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ABSTRACT
Adenovirus infection activates cellular DNA damage response and repair
pathways. The viral E1B-55K and E4orf3 proteins prevent recognition of viral
genomes as a substrate for DNA repair by targeting members of the sensor
complex composed of Mre11/Rad50/NBS1 for degradation and relocalization, as
well as targeting the effector protein DNA ligase IV. Despite inactivation of these
cellular sensor and effector proteins, infection results in high levels of histone
2AX phosphorylation, or H2AX. Although phosphorylated H2AX is a
characteristic marker of double-stranded DNA breaks, this modification was
widely distributed throughout the nucleus of infected cells and was coincident
with the bulk of cellular DNA. H2AX phosphorylation occurred after the onset of
viral DNA replication and independently of Mre11 and NBS1. Each of the serinethreonine kinases ataxia telangiectasia mutated (ATM), AT- and Rad3-related
(ATR), and DNA protein kinase (DNA-PK) likely contribute to H2AX
phosphorylation, although ATR may be the largest contributor. Viral DNA
replication appears to be the stimulus for this phosphorylation event, since
infection with a nonreplicating virus did not elicit phosphorylation of H2AX.
Infected cells also responded to high levels of input viral DNA by localized
phosphorylation of H2AX. These results are consistent with a model in which
adenovirus-infected cells sense and respond to both incoming viral DNA and viral
DNA replication.
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Infection with a double-mutant virus defective in both E1B-55K and
E4orf3, and thus unable to prevent concatenation of the viral genome, results in
the phosphorylation of H2AX at the periphery of viral replication centers. ATR
and cellular RPA32 localize to single-stranded DNA accumulation sites of both
wild-type and double-mutant virus replication centers, while activated ATM
localizes to the periphery of double-mutant virus replication but is dispersed
throughout the nucleus during wild-type virus infection. Individual inactivation of
ATM, ATR, or DNA-PK did not alter the pattern of H2AX phosphorylation during
infection with either virus. Intriguingly, H2AX was incorporated evenly into cellular
DNA during wild-type virus infection, but was localized to viral replication centers
during double-mutant virus infection. Thus, the activation of pathways
responsible for H2AX phosphorylation requires viral genome replication, and the
E1B-55K and E4orf3 proteins facilitate widespread phosphorylation by preventing
the localization of H2AX to viral replication centers.

xvii

CHAPTER 1: INTRODUCTION
History and Classification
Adenoviruses, first discovered in 1953 by Rowe and colleagues, belong to
the family Adenoviridae (Rowe et al., 1953). This family is divided into four
genera,

Aviadenoviruses,

Atadenoviruses,

Siadenoviruses

and

Mastadenoviruses. Aviadenoviruses infect only birds and siadenoviruses infect
mainly repltiles, whereas atadenoviruses can infect reptiles, birds and mammals,
and mastadenoviruses are capable of infecting a wide range mammals including
humans, monkeys, cows, pigs, and dogs. Human adenoviruses (Ad) are known
to cause upper respiratory infections, infantile gastroenteritis, and epidemic
keratoconjunctivitis. Adenoviruses were first identified as the causative agent of
the spontaneous degeneration of cultured cells derived from human adenoids,
and later isolated from respiratory secretions of military personnel suffering from
a variety of respiratory illnesses (Hilleman and Werner, 1954; Huebner et al.,
1954). In 1962 a novel discovery was made, demonstrating that type 12
adenovirus could induce tumors in newborn hamsters, the first report of a human
virus inducing oncogenesis (Trentin et al., 1962). Since that discovery, multiple
adenovirus oncogenes have been discovered and characterized. Despite this
oncogenic potential, adenovirus has not unequivocally been shown to be the
etiological agent of any known human cancers although it has a likely role in
pediatric cancers (Kosulin et al., 2007) and we are currently testing a role for
adenovirus in childhood leukemia.
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Human adenoviruses are divided into six subgroups based on their
hemagglutination properties (Shenk, 1996). Classification of these serotypes also
correlates with the degree of oncogenicity of the serotypes after injection into
rats. These subgroups, labeled A through F, consist of over 50 distinct serotypes.
Group A (Ad 12), B (Ad 14), and D (Ad 9) Ads induce tumor formation in rodents
with varying efficiencies (Ankerst and Jonsson, 1989; Javier et al., 1991). Groups
C (Ad 5) and E (Ad 4) are not oncogenic in rodents and the oncogenic potential
of Group F has not been determined. Independent of their oncogenic potential in
rodents, all Ad groups are able to transform primary rodent cells in culture
(Shenk, 1996). The majority of the viral replication studies have been performed
using group C adenoviruses, particularly Ads 2 and 5, as these serotypes are
easily grown in culture and their genomes can be readily manipulated. The
studies presented in this work were performed using type 5 adenovirus.
Adenovirus genome organization
The adenovirus genome is a linear, 36,000 base pair double-stranded
DNA molecule. A characteristic common to nearly all adenovirus genomes is that
genes encoding similar functions are grouped into transcription units on the viral
genome and are expressed from a common promoter (Larsson et al., 1986). The
genome is organized into five early transcription units (E1A, E1B, E2, E3, and
E4), two delayed early units (IX and IVa2), and one late unit (major late), all of
which are transcribed by RNA polymerase II. The major late unit is expressed
from the major late promoter and is processed by splicing to generate five
families of late mRNAs (L1 to L5). Two additional viral genes are transcribed by
2

RNA polymerase III, VAI and VAII. Both strands of the viral genome are
transcribed and, in the rightward direction, code for the E1A, E1B, IX, major late,
VA RNA, and E3 messages. In the leftward direction the genome codes for the
E4, E2, and IVa2 messages.
Virus Life Cycle
Attachment and internalization
Adenovirus attaches to cells via interactions between the adenovirus fiber
knob and the CAR (Coxsackie-Adenovirus receptor) protein, a common cellsurface receptor found at cell-cell junctions (Bergelson et al., 1997; Mayr and
Freimuth, 1997). CAR serves as the receptor for groups A, C, D, E, and F, but
not group B adenoviruses. After this initial attachment step, an Arg-Gly-Asp
(RGD) sequence in the adenovirus penton base protein interacts with v and
v3 vitronectin-binding integrins on the cell surface (Wickham et al., 1995;
Wickham et al., 1993). Signaling from this event induces receptor-mediated
endocytosis and internalization of the viral particle (Greber et al., 1993). Within
the endosome, virion disassembly occurs in a sequential manner resulting first in
shedding of the fiber protein followed by loss of the penton base protein.
Exposure of the RGD sequence combined with acidification of the endosome
leads to lysis of the vesicle and release of the virus particle into the cytosol
(Greber et al., 1993; Trotman et al., 2001). Once in the cytoplasm, the viral DNA
is freed from the remaining capsid protein, hexon, and traverses to the nucleus
along the microtubules (Fredman and Engler, 1993; Greber et al., 1993; Schaack
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et al., 1990). Viral DNA associates with the nuclear matrix through interactions
with the viral terminal protein (Bodnar et al., 1989; Fredman and Engler, 1993;
Schaack et al., 1990).
Early Viral Gene Expression
In the nucleus, adenovirus gene expression is temporally regulated, with
the immediate early gene (E1A) being expressed first followed by the early genes
(E1B, E2, E3, and E4). Expression of these early genes generates a cellular
environment favorable for viral DNA replication. E1A genes are expressed from a
constitutively active promoter and induce expression of downstream viral genes
as well as key host genes. The E1A proteins activate transcription by binding to a
number of cellular transcription factors and regulatory proteins. E1A can directly
bind to the TATA-binding protein (TBP), the DNA-binding subunit of the basal
transcription complex, allowing for the activation of transcription through TATA
motifs. Additionally, E1A proteins activate transcription by binding pRB and
releasing the transcription factor E2F. E2F activates cellular genes responsible
for driving the cell into an S-phase like environment most favorable for
adenovirus genome replication.
Expression of E1A proteins induces transcription of viral early genes,
leading to the accumulation of proteins from the E1B, E2, E3, and E4 regions of
the viral genome. The E1B transcription unit encodes as many as five proteins,
although the two major proteins are the E1B-19-kDa (E1B-19K) and E1B-55-kDa
(E1B-55K) proteins. The E1B-19K protein is a homologue to the antiapoptotic
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Bcl-2 family of proteins and combats apoptosis by binding and inhibiting the proapoptotic mitochondrial membrane protein Bak. The E1B-19K protein is
exquisitely efficient at preventing the activation of the classical caspase cascade
of cell death, as HeLa cells infected with an E1B-19K mutant virus rapidly
activate caspase-9 and -3 and undergo many of the morphological changes
associated with classical apoptosis, such as membrane blebbing and chromatin
condensation (Cuconati et al., 2002). The E1B-55K protein inhibits apoptosis
independent of E1B-19K by binding p53 and inhibiting its transcriptional activities
(Yew and Berk, 1992; Yew et al., 1994). The E2 transcriptional unit encodes
three proteins directly involved in viral DNA replication. E2A encodes a 72-kDa
single-stranded DNA binding protein (E2A-DBP) that binds single-stranded DNA
in a sequence independent manner (van der Vliet and Levine, 1973). The E2B
region encodes for an 80-kDa preterminal protein (pTP) that is necessary for the
initiation of DNA replication (Challberg et al., 1980; Stillman, 1981; Stillman et al.,
1981). The pTP precursor protein is cleaved during virus assembly while
remaining covalently attached to the 5’ ends of the viral genome (Schaack,
1990}. The E2B region also encodes the 140-kDa viral DNA polymerase. The
polymerase contains both 5’ to 3’ polymerase activity as well as 3’ to 5’
exonuclease activity. It is thought that the polymerase and pTP form a complex
and bind as a unit at the origin of replication.
The E3 region of the viral genome encodes proteins that are dispensable
for growth in culture but are likely required for a productive infection in vivo. The
E3-gp19-kDa protein is a resident of the endoplasmic reticulum where it binds
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and retains the heavy chain of MHC class I (Burgert and Kvist, 1987). The E314.7-kDa protein inhibits TNF- induced apoptosis (Gooding et al., 1988;
Gooding et al., 1991). The E3-10.4-kDa/14.5-kDa complex of proteins prevents
apoptosis by degrading cell surface receptors. Also known as the RID (receptor
internalization and degradation) complex, these viral proteins degrade Fas and
TRAIL receptors in the endosome, thereby preventing the induction of apoptosis
through Fas ligand or TRAIL (Shisler et al., 1997). The final E3 protein is E311.6-kDa, known as the adenovirus death protein (ADP). Although in the E3 unit,
ADP does not function until late times post infection, when it accumulates to very
high levels. Interestingly, at these late times ADP is transcribed from the major
late promoter, and is thus considered to be a late protein (Tollefson et al., 1992).
ADP functions to lyse infected cells to promote the release of viral progeny,
although the mechanism by which the protein promotes lysis is unknown
(Tollefson et al., 1996a; Tollefson et al., 1996b).
The E4 region of the adenoviral genome produces a primary transcript of
approximately 2800 nucleotides. This primary transcript undergoes a pattern of
differential splicing to generate mRNAs that code for seven polypeptides: E4orf1,
E4orf2, E4orf3, E4orf3/4, E4orf4, E4orf6, and E4orf6/7 (Virtanen et al., 1984;
Watanabe et al., 1988). The pattern of splicing appears to be temporally
regulated in that certain E4 mRNAs are produced during the early phase while
other E4 mRNAs that are dependent on viral DNA replication appear later during
infection. The E4 gene products have a wide range of functions, augmenting
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transcriptional regulation, mRNA processing and transport, DNA replication, and
production of progeny virus (Tauber and Dobner, 2001).
E4orf1 localizes predominately to the cytoplasm of cells and exhibits
grown-transforming activities in the absence of other viral proteins (Weiss and
Javier, 1997). E4orf1 can alter cellular signaling through a c-terminal PDZdomain binding motif (Craven and Bredt, 1998; Fanning and Anderson, 1998). To
date, no known function has been ascribed to the E4orf2 gene product of any
adenovirus serotype. The proteins does accumulate during infection, but E4orf2
mutants have no phenotype (Dix and Leppard, 1995). The E4orf4 protein alters
the function of the serine/threonine phosphatase, protein phosphatase 2A
(PP2A) (Kleinberger and Shenk, 1993). Through this interaction, E4orf4
downregulates virally induced signal transduction and regulates viral and cellular
gene expression (Kleinberger, 2000). E4orf6/7, like E1A, is able to transactivate
the E2 early promoter through interaction with E2F, and also target the activation
of cellular genes important for S phase of the cell cycle (Hardy et al., 1989;
Huang and Hearing, 1989).
The most widely studied proteins from the E4 region are the E4orf3 and
E4orf6 gene products. These two proteins have overlapping functions that are
complimentary in nature. Some of these functions will be discussed in greater
detail later, and include oncogenic transformation, nuclear mRNA stabilization,
shutoff of host protein synthesis, and prevention of viral genome concatemer
formation. The E4orf3 proteins are the most immunologically conserved proteins
among all human adenovirus subgroups (Sarnow et al., 1984). The 11-kDa
7

