and sequestered 

or degraded to ensure that cellular DNA is replicated exactly once (Symeonidou 

et al., 2012). After mitosis, the loading factors Cdc6 and Cdt1 recruit the 

replicative Mcm2-7 helicase to relicense the origins of DNA replication (Tsuyama 

et al., 2005). Perhaps early events during the adenovirus infectious cycle perturb 

this process such that aberrantly duplicated cellular DNA requires the novel 

activity of the E1B-55K to preclude entry into mitosis. 

 Studies of somatic cell nuclear transfer to generate cloned animal 
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offspring provide an intriguing example of how the unique nature of cells in early 

G1 can exert consequences over a very long time. Donor cell nuclei derived from 

serum-starved G0 cells or early G1 cells were transferred into enucleated bovine 

ova to create embryos. Although the embryos derived from G0 nuclei showed 

greater survival through the blastocyst stage, the animals derived from G1 nuclei 

showed improved birth weights and greater post-natal survival (Goto et al., 

2013). The long term effects of early G1 cell nuclear transfer parallels the long 

term effects of adenoviral infection at early G1. The relicensing of DNA in early 

G1, following mitosis, is also characteristic of events occurring at early G1 having 

effects beyond the immediate, as it is not until S phase that the relicensing of 

DNA is evident.  

 While the precise characteristics by which early G1 cells are predisposed 

to mitotic arrest following infection with adenovirus are unknown, these cells 

show entry into mitosis despite suspension of the cell cycle. The E1B-55K and 

E4ORF3 proteins function independently of one another to prevent this from 

occurring. The binding of p53 by E1B-55K is seen to play a role in allowing cell 

entry into mitosis, despite the known roles of p53 in halting cell cycle 

progression. Adenovirus employs a failsafe in the ability of E4ORF3 protein to 

facilitate exit from mitosis, presumably circumventing the potent death signals 

downstream of aberrant mitotic arrest. This likely occurs through the 

reorganization of cyclin B1 during infection with E4ORF3-containing viruses and 

the likely release of crucial mitotic release proteins, such as separase, from 

cyclin B1 inhibition. The overlapping functions of E1B-55K and E4ORF3 in 
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preventing mitotic arrest may play a role in standardizing cellular responses to 

adenoviral infection despite inherent differences in varying cell types and 

differentiation states.  

Model of mitotic arrest inhibition 

 Infection of early G1 cells with adenovirus leads to a condition in which 

cell proliferation and progression through the cell cycle are promoted either 

through cellular changes or by a virally mistargeted p53. The E1B-55K and 

E4ORF3 proteins prevent the potential consequences of mitotic arrest (Fig. 34). 

The E1B-55K protein could not only help to degrade p53, but also redirect a low 

level of p53 to strengthen the G2/M border (Fig. 34D) or, if p53 is indeed virally 

modified, inhibit virally reprogrammed p53 in order to prevent cell entry into 

mitosis (Fig. 34E). E4ORF3 shuttles cells out of mitosis despite elevated levels of 

cyclin B1 by redirecting cyclin B1 away from separase, thereby promoting exit 

from mitosis without the need for APC/C-mediated degradation (Fig. 34F). 
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Figure 34. Model of mitotic arrest inhibition 

(A-C) During normal mitosis, (A) the shuttling cyclin B1-Cdk1 complex is altered 

through dephosphorylation of CdK1 and hyperphosphorylation of cyclin B1, 

leading to (B) the retention of the complex in the nucleus and the initiation of the 

initial phases of mitosis. (C) After the sister chromatids are properly aligned, the 

cyclin B1 is ubiquitinated and degraded, allowing the cell to proceed out of 

mitosis. (D-F) Adenoviral proteins could prevent mitosis by (D) allowing for the 

retention of a small amount of p53 to reinforce the G2/M block, by (E) using the 

E1B-55K protein to inhibit an altered, pro-mitotic form of p53, and by (F) 

mislocalizing cyclin B1 though the action of the E4ORF3 protein.  
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Conclusion 

 The work presented illustrates a relationship between human adenovirus 

and both AIF and early G1 cells. This has relevance in the field of oncolytic viral 

therapy, as many human tumors are defective in well-studied p53-mediated 

apoptotic cell death. In addition, this work also shows that adenovirus modulates 

host responses to DNA damage. Adenoviral proteins do not merely inhibit host 

responses, but reshapes and modifies them through the inactivation and 

replacement of cellular processes.  
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