protein encoded by E4orf3 carries out a number of functions during lytic infection,
despite the fact that E4orf3 mutants are phenotypically indistinct from wild-type
virus with regard to virus replication (Bridge and Ketner, 1989; Halbert et al.,
1985). However, in the presence of interferon, the E4orf3 protein can inhibit
interferon-mediated responses and allow for efficient viral replication (Ullman et
al., 2007). It is hypothesized that the antiviral activity of E4orf3 is a result of
E4orf3-mediated reorganization of PML oncogenic domains (POD/ND10/PML
bodies) during infection.
The 34-kDa protein encoded by E4orf6 likewise has a number of
functions during viral replication. Many of these activities are performed by
E4orf6 in conjunction with the E1B-55K protein. These two viral proteins,
together with several cellular proteins, form a ubiquitin ligase whose activities will
be discussed in greater detail below (Woo and Berk, 2007). E4orf6 mutant
viruses exhibit a 10-fold decrease in virus yield when compared to the wild-type
virus (Halbert et al., 1985). Viruses lacking both E4orf3 and E4orf6 are unable to
prevent genome concatenation, are severely defective in virus replication, and
produce only low levels of late viral proteins (Bridge and Ketner, 1989; Halbert et
al., 1985; Weiden and Ginsberg, 1994).
Viral Genome Replication
Once E2 gene products accumulate to high levels and the cell enters an
S-phase like environment due to the activities of E1A, viral genome replication
can begin. Ad5 genome replication begins at about 6 hours post infection and
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continues until the cell dies (Lucas and Ginsberg, 1972). Adenovirus DNA was
the first eukaryotic template to be replicated in vitro, and electron microscopy
analysis has demonstrated that replication initiates at the ends of the linear
genome (Challberg and Kelly, 1979).
Both ends of the genome contain inverted terminal repeats that serve as
the origins of replication (Daniell et al., 1981; Hay et al., 1984). A preinitiation
complex is formed on the 3’ end of the genome that includes the preterminal
protein (pTP), the virally encoded DNA polymerase, the E2A-DNA binding
protein, and the host proteins nuclear transcription factors I, II, and III. The
complex binds in a sequence-specific manner to the replication origin and can
also bind to single-stranded DNA. Sequential interactions of the terminal proteinpolymerase complex with the duplex terminus followed by the single-strand may
facilitate unwinding of the terminal duplex DNA.
The preterminal protein (pTP) acts as a primer for DNA replication.
Priming begins when an ester bond is formed between the -OH of a serine
residue in pTP and the -phosphoryl group of dCMP, the first residue at the 5’
end of the DNA chain (Desiderio and Kelly, 1981). The pTP-dCMP interaction
requires the presence of polymerase and is template-dependent. The 3’-OH
group of the pTP-dCMP complex serves as a primer for synthesis of the nascent
strand of DNA by the virally encoded polymerase. The pTP-polymerase complex
is stabilized at the origin by the binding of NFI to a domain in the viral origin, and
the loss of pTP completely abolishes viral genome replication. Cellular NFIII also
binds to the origin of replication and pTP, and its DNA-bending properties may
9

stimulate replication initiation, although the mechanism by which this occurs is
unclear (Hatfield and Hearing, 1993).
Elongation of the DNA chain requires two E2-encoded proteins, the 140kDa polymerase and the 72-kDa single-stranded DNA binding protein (DBP), in
addition to the cellular protein nuclear factor II (NFII) (Nagata et al., 1982; Nagata
et al., 1983). Adenovirus DBP binds tightly and cooperatively in a sequenceindependent manner to single-stranded DNA, coating the displaced singlestranded replication intermediate. In the presence of DBP, the polymerase is
highly processive, enabling it to travel the entire length of the viral chromosome
after initiation at the terminus (Lindenbaum et al., 1986). Thus, the viral genome
is replicated as a single unit of DNA, and has no lagging strand synthesis.
Adenovirus genome replication takes place in two stages. In the first
stage, synthesis is initiated at either 3’ end of the genome and proceeds in a
continuous fashion to the other end of the genome. As replication proceeds down
one of the DNA strands, a duplex consisting of a daughter and parental strand is
formed along with a displaced single-stranded DNA molecule which is bound and
stabilized by DBP (Kedinger et al., 1978). In the second stage of replication, this
single-stranded DNA molecule can form a circularized template via the annealing
of its self-complementary inverted terminal repeats. This “panhandle” duplex has
the same structure as the duplex DNA termini, allowing for the same initiation
machinery to synthesize a complementary strand for the displaced strand and
yielding a second daughter genome consisting of a parental strand and a
daughter strand (Hay et al., 1984).
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Viral genome replication can yield up to 50,000 copies of the viral
genome per infected cell, along with generating a very large quantity of singlestranded DNA tightly bound by the E2A-DNA binding protein (Van der Vliet,
1995). Single-stranded and double-stranded viral DNA localize to different
regions within the cell nucleus, making up larger structures known as viral
replication centers. Within replication centers, and at distinct sites, viral genome
replication proceeds, DNA is used as a template for transcription, and viral
genomes are packaged into progeny virions.
Structure of Viral Replication Centers
Early replicative centers, the first detectable sites of viral DNA replication,
contain both single-stranded and double-stranded viral DNA, exhibit active viral
replication, and are randomly distributed among host chromatin fibers. As viral
genome replication commences, two distinct but contiguous substructures
appear, containing either viral single-stranded or double-stranded DNA
molecules (Puvion-Dutilleul and Pichard, 1992). The single-stranded DNA
containing regions enlarge and become transient sites for accumulation of singlestranded replication intermediates, and are thus termed single-stranded DNA
accumulation sites. This region of the replication center can be labeled by antiE2A-DBP antibodies (Puvion-Dutilleul et al., 1984). When viewed by confocal
microscopy, E2A-DBP appears in multiple ring structures within the nucleus,
which correspond in three dimensions to open hollow spheres (Pombo et al.,
1994). These sites contain only intermittent viral DNA replication, and appear to
be primarily single-stranded DNA storage areas.
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At the peak of viral genome replication, double-stranded viral DNA and
active viral genome replication shift into the area immediately surrounding both
the outside and inside of the single-stranded DNA areas. This region surrounding
the single-stranded DNA zone is termed the peripheral replicative zone and does
not stain positive for E2A-DBP (Puvion-Dutilleul and Puvion, 1990). Newly
synthesized double-stranded DNA molecules appear to be displaced from the
replication foci and spread into the surrounding nucleoplasm where they can then
be used as templates for transcription (Pombo et al., 1994).
Although viral DNA replication centers are surrounded on all sides by
cellular chromatin, viral DNA is confined to replication centers irrespective of the
stage of the virus life cycle. Similarly, cellular DNA does not penetrate into viral
replication

centers

(Besse

and

Puvion-Dutilleul,

1994a).

Viral

particles

accumulate within the nucleus at sites adjacent to viral DNA replication at late
times of infection, where viral genomes are packaged into the virions prior to cell
lysis and progeny virus release (Besse and Puvion-Dutilleul, 1994b; PuvionDutilleul and Pichard, 1992).
The development of viral replication centers also leads to a redistribution
of cellular RNA processing and splicing factors to the vicinity of these replication
centers. The early phase of gene expression has little effect on the localization of
splicing factors, and these proteins are detected in a speckled nuclear
distribution as is observed for non-infected cells (Bridge and Pettersson, 1996).
However, viral DNA replication facilitates a drastic change in the localization of
cellular splicing factors, which are utilized by the virus to process late viral
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transcripts. At these early times, splicing factors and poly(A) RNA appear in a
pattern that surrounds viral replication centers and can be observed as a series
of interconnected rings, termed ring cells, when viewed by confocal microscopy
(Pombo et al., 1994). It appears that these ring cells are able to partially process
viral mRNAs at early times of infection. However, the onset of late viral gene
expression coincides with an accumulation of splicing factors in enlarged nuclear
clusters termed cluster cells. Spliced RNA can be present in ring cells
surrounding replication centers or at the enlarged cluster cells spread throughout
the nucleus (Aspegren et al., 1998).
Late Viral Protein Synthesis
Viral DNA replication acts as a switch between the early and late phases
of infection. Recent work, however, has demonstrated a role for protein VII in the
switch between early and late stages of infection. Protein VII is the major
component of the adenovirus nucleoprotein core. Protein VII is a highly basic
nonspecific DNA binding protein that coats and condenses the viral DNA inside
the capsid. At early times of infection, protein VII remains tightly bound to viral
DNA and can act as a repressor of viral transcription (Greber and Kasamatsu,
1996; Haruki et al., 2003; Johnson et al., 2004; Xue et al., 2005). At late times of
infection, an E1A-dependent increase in transcription may facilitate the release of
protein VII from the viral genome by a mechanism that requires ongoing
transcription, but not viral DNA replication. Although the mechanism of protein VII
release is not known, it is thought that release may sustain or modify rates of
viral gene transcription (Chen et al., 2007).
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Transcription from the major late promoter synthesizes a single large
transcript (Evans et al., 1977; Nevins and Darnell, 1978). This transcript is
processed by differential poly(A) site utilization and splicing to generate five
distinct families of mRNAs, L1 to L5 (Chow et al., 1977; Nevins and Darnell,
1978). A low level of activity from the major late promoter is detectable at early
times of infection, and this increases significantly during the late phase. All late
viral messages processed from the major late transcripts possess a 200nucleotide long 5’ noncoding region, termed the tripartite leader sequence. The
tripartite leader contributes to the selective translation of late viral messages over
cellular messages at late times post infection.
Virus assembly and release
Synthesis of adenovirus structural components within the cytoplasm leads
to the rapid assembly of trimer and hexomeres of hexon, the major component of
the viral particle. Assembly of hexon requires the L4-100-kDa protein, which acts
as a scaffold to facilitate assembly (Cepko and Sharp, 1982). Pentomeres,
consisting of a pentameric penton base and a trimeric fiber particle, are
assembled less rapidly in the cytoplasm.

After their production, hexon and

penton capsomeres accumulate in the nucleus where assembly of progeny
virions occurs. Assembly begins with the formation of an empty virus capsid
followed by the packaging of a viral DNA molecule into the capsid. This event is
mediated by a cis-acting packaging sequence on the viral DNA and is thought to
be coupled to viral DNA synthesis wherein viral DNA is being packaged as it is
replicated (Grable and Hearing, 1992; Hammarskjold and Winberg, 1980;
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Tibbetts, 1977). Finally, proteolytic cleavage of viral proteins by the L3-23-kDa
viral protease matures the virion, stabilizing the structure and rendering it
infectious (Mangel et al., 1993; Tihanyi et al., 1993; Webster et al., 1993).
As adenovirus infection progresses, a number of changes to the cellular
cytoskeletal components take place to prepare for the release of progeny virus.
The intermediate filament vimentin is cleaved early during infection, causing its
collapse into the perinuclear space (Belin and Boulanger, 1987; Defer et al.,
1990; Zhai et al., 1988). Late in infection the viral protease cleaves cytokeratins
K18 and K7, preventing their polymerization and leading to the collapse of the
cytokeratin network (Chen et al., 1993). Finally, the adenovirus death protein
(ADP) is synthesized to very high levels at late times of infection, leading to the
lysis of the infected cell and the release of progeny virus (Tollefson et al., 1996a;
Tollefson et al., 1996b).
Transformation by adenovirus
Transformation of rodent cells by adenovirus is mediated by the E1A and
E1B genes, and E1A can transform cells in cooperation with other oncogenes
such as activated Ras (Shenk, 1996). The E1A proteins dysregulate cellular
pathways that govern cell cycle progression, inducing cells to enter the S-phase
of the cell cycle and begin DNA synthesis. The E1B proteins alter apoptosis
pathways to block apoptotic signals that arise as a consequence of E1A
activities. Together, the actions of E1A and E1B proteins generate an
environment that is optimal for all stages of viral replication, leading to
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transformation of non-permissive cells (Ruley, 1983; van den Elsen et al., 1983).
Adenovirus-transformed cells always contain and express E1A and E1B genes
and transfection of these genes into cultured cells induces transformation. Mutant
viruses with defects in the E1A and E1B regions are unable to efficiently
transform cultured cells, highlighting the necessity of E1A and E1B for cellular
transformation (Shenk, 1996). In addition to E1A and E1B, the E4orf1 protein
also contains transformational activities and alone can induce the formation of
mammary tumors in rodents. E4orf1 interacts with a number of cell signaling
proteins to promote cell cycle progression.
The E1A region codes for two major proteins involved in transformation,
the 12S and 13S proteins. Both proteins contain domains that are highly
conserved among adenovirus serotypes termed conserved regions (CR) 1, 2,
and 3. These domains mediate protein-protein interactions that allow E1A
proteins to activate transcription from both viral and cellular promoters. Both the
12S and 13S proteins contain CR1 and CR2, but only the 13S protein contains
the CR3 domain.
The primary role of the 12S protein is to stimulate expression of host cell
enzymes involved in DNA synthesis. This is accomplished by 12S binding to
members of the cellular retinoblastoma tumor suppressor protein (pRB) family
(Bagchi et al., 1991; Chellappan et al., 1991; Chittenden et al., 1991). Binding
occurs through the CR2 domain of the 12S protein, while the CR1 domain
stabilizes the interaction (Hermann and Doerfler, 1991; Howe and Bayley, 1992;
Wang et al., 1993; Whyte et al., 1989). In quiescent cells, pRB is normally bound
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to the transcriptional regulatory factor E2F and blocks its activity. Binding of pRB
by E1A-12S protein releases E2F, which can then activate the transcription of
factors necessary for entry into S-phase (Nevins and Darnell, 1978). E2F also
activates the E2 region of the viral genome, thereby enhancing activation of viral
genome replication.
Activation of other cellular and viral proteins requires the function of all
three conserved domains found on the E1A-13S protein. The 13S protein CR3
domain can directly bind ATF-2, a member of the CREB family of transcription
factors. As nearly all adenovirus promoters contain CREB binding sites, the 13SATF-2 interaction upregulates the promoters of early adenovirus genes (AbdelHafiz et al., 1993; Lillie and Green, 1989; Liu and Green, 1990; Liu and Green,
1994). The 13S protein can activate cellular promoters through direct binding of
the TATA-binding protein (TBP), can bind to upstream promoter and enhancer
elements, and can interact with regulatory subunits that influence the activity of
DNA-binding factors. Similar to the 12S protein, 13S protein can also activate
transcription through E2F binding sites (Kovesdi et al., 1987; Yee et al., 1989;
Yew and Berk, 1992).
The E1A proteins also bind a number of other cellular proteins involved in
G1 to S-phase transition, such as p300, cyclic AMP response element-binding
protein (CBP) and p400. Binding to these proteins is independent of the CR2
domain that binds pRB. Thus, the E1A proteins contain two regions that can
stimulate cells to enter S-phase, the pRB binding domain and the p300 and p400
binding domain. Binding of p400 and p300/CBP by E1A induces the activation of
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c-myc and Myc responsive genes, inducing S-phase progression (Baluchamy et
al., 2007; Chakraborty and Tansey, 2009). E1A stabilizes Myc through the
interaction with p400 and promotes the localization of both Myc and p400 to Myc
target genes, inducing their transcription (Tworkowski et al., 2008).

This

interaction is necessary for transformation of rodent cells in culture, as E1A
mutants unable to bind p400 and p300 are defection in transformation (Frisch
and Mymryk, 2002; Gallimore and Turnell, 2001). Binding of p300/CBP is also
thought to regulate the anaphase-promoting complex/cyclosome (APC/C), a
macromolecular E3 ubiquitin ligase that coordinates cellular gene expression
through mitosis and may also play a role in preventing or promoting entry into Sphase (Pesin and Orr-Weaver, 2008). E1A may therefore induce cellular DNA
synthesis through the inhibition of CBP/p300-APC/C transcriptional activation of
genes involved in cell cycle arrest such as p21CIP1/WAF1, allowing the cell to
progress unhindered into S-phase of the cell cycle (Turnell et al., 2005).
The transforming activities of E1A and the subsequent deregulation of the
cell cycle induces unscheduled DNA synthesis. One major consequence of these
activities is the activation of cellular antiviral mechanisms, some of which are
mediated by the tumor suppressor protein p53. Activation of p53 can occur in
response to a variety of stress signals, including DNA damage, ultraviolet
irradiation, hypoxia, and virus infection. Activation of p53 can result in cell cycle
arrest or the induction of apoptosis through the p53-mediated induction of genes
such as p21 (el-Deiry et al., 1993; Xiong et al., 1993) and bax1 (Miyashita and
Reed, 1995). During an adenovirus infection, p53 accumulates to high levels as a
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result of E1A-mediated deregulation of the cell cycle (Lowe and Ruley, 1993).
The E1B region encodes two major proteins, E1B-19K and E1B-55K, both of
which work to maintain the transformed state of the cell by preventing p53 activity
(Barker and Berk, 1987).
The E1B-55K protein binds p53 within the infected cell, thereby blocking
its transcriptional activity. This interaction brings E1B-55K to the promoter of p53
responsive genes where it actively represses transcription (Kao et al., 1990; Yew
and Berk, 1992; Yew et al., 1994). The E1B-19K protein is a homologue of the
Bcl-2 family of anti-apoptotic proteins. E1B-19K combats apoptosis and
maintains the transformed state of the cell by binding the mitochondrial
membrane resident and pro-apoptotic protein Bak. Binding of Bak prevents
heterodimerization of Bak with Bax, and prevents the release of other proapoptotic factors from the mitochondria (Sundararajan and White, 2001). The
efficiency with which E1B-19K prevents cell death is demonstrated by the rapid
induction of apoptosis in E1B-19K mutant viruses. These mutants exhibit
activated caspase-9 and -3 as well as morphological changes associated with
apoptosis such as membrane blebbing and chromatin condensation (Cuconati et
al., 2002).
Both the E1A and E1B genes of adenovirus are considered oncoproteins.
However, neither region is capable of maintaining a transformed state alone.
These two regions must be expressed together to fully transform cells, to both
drive cell cycle progression and inhibit apoptotic signals that arise from this cell
cycle deregulation (Ruley, 1983; van den Elsen et al., 1983).
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The E4 region codes for an oncoprotein, E4orf1. The 125-amino-acid
polypeptide localizes predominately to the cytoplasm of cells and exhibits growthtransformational activity independent of other viral gene products (Weiss et al.,
1997). While transformation of rodent cells by groups A and B adenoviruses
requires E1A and E1B genes, group D Ad9 requires only the E4orf1 gene
product to generate estrogen-dependent mammary tumors in rodents (Javier and
Shenk, 1996; Thomas et al., 1999). The Ad9 E4orf1 protein possesses a Cterminal PDZ domain-binding motif that is required for transformation and for the
binding and sequestration of cellular PDZ-domain containing proteins such as
MUPP-1, ZO-2, and MAGI-1 (Glaunsinger et al., 2000; Glaunsinger et al., 2001;
Weiss and Javier, 1997). Many of these PDZ-domain containing proteins act as
scaffolding proteins and have a role in cell signaling (Craven and Bredt, 1998;
Fanning

and

Anderson,

1998).

Expression

of

E4orf1

stimulates

phosphatidylinositol 3-kinase (PI3K), triggering the activation of protein kinase B
and p70S6-kinase. Disruption of the E4orf1 PDZ domain-binding motif abrogates
PI3K activation and results in failure to transform cells in culture or produce
tumors in animals (Frese et al., 2003). Recent work concerning the Ad5 E4orf1
protein has demonstrated that E4orf1 can induce the replication of cellular DNA
beyond the normal G2/M content, an event termed endoreduplication or rereplication. E4orf1-induced re-replication is inhibited in the presence of E1B-55K
and appears to be a function of the E1B-55K/E4orf6 viral complex (Ornelles lab,
unpublished results).
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Adenovirus inhibition of DNA repair
The transformational activities of adenovirus promote the cell to enter an
S-phase like state and begin unscheduled DNA synthesis, an environment most
conducive to viral replication. However, such actions can lead to the activation of
cellular DNA damage response pathways, resulting in cell cycle arrest and
potentially in apoptosis of the infected cell. These pathways, discussed in more
detail below, are comprised of sensor, signaling, and effector elements. As their
name suggests, sensor proteins are responsible for identifying areas of damaged
DNA; this identification leads to the activation of signaling kinases that can result
in cell cycle arrest and the induction of DNA repair. The effector elements are
responsible for carrying out repair of the damaged DNA through either
homologous recombination or non-homologous end joining.
The linear, double-stranded DNA genome of adenovirus can be identified
by the DNA damage sensors and effector proteins of the infected cell. Because
of the nature of the free DNA ends, the viral genome resembles a cellular doublestranded DNA break and adenovirus E4 mutants trigger a DNA damage
response in infected cells. Proteins involved in double-strand break repair are
activated and ligate multiple copies of the viral genome in an end-to-end fashion.
In wild-type virus infection this genome ligation, known as concatenation, is
prevented by the overlapping activities of the E1B-55K/E4orf6 viral complex and
the E4orf3 gene product. The roles of these viral proteins in inhibition of DNA
repair will be discussed below.
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Cellular double-stranded DNA break response pathway
Cellular DNA damage response pathways protect and preserve the
integrity of the genome. These pathways, which are activated in response to
various forms of DNA damage, involve a number of proteins that participate in
both DNA repair and cell cycle progression (Yang et al., 2003). As adenovirus
primarily interferes with pathways involved in double-stranded break repair, only
those pathways will be focused on here. Double-stranded DNA breaks are
repaired through either of two distinct pathways, homologous recombination or
non-homologous end joining (NHEJ).
Homologous recombination is an error free process that uses a sister
chromatid as a template to achieve very precise repair. Homologous
recombination initially requires the MRN complex, which will be discussed below,
and is carried out by the Rad family members of DNA repair proteins. Due to the
requirement of a sister chromatid, homologous recombination is the predominant
pathway of double-stranded break repair during only the S and G2 phases of the
cell cycle (Czornak et al., 2008). However, cells are thought to encounter
numerous double-stranded breaks during each round of the cell cycle. Thus,
non-homologous end joining is active at all stages of the cell cycle to repair DNA
breaks.
Non-homologous end joining, in contrast to homologous recombination, is
an error-prone DNA repair process. NHEJ involves the DNA-dependent kinase
(DNA-PK) along with DNA ligase IV and its binding partner XRCC4. Together
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these proteins facilitate the re-joining of broken DNA ends. DNA-PK is a protein
complex involving Ku70 and Ku80 which recognize DNA breaks and recruit the
DNA-PK catalytic subunit (DNA-PKcs), a protein kinase required for efficient nonhomologous end joining (Bassing and Alt, 2004; Burma and Chen, 2004; LeesMiller and Meek, 2003). Re-ligation of DNA ends occurs via DNA ligase IV and its
partner XRCC4 (Ahnesorg et al., 2006; Buck et al., 2006). Several other proteins
such as Artemis may have a role in end-joining as well, although this remains
controversial (Jeggo and O'Neill, 2002; Moshous et al., 2001).
Recognition of double-stranded DNA breaks and recruitment of DNA
repair proteins to sites of damage requires the coordinated effort of a large
number of cellular proteins. In NHEJ, the Ku70 and Ku80 molecules are the first
to bind and recognize double-stranded breaks, followed by the recruitment of
DNA-PKcs. Prior to repair, however, free DNA ends must be processed by
nucleases to generate a substrate suitable for either strand invasion for
homologous recombination or for ligation by DNA ligase IV (Costantini et al.,
2007; DiBiase et al., 2000). Processing of ends is thought to be carried out by the
Mre11/Rad50/NBS1 protein complex (MRN complex). Mre11 contains two DNAbinding motifs and 3’-5’ exonuclease activity. Rad50 contains ATPase activity
known to be connected with DNA binding and nucleolytic cleavage by Mre11,
although the precise role is not well understood (van den Bosch et al., 2003).
NBS1 physically interacts with Mre11 through its C-terminus and is able to bind
the cellular histone H2AX through FHA/BRCT domains in its N-terminus
(Kobayashi et al., 2002; Matsuura et al., 2004). Thus, it appears that the main
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function of NBS1 is to act as a scaffold upon which to build the DNA repair
machinery.

Nuclear

foci

of

the

MRN

complex

are

detectable

by

immunofluorescence microscopy, demonstrating that an enormous number of
MRN molecules localize to a single double-stranded DNA break. Complete loss
of Mre11 or NBS1 is embryonic lethal, however there are diseases associated
with a partial loss of function of NBS1 (Nijemikin Breakage Syndrome) and
Mre11 (Ataxia telengiactasia-like disease). These diseases result in inefficient
repair of DNA damage, increased rates of DNA mutation and a predisposition to
the development of cancers, particularly lymphomas (Dzikiewicz-Krawczyk,
2008) demonstrating the importance of this complex in the response to DNA
damage and protecting the genome. Thus, functionality of the MRN complex is
highly important for successful DNA repair and for maintenance of genome
integrity.
While the MRN complex is often considered a sensor of double-stranded
DNA breaks, it also serves to amplify cellular signaling through ATM, ATR, and
DNA-PK, leading to the activation of a number of factors involved in cell cycle
arrest and DNA repair. The serine-threonine kinases Ataxia telangiectasia
mutated (ATM), AT- and Rad3-related (ATR), and DNA protein kinase (DNA-PK)
are activated in response to distinct types of damage. The ATM pathway is
activated primarily by double-stranded DNA breaks (Kastan and Lim, 2000);
(Bakkenist and Kastan, 2003). ATM is recruited to double-stranded DNA breaks
by binding to a C-terminal domain of NBS1 or by binding to MDC1, although ATM
can be activated in the absence of these proteins (Falck et al., 2005; Lou et al.,
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2006; Stucki et al., 2005; You et al., 2005). ATM phosphorylates a number of
downstream targets, such as p53 (Canman et al., 1998), Brca1 (Cortez et al.,
1999; Li et al., 2000), Nbs1 (Lim et al., 2000), Chk1 and Chk2 (Kim et al., 1999).
ATM deficiency in humans causes the disease ataxia-telangiectasia (A-T). A-T is
characterized by radiosensitivity and genomic instability resulting in progressive
cerebellar degeneration and increased cancer incidence. Cells derived from A-T
patients and from atm–/– mice exhibit increased sensitivity to ionizing radiation,
high mutation frequencies, and defects in the G1/S, G2/M and S-phase
checkpoints (Barlow et al., 1996; Kastan et al., 1992; Xu et al., 1996).
DNA-PK, as described above, is a protein complex comprised of DNAPKcs, Ku70, and Ku80 that acts in conjunction with the DNA Ligase IV/XRCC4
complex to mediate the ligation of double-stranded breaks through nonhomologous end joining (Lieber et al., 2003). Electron microscopy studies have
identified DNA ends connected by two DNA-PKcs molecules (DeFazio et al.,
2002), suggesting that the enzyme can form a bridge between the broken DNA
fragments, stabilizing them prior to end ligation. DNA-PK is activated by doublestranded DNA (Carter et al., 1990; Lees-Miller et al., 1990) and can
phosphorylate DNA-PKcs itself, both Ku antigens, Artemis, p53, the 34 kDa
subunit of replication protein A (RPA), histone H2AX, high mobility group (HMG)
proteins, the carboxyl-terminal domain of RNA polymerase II, or heat shock
protein 90 (Plumb et al., 1999; Stiff et al., 2004). Inactivating mutations of DNAPKcs cause severe combined immunodeficiency (SCID) syndrome in mice,
Arabian horses, and Jack Russell terriers (Kirchgessner et al., 1995; Wiler et al.,

25

1995). The immunodeficiency syndrome in these spontaneous animal models
arises from a failure in lymphocyte maturation and generation of a full lymphocyte
repertoire due to defective V(D)J recombination. DNA-PKcs mutations also result
in an increased sensitivity to ionizing radiation and radiomimetic chemicals
(Fulop and Phillips, 1990).
The ATR pathway can be activated in response to a wide range of
genotoxic stresses, such as base or nucleotide excision, double-stranded breaks,
or single-stranded breaks. The majority of data suggest that activation of ATR
occurs via the recognition of single-stranded tracks of DNA (Costanzo and
Gautier, 2003; Zou and Elledge, 2003). ATR is bound by ATRIP (ATR-interacting
protein), which localizes ATR to single-stranded cellular DNA through the binding
of ATRIP to RPA-coated single-stranded DNA (Ball et al., 2005; Cortez et al.,
1999; Costanzo and Gautier, 2003; Olson et al., 2006). Substrates of ATR
involved in DNA damage repair include checkpoint kinase 1 (Chk1), the 32-kDa
RPA subunit (RPA32), breast cancer antigen 1 (BRCA1), Werner’s syndrome
protein helicase (WRN) and the Bloom’s syndrome helicase (BLM) (Li et al.,
2004; Pichierri et al., 2003; Tibbetts et al., 2000). ATR also targets the Fanconianemia protein FANCD2 and may thus regulate inter-strand crosslink repair.
Phosphorylation of FANCD2 and the nucleotide excision repair protein XPA by
ATR regulates their intracellular localization to DNA damage foci (Andreassen et
al., 2004; Wu et al., 2007). Mutations in ATR are rare, as complete loss of
function is embryonic lethal (Brown and Baltimore, 2000). However, the rare
Seckel syndrome is associated with hypomorphic mutations in the ATR gene and
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is characterized by growth retardation and microcephaly (O'Driscoll and Jeggo,
2003). The major functions of ATR appear to be responding to DNA damage and
replication stress, particularly in stabilizing stalled replication forks and promoting
their restart in order to prevent the generation of double-stranded DNA breaks
(Paulsen and Cimprich, 2007).
These three kinases can each be visualized in discrete foci at areas of
DNA damage and colocalize with many other proteins involved in DNA repair and
checkpoint activation. DNA damage foci include NBS1 and the other MRN
complex members, 53BP1 (p53 binding protein 1), TopBP1 (topoisomerase
binding protein 1), BRCA1 (breast cancer antigen 1) and MDC1 (mediator of
damage checkpoints 1 (Xie et al., 2007). NBS1 targets the MRN complex to sites
of DNA damage by binding a phosphorylated residue of histone H2AX through Nterminal FHA/BRCT domains (Tauchi et al., 2001). NBS1 also recruits the kinase
ATM to double-stranded breaks via a c-terminal ATM binding domain and can act
independently of the MRN complex to activate ATR-mediated signaling cascades
(Zhou et al., 2006). Similar to NBS1, MDC1 serves to recruit proteins to damage
sites via binding of phosphorylated H2AX through BRCT domains. MDC1
enhances the accumulation of 53BP1, a p53 interacting protein, to doublestranded DNA breaks, initiating p53-responsive pathways that lead to cell cycle
arrest and potentially cell death (Paull et al., 2000).
Activation of these kinase pathways leads to the phosphorylation and
activation of a number of cellular proteins such as the variant histone H2AX,
checkpoint kinases 1 and 2 (Chk1, Chk2), and NBS1 among others (Yang et al.,
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2003). Phosphorylation of NBS1 appears to amplify the recruitment of DNA
repair proteins to sites of DNA damage, indicating that the MRN complex is not
solely a sensor complex (Paull et al., 2000).
Phosphorylation of checkpoint kinases, as their names suggest, leads to
the activation of cell cycle checkpoints and halts cell cycle progression until DNA
damage is repaired or until the cell undergoes apoptosis in response to
irreparable damage. Phosphorylation of the cellular histone H2AX is one of the
earliest events of the DNA damage phosphorylation cascade and is necessary
for the efficient recruitment of DNA damage signaling and repair proteins to sites
of damage. Elimination of the H2AX phosphorylation site (Serine 139) leads to
increased sensitivity to double-stranded break inducing agents and impaired nonhomologous end joining activity (Paull et al., 2000). The role of H2AX
phosphorylation in mediating successful DNA damage repair will be further
discussed below.
H2AX and genomic stability
Histones are highly basic proteins that bind avidly and non-specifically to
nucleic acids. Binding of DNA by histones requires the assembly of the core
histones H2A, H2B, H3, and H4 into octomers that are then wrapped by bases of
DNA, wrapping the histone approximately 1.7 times. Each octomer consists of
two H3-H4 heterodimers and two heterodimers of H2A-H2B. The octomer-DNA
structures are referred to as nucleosomes. Newly synthesized histones are
usually deposited behind the replication fork almost as soon as enough DNA has
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emerged from the replication machinery to all the formation of nucleosomes
(Sogo et al., 1986). Deposition behind the replication fork is achieved by the aid
of nucleosome assembly factors such as CAF-1, a multisubunit protein known as
Chromatin Assembly Factor 1 that is concentrated at DNA replication foci and the
Hir proteins (Krude, 1995; Taddei et al., 1999). CAF-1 and Hir function in PCNAdependent nucleosome assembly during S-phase. Proliferating cell nuclear
antigen (PCNA) binds double-stranded DNA at replication forks; the dependence
of PCNA for Hir and CAF-1 mediated nucleosome assembly underscores the
coupling of histone deposition and DNA replication. Defects in CAF-1, and thus in
nucleosome assembly, elicit spontaneous DNA damage and either S-phase
arrest or apoptosis in proliferating cells (Hoek and Stillman, 2003; Nabatiyan and
Krude, 2004).
Histone synthesis appears to be coupled to both cell cycle progression
and ongoing DNA replication. The vast majority of histone genes are transcribed
only during S-phase of the cell cycle, transcription rates are altered quickly in
response to changes in the rate of DNA synthesis, and induction of DNA damage
by genotoxic agents that interfere with DNA replication induces the repression of
histone genes (Baumbach et al., 1984; Heintz et al., 1983). Histone mRNA
stability is also altered by replication arrest, triggering the degradation of histone
mRNAs within the cell cytoplasm. The mechanisms to control histone gene
transcription and mRNA stability are evolutionarily conserved and in yeast rely on
the Rad53 kinase (Gunjan and Verreault, 2003). It is predicted that homologues
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to Rad53, the Chk1 and Chk2 proteins, carry out this function in mammalian cells
(Gunjan et al., 2005; Gunjan and Verreault, 2003).
Histone protein levels are also carefully monitored and controlled during
the cell cycle. The ratio of histones to new DNA must be carefully maintained as
excess histone accumulation can promote chromatin aggregation. Therefore, the
accumulation of excess histones, particularly excess H2A/H2B dimers, appears
to trigger repression of histone gene transcription (Moran et al., 1990). At the end
of S-phase, any extra histones are degraded in a DNA-damage independent
pathway, although the mechanisms that target excess histones and not
nucleosomal histones are currently unknown (Gunjan and Verreault, 2003).
The bulk of mammalian H2A is encoded by eleven genes that produce ten
variants of H2A1 and one of H2A2, with subtle differences and unknown
functional differences. In addition to these eleven, there are five other minor
human H2A genes. These are H2AX, H2AZ, macroH2A1, macroH2A2, and H2ABbd, and their sequences are considerably different from the major H2A
sequences. Histone H2AX, originally identified in the 1980s, constitutes
approximately ten percent of the human H2A protein pool and is ubiquitously
distributed throughout cellular chromatin. H2AX is unique in that it has a Cterminal tail that is longer than H2A1 or H2A2 and contains an SQ-motif that can
be phosphorylated by at serine 139 (Burma et al., 2001; Rogakou et al., 1998).
The histone H2AX has been conserved throughout evolution as a
separate species from the rest of the H2A histones. It differs not only in its C-
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terminus, but also in its transcriptional regulation. Unlike the majority of histone
genes, H2AX produces two mRNAs, a 0.6-kb mRNA that is structurally similar to
other histone mRNAs (containing a stem loop, no introns, and no poly(A)
sequence) and a 1.6-kb polyadenylated mRNA. The 0.6-kb mRNA, while
identical in structure to other histone messages, is more abundant in cells and
appears to not be regulated by the cell cycle or replication stress. This mRNA is
weakly linked to replication, as its level decreases much more slowly in response
to replication arrest than other histone mRNAs and remains more prevalent even
after its level has been decreased (35% of mRNA remains after replication arrest
as opposed to 10% remaining for other histone mRNAs). The 1.6-kb
polyadenylated mRNA is more tightly linked to DNA replication despite its
structural differences from other histone mRNAs. However, despite the presence
of H2AX mRNA outside of S-phase, protein synthesis is similar to that of other
histones and occurs mainly in S-phase (Bonner et al., 1993).
In contrast to the majority of cellular histones, H2AX synthesis can be
upregulated in response to DNA damage and sensitize cells to undergo
apoptosis. Treatment of cells with drugs that inhibit DNA replication by generating
numerous stalled replication forks, aphidicoline and hydroxyurea, does not inhibit
H2AX synthesis but instead leads to an accumulation of H2AX within the cell (Liu
et al., 2008). This newly synthesized H2AX is not associated with chromatin, but
is sufficient to cause chromatin aggregation. Increased soluble H2AX leads to an
increase in the amount of apoptotic cells upon treatment with replication arresting
drugs. Interestingly, some, but not all, of the soluble H2AX is phosphorylated,
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indicating that phosphorylation is not necessary for the proapoptotic functions of
soluble H2AX. Importantly, the increase in apoptosis was not observed upon
over-expression of H2A in cells (Liu et al., 2008). Thus, it appears that H2AX may
have multiple functions in maintaining genomic integrity that are specific for this
histone, involving both DNA damage responses and induction of cell death.
Upon recognition of DNA damage by the cell, H2AX is phosphorylated on
its extended C-terminal tail over a distance of one to two megabases surrounding
the DNA break by the phosphatidylinositol 3-kinase-related kinases ATM, ATR,
and DNA-PK (Burma et al., 2001; Park et al., 2003; Rogakou et al., 1998; Ward
and Chen, 2001). Phosphorylated H2AX can be visualized within the cell nucleus
as distinct foci, termed H2AX foci (H2AX), which appear prior to the generation
of foci containing damage repair molecules such as Brca1 and the MRN complex
(Paull et al., 2000). Prevention of H2AX phosphorylation with kinase inhibitors
prior to irradiation prevents the formation of Brca1 and MRN foci, suggesting a
causal link between H2AX foci formation and the subsequent recruitment of
repair factors to sites of DNA damage (Paull et al., 2000).
Recent work has demonstrated that phosphorylated H2AX (H2AX) acts
as a scaffolding protein to which a number of DNA repair factors can dock to
facilitate repair of the damaged DNA (Lukas et al., 2004; Paull et al., 2000; Stucki
et al., 2005). NBS1, through N-terminal FHA/BRCT domains, binds to the Cterminal tail of H2AX. The binding of NBS1 to H2AX helps to anchor the MRN
complex to sites of double-stranded DNA damage (Kobayashi et al., 2002).
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Although initially thought to be associated only with double-stranded DNA
breaks, H2AX foci have been shown to be enriched for proteins involved in both
homologous recombination and non-homologous end joining, such as NBS1,
BRCA1 (Paull et al., 2000) and MDC1 (Goldberg et al., 2003; Stewart et al.,
2003). Upon the completion of DNA repair, H2AX is dephosphorylated by protein
phosphatase 2A (PP2A). PP2A carries out dephosphorylation by direct binding to
H2AX, and this event occurs independent of ATM, ATR, or DNA-PK. Inhibition of
PP2A leads to the persistence of H2AX foci (Chowdhury et al., 2005). However,
there are conflicting reports regarding the necessity of H2AX dephosphorylation
for efficient DNA repair (Antonelli et al., 2005; Chowdhury et al., 2005).
Cellular repair of viral DNA
The linear, double-stranded DNA genome of adenovirus can trigger DNA
damage response cascades that interfere with viral genome replication and the
production of progeny virions. This occurs mainly through the activities of doublestranded damage responders and results in the end to end ligation of multiple
copies of the viral genome yielding products termed concatemers (Boyer et al.,
1999; Stracker et al., 2002; Weiden and Ginsberg, 1994). Viruses lacking the E4
region of the genome are particularly susceptible to concatemer formation.
Studies with E4-del mutants have demonstrated that viral genome ends can be
bound by MDC1 and Mre11. The binding of Mre11 to viral DNA requires the
presence of NBS1, but not Rad50, suggesting that NBS1 targets the MRN
complex to viral DNA (Mathew and Bridge, 2007). When viewed by confocal
microscopy, all three MRN complex members and MDC1 can be found at the
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periphery of viral replication centers, the area where viral genome replication is
actively occurring (Carson et al., 2003; Mathew and Bridge, 2007; Stracker et al.,
2002). The binding of MRN complex members and MDC1 to viral DNA is thought
to facilitate concatenation by recruiting further DNA repair molecules, such as
DNA-PK and DNA ligase IV to replication centers. Additionally, MRN binding to
viral DNA may interfere with genome replication by removing pTP from genome
ends by the exonuclease activity of Mre11, although this hypothesis continues to
be disputed (Karen et al., 2009).
Infection of cells with E4-deleted adenoviruses results in the activation of
signaling proteins involved in DNA repair (Carson et al., 2009; Carson et al.,
2003). The kinase ATM is activated and phosphorylates downstream targets
such as Chk1 and p53, resulting in cell cycle arrest and the induction of apoptotic
signaling pathways. Similar to MRN complex members, activated ATM localizes
to the periphery of E4-deleted viral replication centers, the area where genome
replication actively occurs (Carson et al., 2003). Interestingly, ATR substrates
such as RPA32 and Chk2 are also activated during E4-del virus infection,
suggesting a role for both the double-stranded and single-stranded DNA repair
pathways in the response to adenovirus infection (Carson et al., 2003). ATR and
RPA32 have been demonstrated to colocalize with the adenovirus singlestranded binding protein DBP during both mutant and wild-type virus infection,
further suggesting an interaction between the ATR signaling pathway and
adenovirus infection (Blackford et al., 2008; Stracker et al., 2005). Finally, the
NHEJ protein kinase DNA-PK is active during E4-del infection and acts in
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conjunction with DNA ligase IV and XRCC4 to facilitate genome concatenation
(Baker et al., 2007; Boyer et al., 1999; Stracker et al., 2002).
The efficient concatenation of viral DNA does not occur on wild-type virus
DNA, as the virus encodes several overlapping mechanisms to prevent
concatenation. Adenovirus targets cellular proteins involved in both the
recognition of double-stranded breaks as well as proteins that carry out repair of
such breaks. By using multiple mechanisms to inactivate DNA damage
responses, adenovirus ensures the integrity of the viral genome and promotes a
productive infection.
The E1B-55K/E4orf6 complex forms a ubiquitin-ligase that mediates
degradation of DNA repair factors
Although adenovirus is able to activate both ATM and ATR pathways
(Carson et al., 2003), adenoviral proteins limit the extent and consequences of
signaling through these pathways. The E1B-55K and E4orf6 proteins have been
shown to form an E3 ubiquitin ligase with the cellular proteins Cullin-5, Elongins
B and C, and Rbx1 (Harada et al., 2002; Querido et al., 2001). This complex
targets key cellular proteins involved in cellular response to DNA damage for
proteosomal degradation, including p53 (Harada et al., 2002; Querido et al.,
2001), Mre11 (Stracker et al., 2002) and DNA ligase IV (Baker et al., 2007). As
previously discussed, both the E1B-55K and E4orf6 proteins can inhibit p53
responses independent of complex formation. The utilization of multiple
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mechanism to inhibit p53 indicate that inactivation of this protein is a key step in
promoting a productive viral infection.
Degradation of Mre11 facilitated by the E1B-55K/E4orf6 complex also
results in a decrease in levels of the other MRN complex members, NBS1 and
Rad50 (Stracker et al., 2002). Destabilization and loss of MRN complex
formation efficiently prevents the binding of these proteins to viral DNA, prevents
MDC1 binding to viral DNA, and prevents activation of response proteins
downstream of ATM and ATR. Targeting of DNA ligase IV by the E1B55K/E4orf6 complex rids the cell of the key player in non-homologous end
joining, ensuring that viral genome ligation cannot occur.
The E4orf3 gene product interferes with DNA damage responses
Adenovirus mutants lacking E1B-55K or E4orf6 retain the capacity to
replicate the viral genome and prevent genome concatenation. This is possible
through the activities of the E4orf3 gene product. The E4orf3 protein targets
cellular proteins central to both the cellular DNA-damage response and the
antiviral response. All species E4orf3 proteins studied to date are able to disrupt
and reorganize PODs (Carvalho et al., 1995; Doucas et al., 1996). However, the
E4orf3 protein of group C adenoviruses has an additional function that other
E4orf3 proteins lack. Group C adenovirus E4orf3 proteins alter the localization of
NBS1, sequestering it into insoluble track-like structures throughout the nucleus
in order to prevent association with centers of viral DNA replication and to ensure
efficient viral DNA replication (Evans and Hearing, 2003; Evans and Hearing,
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2005; Stracker et al., 2005). Relocalization of NBS1 prevents the association of
the MRN complex with viral replication centers, prevents the binding of Mre11
and MDC1 to viral DNA, and efficiently inhibits concatemer formation by the nonhomologous end joining pathway (Mathew and Bridge, 2007). Inactivation of
NBS1 by E4orf3 prevents not only the activation of the double-stranded DNA
repair signaling pathway, but also serves to inhibit DNA repair signaling
pathways that respond to replication arrest through the kinase ATR (Carson et
al., 2009).
The E4orf3 protein has also been demonstrated to physically interact with
the catalytic subunit of DNA-PK. The viral and cellular proteins can be coimmunoprecipitated, and it appears that E4orf3 binding inhibits DNA-PK
functions in non-homologous end joining, although not its kinase activity (Boyer
et al., 1999). Additionally, both the E1B-55K/E4orf6 complex and E4orf3 direct
members of the MRN complex (Araujo et al., 2005; Liu et al., 2005) and the
cellular single stranded DNA-binding protein 2 (Fleisig et al., 2007) to
cytoplasmic aggresomes where these sequestered proteins are effectively
inactivated.
E4orf6 and E4orf4 alter DNA damage signaling pathways
The roles of the E1B-55K/E4orf6 complex and E4orf3 are the most well
studied with regard to cellular DNA repair. However, the E4orf6 protein can
function independently of E1B-55K by binding the DNA-PK catalytic subunit,
similar to E4orf3. The viral proteins bind DNA-PK independent of each other,
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demonstrating redundant methods for the inactivation of DNA-PK. It is interesting
to note that binding of DNA-PK by E4orf3 and E4orf6 also inhibits doublestranded break repair of substrates other than viral DNA. DNA-PK binding
prevents the ligation of plasmids containing V(D)J recombination signals
necessary for the generation of a broad repertoire of immunoglobulin and
immunoglobulin-like genes of the immune system (Boyer et al., 1999).
Expression of E4orf6 in human colorectal carcinoma or glioblastoma cells leads
to a reduction of the double-stranded DNA repair capacity of these cells after
ionizing radiation and also results in a reduction in phosphorylated H2AX levels.
However, the kinase activity of DNA-PKcs towards other heterologous substrates
is not altered by E4orf6 expression in these cell lines, although the
autophosphorylation of DNA-PKcs at Thr-2609 is prolonged following ionizing
radiation of E4orf6 expressing cells (Hart et al., 2007).
The adenovirus E4orf4 protein alters the function of protein phosphatase
2A (PP2A). PP2A is a heterotrimeric complex containing A, B, and C subunits.
E4orf4 is able to bind to the B subunits and appears to alter the substrate
specificity of PP2A (Shtrichman et al., 1999). While the main role of the E4orf4PP2A interaction is to control viral gene expression and induce p53-independent
apoptosis pathways for viral egress, alteration of the phosphatase could affect
the regulation of DNA damage responders. As PP2A is a known phosphatase of
ATM and the only known phosphatase of H2AX, altered substrate specificity
could lead to ineffective dephosphorylation of DNA damage responders, resulting
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in slow recovery from cell cycle arrest and a hyperactive DNA damage response
(Chowdhury et al., 2005; Nakada et al., 2008).
The overlapping means by which adenovirus disables the MRN complex
and DNA-PK to prevent DNA-damage repair serves to illustrate the importance of
this activity for a productive adenovirus infection. These viral activities had
initially been perceived as preventing the activation of all DNA damage
responses and signaling events from occurring during adenovirus infection.
However, the activation state of all parts of the cellular DNA damage response
had not been thoroughly investigated, prompting us to investigate whether early
events of cellular DNA damage signaling were inhibited during adenovirus
infection. The work described here has identified the activation of an early marker
for double-stranded DNA breaks during adenovirus infection, phosphorylation of
the cellular histone H2AX. We demonstrate here that viral genome replication
and either the viral E1B-55K or E4orf3 proteins are required for widespread
phosphorylation of H2AX during adenovirus infection. Therefore, despite having
DNA damage signaling and DNA repair pathways dismantled, adenovirusinfected cells exhibit some characteristic changes associated with DNA damage
signaling events, such as the phosphorylation of H2AX (Nichols et al., 2009;
Blackford et al., 2008; Cuconati et al., 2003). Thus, it appears that adenovirus
effectively inhibits DNA repair activity but may not fully suppress early events of
DNA damage signaling.
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CHAPTER 2: MATERIALS AND METHODS
Cell culture
Cell culture media, supplements, and serum were obtained from
Invitrogen (Carlsbad, Calif.) through the Tissue Culture Core Laboratory of the
Comprehensive Cancer Center of Wake Forest University. HeLa cells (ATCC
CCL 2; American Type Culture Collection, Manasses, VA) and HeLa cells stably
expressing adenovirus preterminal protein were maintained as monolayer
cultures in Dulbecco’s Modified Eagle medium supplemented with 10% newborn
calf serum, 100 U of penicillin and 100 g of streptomycin per ml. Cells were
maintained in subconfluent adherent cultures in a 5% CO2 atmosphere at 37C by
passaging twice weekly at approximately a 1:10 dilution. Wortmannin
(BioSource, Camarilla, Calif.) was dissolved in DMSO at a concentration of 1 M
and caffeine (Sigma) was prepared as a stock solution of 100 mM in PBS. These
were diluted into culture medium at the indicated concentrations for cell
treatment.
Cells containing mutations in various DNA repair proteins were a gift from
the Weitzman lab at the Salk Institute. Hypomorphic ATM cells were maintained
in DMEM supplement with 20% FBS and selection with hygromycin.
Hypomorphic NBS cell lines were maintained in DMEM supplemented with 10%
FBS with selection in G418. Mre11 hypomorphic cells were maintained in DMEM
supplemented with 20% FBS and selection with puromycin. U20S cells harboring
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doxycycline-inducible ATR constructs were maintained in DMEM supplemented
with 10% FBS and selected with G418. ATR expression was induced 48 hours
prior to use with 1 μg/mL doxycycline. Hcr116 and Het116 DNA-PK cell lines
were maintained in DMEM supplemented with 10% FBS.
Viruses
The phenotypically wild-type Ad5 parent virus, dl309, used in these
studies lacks a portion of the E3 region that has been shown to be dispensable
for growth in culture. The H5wtpTP mutant virus (pTP) has a deletion in the
preterminal gene. The E1B-mutant virus dl1520 contains an 827-bp deletion in
the 55-kDa protein coding region in combination with a nonsense mutation at the
third codon to ensure that a truncated 55-kDa product cannot be expressed. The
E4-mutant virus dl341 contains a frameshift mutation resulting from a single
base-pair deletion of a cytosine residue at nucleotide sequence position 7143 as
measured from the right end. This mutation disrupts the orf3 coding region and
prevents expression of any detectable E4orf3 protein. The E1B-55K/E4orf3
double mutant virus was constructed to contain the mutations of both dl1520 and
dl341.
Antibodies
The primary antibodies directed against adenovirus proteins used in this
study include mouse monoclonal antibodies against E1A (M73), E1B-55K (2A6),
E2A-DNA binding protein (B6-8), and E4orf6 and E4orf6/7 (RSA#3) proteins.
Antibodies specific for cellular proteins included rabbit monoclonal antibodies
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against H2AX (Bethyl A300-082A) and H2AX (Bethyl A300-081A), mouse
monoclonal antibodies against H2AX (Upstate 05-636, Upstate 16-202A), ATM
(GeneTex 70103), phospho-ATM (Rockland), rabbit polyclonal antibodies against
Mre11 (Calbiochem PC388), and RPA32 (GeneTex 78258), ATR (Santa Cruz
28901), H2A (Cell Signaling 2578), H2B (Cell Signaling 2722), H3 (Cell Signaling
9715), H4 (Cell Signaling 2592) and mouse monoclonal antibodies against Actin (Sigma A5441). Primary antibodies were used as hybridoma tissue culture
supernatant fluid (diluted 1:5 or undiluted) or at a concentration of 1 g per ml.
Secondary antibodies, raised in goats and conjugated to horseradish peroxidase,
were used at 0.2 g per ml for immunoblotting (Jackson ImmunoResearch West
Grove, Penn.). Fluorescent antibodies were also raised in goats against mouse
or rabbit immunoglobulin G and coupled to Alexa Fluor 488 or Alexa Fluor 568
(Invitrogen). Fluorescent secondary antibodies were used at a concentration of 2
g per ml. Antibodies were diluted into Tris-buffered saline (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, 0.02% sodium azide). Antibodies used for
immunofluorescence included 10% normal goat serum (Invitrogen). Sodium
azide was omitted from solutions used with horseradish peroxidase-conjugated
antibodies.
Indirect Immunofluorescence
Indirect immunofluorescence was performed as previously described
(Ornelles and Shenk, 1991) with the modification that cells were fixed in freshly
prepared 2% formaldehyde and permeablized in 0.5% Triton X-100 in
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phosphate-buffered saline (PBS). Samples were mounted with polyvinyl-alcohol
based mounting media containing the DNA dye 4',6-diamidino-2-phenylindole
(DAPI) and were analyzed by epifluorescence microscopy using a Nikon TE300
inverted microscope fitted with filters appropriate for DAPI, Alexa Fluor 488, and
Alexa Fluor 568 excitation. 12-bit images were acquired using a Retiga EX 1350
digital camera (QImaging Corp., Burnaby, British Columbia, Canada) with a 100X
magnification/1.4-numerical aperture oil immersion objective. Exposure settings
to avoiding saturation were determined for each experimental series using the
strongest signal, typically wild-type virus-infected cells. These settings were used
to photograph all other samples to permit intensity comparisons within an
experimental series.
Immunoblotting
Adenovirus-infected cells were washed harvested by trypsin treatment,
washed, and resuspended in urea sample buffer (9 M urea, 50 mM Tris pH 6.8,
2% SDS, 10 mM 1,4-dithiothreitol) at 110 cells per l. Proteins were denatured
by heating to 95C for 5 min, and the DNA was sheared by sonication. Material
derived from 510 cells was separated by electrophoresis on a 10% or 15%
polyacrylamide gel. For H2AX analysis, protein was separated under conditions
described in (Blackford et al., 2008). After separation, the proteins were
electrophoretically transferred to nitrocellulose membrane and the nitrocellulose
was stained with Ponceau S to verify quantitative transfer. The nitrocellulose
membrane was blocked by incubation with 5% nonfat dry milk in Tris-buffered
saline before addition of primary antibodies at the concentrations indicated
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above. Hybridoma tissue culture supernatants and -Actin antibody were
incubated for 3 h at room temperature. Other monoclonal and polyclonal
antibodies were incubated overnight at 4C. After incubation, the antibody was
removed and the blot was washed three times with Tris-buffered saline followed
by incubation with horseradish peroxidase-conjugated goat anti-mouse or antirabbit secondary antibody (Jackson ImunoResearch) at the above stated
dilutions for 90 min. The antibody-antigen complex was visualized by the addition
of Pierce enhanced chemiluminescence reagents (Thermo Scientific, Rockford,
IL) and exposed to X-ray film.
Empty capsid treatment
Empty adenovirus capsids were purified after sequential centrifugation to
equilibrium through discontinuous and continuous a density gradients of CsCl.
The absence of infectious virus was confirmed and the concentration of viral
protein in the empty capsid preparation was determined. To determine an
equivalent titer, the amount of viral protein per infectious unit of the wild-type
virus was measured and an equivalent amount of empty capsid protein was used
as an equivalent MOI. Cells were treated with empty capsids for 1 hour in
infection media at 37C. Infectious particles or empty capsids were aspirated and
cells were placed in normal growth media. Note that cells exposed to empty
capsid above an equivalent MOI of 1000 showed extensive cytopathic effect.
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Real-time PCR
Total DNA was harvested from 1106 adenovirus-infected cells. Briefly,
cells were washed with PBS and harvested with trypsin. Cells were pelleted and
resuspended in 400 l isotonic lysis buffer (10 mM Tris-HCl pH 8.3, 1.5 mM
MgCl, 75 mM KCl, 0.5% NP-40, 0.5% Tween-20, 0.5 mg/ml Proteinase K),
followed by overnight incubation at 65C. Proteinase K was inactivated by 15 min
incubation at 95C. A total of 2 l DNA was used as template for real-time PCR.
Quantitative real-time PCR was performed with an ABI 7700 instrument (Applied
Biosciences, Forest City, CA) and with the PerFeCTa qPCR FastMix (Quanta
Biosciences) according to the manufacturers directions. Forward and reverse
primers specific for the hexon gene of adenovirus were used in conjunction with
a fluorescent probe to this same region (Garnett et al., 2007). The amplification
profile used was as follows: 1 cycle at 95C for 10 minutes, and 50 cycles at 95C
for 15 sec and 55C for 1 min. A standard curve was plotted for each reaction with
Ct values obtained from amplification of known quantities of purified wild-type
adenovirus DNA. The standard curves were used to transform the Ct values of
experimental samples into the relative number of genome copies. Results are
presented as the mean from triplicate experiments.
Flow Cytometry
HeLa cells were harvested by treatment with trypsin and fixed in 70%
ethanol for a minimum of 3 h at 4C. The ethanol was removed, and cells were
resuspended to approximately 2106 cells per ml in propidium iodide buffer (100
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mM NaCl, 36 mM sodium citrate, 50 μg of propidium iodide per ml, 0.6% Nonidet
P-40) supplemented with 0.04 mg of RNase (Sigma) per ml. The DNA content of
individual cells was measured by flow cytometry using a BD FACSCalibur
(Becton-Dickson) with an argon laser as the excitement source (488 nm). The
emitted light was analyzed for forward and side scatter, pulse width (to
discriminate doublets), and red fluorescence (>630 nm) of propidium iodide to
determine the DNA content per cell. 10,000 events were measured in each
analysis. Flow cytometric analysis was preformed in the Flow Cytometry Core
Lab of Wake Forest University School.
For analysis of H2AX phosphorylation, cells were fixed with either 70%
ethanol or 2% paraformaldehyde. After fixation with PFA, cells were
permeabilized with 0.5% Triton-X100. Cells were directly labeled with either a
fluorescein-conjugated monoclonal antibody (16-202A Upstate, Temecula, CA)
or

indirectly

labeled

with

unconjugated

monoclonal

antibodies

against

phosphorylated H2AX (Ser 139) listed above, at room temperature for 90
minutes. Cells were washed three times in PBS supplemented with 1% normal
calf serum (Invitrogen). If indirectly labeled, the cells were followed by incubation
with fluorescein- or Alexa Fluor 488-conjugated secondary antibodies at a 1 to
1000 dilution for 60 minutes. Indirectly labeled cells were again washed three
times in PBS solution, and immediately analyzed using a BD FACSCalibur,
measuring the green fluorescence (>518 nm) of fluorescein or Alexa Fluor 488
for a total of 10,000 events. Results shown are representative of multiple
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experiments performed in triplicate using various combinations of the above
mentioned antibodies.
Confocal Microscopy
For analysis by confocal microscopy, cells were extracted with TritonX100 prior to fixation to remove the diffuse nuclear component of E2A-DBP.
Briefly, cells were washed twice in ice cold phosphate-buffered saline with
1.5mM MgCl2 followed by a 5 minute extraction on ice with CSK buffer (100 mM
KCl, 10 mM PIPES [pH 6.8], 300 mM sucrose, 3 mM MgCl2, 1 mM ethylene
glycol tetraacetic acid, 1 mM phenylmethylsulphonyl fluoride) containing 0.5%
Triton-X100. Cells were then fixed in 4% formaldehyde in CSK buffer lacking
Triton-X100

for

20

min

at

room

temperature

followed

by

indirect

immunofluorescence with the appropriate antibodies. Samples were mounted
with polyvinyl-alcohol based mounting media containing 4’,6-diamidino-2phenylindole (DAPI) and analyzed by confocal microscopy using a Nikon
Inverted Eclipse Ti microscope. 12-bit images were taken using the EZ-C1 3.60
imaging software with a 100X magnification/1.4-numerical aperture oil immersion
objective. Exposure settings to avoiding saturation were determined for each
experimental series using the strongest signal, typically wild-type virus-infected
cells. These settings were used to photograph all other samples to permit
intensity comparisons within an experimental series.
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Colocalization coefficients
Pearson’s and Manders’ coefficients of colocalization were calculated from
high resolution confocal microscopy images of HeLa cells infected with either the
wild-type virus dl309 or the double-mutant virus 3112. Replication centers were
visualized by indirect immunofluorescence for either DBP or RPA32. A second
protein (H2AX, ATM, phospho-ATM, or ATR) was visualized using a different
fluorochrome. The JACoP plugin for the NIH ImageJ software was used to
calculate both sets of coefficients for approximately 50 paired images. For the
Manders’ coefficients, the threshold was set manually for each pair of proteins.
Line Tracings analysis
The relative association of specific proteins with proteins that identify viral
replication centers was determined by high resolution, quantitative image
analysis of HeLa cells infected with either the wild-type virus dl309 or the doublemutant

virus

3112.

Replication

centers

were

visualized

by

indirect

immunofluorescence for either DBP or RPA32. A second protein (H2AX, ATM,
phospho-ATM, or ATR) was visualized using a different fluorochrome. The mean
intensity for each fluorochrome was determined across a transect between 50
and 125 pixels in length placed across representative replication centers. Each
trace was smoothed by a local polynomial regression algorithm using the locfit
package (Catherine Loader, 2007, locfit: Local Regression, Likelihood and
Density Estimation.. R package version 1.5-4). The smoothed curves were then
scaled such that each curve subtended a unit area above the X-axis. The relative
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separation of each pair of scaled curves was determined as the normalized
difference in area or NDA. This value is the fractional difference in area between
the normalized pair of curves and can range from 0 for two curves that overlap
precisely to 1 for two curves that have no overlap. Approximately three
replication centers were analyzed in each of three to five cells from experiments
performed on three separate occasions yielding up to 50 replication centers for
each virus and protein pair combination. Comparisons between paired samples
were made with the non-parametric Wilcoxson rank sum test. Multiple
comparisons and ANOVA were performed with NDA values that were
transformed by the inverse logistic function in order to better approximate
normally distributed values.
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CHAPTER 3: RESULTS PART 1
Widespread phosphorylation of H2AX by adenovirus requires viral genome
replication
Adenovirus infection results in H2AX phosphorylation
Adenovirus E1B and E4 genes carry out actions that suppress DNA
damage signaling at late times of infection in order to prevent the recognition and
concatenation of the viral genome as described above. As previous reports had
indicated that these viral activities prevent signaling through the DNA damage
response pathway, we hypothesized that adenovirus infection would inhibit the
phosphorylation of H2AX (H2AX) at sites of cellular DNA damage. To compare
levels of phosphorylated H2AX generated by ionizing radiation with those elicited
during adenovirus infection, HeLa cells were infected with adenovirus or
subjected to approximately 40 Gy of ionizing radiation. Phosphorylation of H2AX
was observed by immunofluorescence at 24 h post infection or approximately 15
min after irradiation (Fig. 1). Mock infected cells exhibited little to no H2AX
phosphorylation, with the occasional appearance of one or two H2AX foci in a
cell. As previously reported, ionizing radiation resulted in the phosphorylation of
H2AX at specific foci within the cell nucleus, indicative of double-stranded DNA
breaks (Paull et al., 2000). Surprisingly, adenovirus-infected cells exhibited
strikingly high levels of H2AX phosphorylation. This phosphorylation was spread
throughout the cell nucleus rather than in distinct foci and did not appear to
colocalize with viral replication centers; either with areas of single-stranded viral

50

Figure 1. Adenovirus infection results in nucleus-wide phosphorylation of
H2AX.
HeLa cells were mock-infected, exposed to 40 Gy radiation, or infected at
an MOI of 5 with the wild-type virus dl309. Cells were processed for
immunofluorescence microscopy for the E2A DNA-binding protein (E2A-DBP)
and phosphorylated H2AX (H2AX) immediately after irradiation or 24 h after
infection. Representative images predominantly of the nucleus are presented.
Multiple foci were observed in the irradiated cells, but only those in the plane of
focus are seen in this image.
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DNA, as shown by adenovirus DNA-binding protein (DBP) or with areas of
double-stranded viral DNA at the periphery of the DBP-positive regions of viral
replication centers. Rather, phosphorylated H2AX appeared to be coincident with
cellular chromatin as shown by DAPI staining. Because this pattern of
phosphorylation was observed with three different phospho-specific antibodies
raised in mice and rabbits (Bethyl A300-081A, Upstate 05-636, Upstate 16202A), it seems unlikely that this staining pattern was due to a spurious
interaction between the phospho-specific antibody and the infected cell.
Adenovirus disables cellular DNA damage responses in order to prevent
ligation of cellular genomes (Stracker et al., 2002). To determine whether H2AX
phosphorylation occurs prior to degradation of Mre11, levels of H2AX and
Mre11 were measured at various times during wild-type adenovirus-infection.
Phosphorylated H2AX first reached detectable levels at 12 h post infection (Fig.
2A) and continued to increase until 24 h, when it appeared to peak and remain
steady. Total levels of H2AX increased sharply at 18 h post infection. Although
this was not expected, the increase in total H2AX is consistent with a previous
report noting that the level of H2AX mRNA increased during adenovirus infection
(Miller et al., 2007). Histone H3 levels also increased during adenovirus infection,
although to a lesser extent than H2AX (data not shown). Mre11 levels remained
high at 6 h post infection, but began to decrease by 12 hpi. At 36 h postinfection,
consistent with previous reports (Stracker et al., 2002), Mre11 was almost
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Figure 2. Phosphorylated H2AX accumulates at late times after infection
with wild-type adenovirus.
(A) HeLa cells were infected at an MOI of 5 and harvested at the indicate
times after infection. Material representing equivalent numbers of initially infected
cells was separated by SDS-PAGE and analyzed by immunoblotting with the
indicated antibodies. (B) Viral DNA levels were measured by quantitative realtime PCR from HeLa cells infected at an MOI of 5 with dl309 at the indicated
times after infection (open symbols). The relative level of H2AX (closed
symbols) was determined as the ratio of H2AX signal to total H2AX signal for
each time point from a blot similar to the representative blot in panel A. The ratio
measured for mock-infected cells was set to 1.
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completely absent from infected cells. While low levels of phosphorylated H2AX
appeared prior to complete Mre11 degradation, these results demonstrate that
the high levels of H2AX phosphorylation observed during infection do not occur
until after Mre11 levels have been significantly reduced.
To relate the kinetics of H2AX phosphorylation to the timing of viral
genome replication, levels of adenovirus DNA were measured over time by realtime PCR (Fig. 2B). At the earliest times tested, only input viral DNA was
recovered from the infected cell and viral genome replication began at
approximately 6 h post infection. Levels of the viral genome appeared to peak at
12 h post infection and remained high for the duration of the infection. Thus,
phosphorylated H2AX levels peak after viral genome replication has reached its
maximum and after alteration of the MRN complex, consistent with the idea that
H2AX phosphorylation during adenovirus infection may be sustained in an MRN
independent manner.
PI3-like kinase inhibitors decrease H2AX phosphorylation in infected cells
The protein kinases ATM, ATR, and DNA-PK have been shown to
phosphorylate H2AX (Burma et al., 2001; Park et al., 2003; Ward and Chen,
2001). To determine the contribution of these kinases to H2AX, cells were
infected with wild-type adenovirus at high MOI, followed 3 hpi by treatment with
the kinase inhibitors caffeine (Fig. 3A, B) and wortmannin (Fig. 4A, B) at a range
of concentrations. H2AX and total H2AX were measured by immunoblotting and
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levels of H2AX were quantified relative to total H2AX. The blots and
quantification shown are from separate experiments, each is representative of
four independent experiments.
Caffeine inhibits ATM at a concentration of 5 mM, ATR at 10 mM, and is
only able to reduce DNA-PK activity to approximately 40% at 10 mM (Sarkaria et
al., 1999). At the lowest concentrations of caffeine, which are sufficient to inhibit
only ATM, an increase in H2AX phosphorylation was observed. Such an increase
has been previously reported for the use of caffeine and wortmannin in irradiated
cells, and is considered to be the result of increased activity of the non-inhibited
kinase (Wang et al., 2005). At concentrations higher than 10 mM, at which ATR
activity would be almost completely inhibited, the levels of H2AX decreased
significantly, reduced approximately to the levels observed in mock-infected cells.
As caffeine is only able to reduce DNA-PK activity to 40%, it appears that the
decrease in H2AX phosphorylation is the result of inhibition of ATR activity,
rather than inhibition of ATM or DNA-PK.
To determine the efficacy of caffeine on other substrates, HeLa cells were
infected with dl366*, a mutant adenovirus lacking the entire E4 region (Fig. 3C).
A similar mutant virus has been demonstrated to activate ATR phosphorylation
cascades (Carson et al., 2003) resulting in the hyperphosphorylation of RPA32.
Infected cells were left untreated or were treated with caffeine at the indicated
concentrations. Lysates were harvested at 24 hpi and western blots were
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Figure 3. PI3-like kinase inhibitor caffeine decrease H2AX phosphorylation
in infected cells.
HeLa cells were mock-infected or infected with the wild-type virus at an
MOI of 5. After 3 h, caffeine was added to the infected cells at indicated
concentration and the cells harvested for analysis after 24 h by immunoblotting
for H2AX and total H2AX. Relative levels of H2AX phosphorylation were
determined as the ratio of H2AX to total H2AX where the ratio measured for
mock-infected cells was set to 1. Representative results of four experiments are
shown in (A) and (B). (C) HeLa cells were mock-infected (-) or infected with the
E4-deleted virus, dl366* (+) at an MOI of 10. After 3 h, caffeine was added to the
infected cells at the indicated concentrations and cells harvested for analysis at
24 h by immunoblotting for RPA32. Open arrowhead indicates nonphosphorylated RPA32, and filled arrowhead indicates the phosphorylated form
of RPA32.
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Figure 4. PI3-like kinase inhibitor wortmannin decrease H2AX
phosphorylation in infected cells.
HeLa cells were mock-infected or infected with the wild-type virus at an
MOI of 5. After 3 h, wortmannin was added to the infected cells at indicated
concentration and the cells harvested for analysis after 24 h by immunoblotting
for H2AX and total H2AX. Relative levels of H2AX phosphorylation were
determined as the ratio of H2AX to total H2AX where the ratio measured for
mock-infected cells was set to 1. Representative results of four experiments are
shown in (A) and (B). (C) HeLa cells were mock-infected (-) or infected with the
E4-deleted virus, dl366* (+) at an MOI of 10. After 3 h, wortmannin was added to
the infected cells at the indicated concentrations and cells harvested for analysis
at 24 h by immunoblotting for RPA32. Open arrowhead indicates nonphosphorylated RPA32, and filled arrowhead indicates the phosphorylated form
of RPA32.
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preformed to identify hyperphosphorylated forms of RPA32, a substrate of ATR.
As

expected,

infection

with

an

E4-deleted

virus

resulted

in

RPA32

phosphorylation. This phosphorylation was ablated by treatment with both
concentrations of caffeine.
Wortmannin inhibits ATM and DNA-PK at 30 μM, and is able to reduce
ATR activity to 50% at 100 μM (Sarkaria et al., 1998). Similar to results with
caffeine, inhibition of ATM and DNA-PK resulted in an initial increase in H2AX
phosphorylation. As the concentration of wortmannin was increased to levels
sufficient to partially inhibit ATR, H2AX phosphorylation was slightly reduced.
However, wortmannin was unable to reduce H2AX phosphorylation to levels
observed in mock-infected cells, potentially through continued activity of ATR.
Treatment with either drug was accompanied by a reduction in amount of total
H2AX, although histone levels were still higher than those of mock-infected cells.
The efficacy of wortmannin to inhibit ATR signaling was determined as for
caffeine (Fig. 4C). HeLa cells were infected with the E4-del virus dl366* and left
untreated or treated with the indicated concentrations of wortmannin. As seen for
caffeine, treatment of cells with either concentration of wortmannin was sufficient
to inhibit the hyperphosphorylation of RPA32 during E4-del adenovirus infection.
These results indicate that the PI3-like kinases ATM, ATR, and DNA-PK
likely all remain functional at some point during adenovirus infection. Since these
inhibitors fail to specifically target individual enzymes, we cannot determine the
specific contribution of each kinase to H2AX phosphorylation. However, ATR

62

may be the kinase most responsible for H2AX phosphorylation, because
inhibition of this kinase by caffeine results in a marked decrease in H2AX
phosphorylation and the inability to inhibit ATR activity by wortmannin treatment
does not significantly reduce H2AX phosphorylation. In addition, recent work has
shown that ATR is activated at early times by adenovirus infection (Carson et al.,
2009).
H2AX does not depend on early viral proteins and is independent of the
cell cycle
ATR activity is most closely linked to errors in DNA replication such as the
generation of long stretches of single-stranded DNA at stalled replication forks
(Costanzo and Gautier, 2003; Zou and Elledge, 2003). Adenovirus genome
replication not only generates numerous free DNA ends, but also a large quantity
of single-stranded DNA (Flint et al., 1976; Lavelle et al., 1975). To determine if
the H2AX phosphorylation observed is a response to viral DNA replication and
the generation of both double-stranded and single-stranded DNA intermediates,
rather than the presence and structure of mature viral genomes, cells were
infected with either the wild-type adenovirus or a mutant virus, H5wt300pTP
(pTP). pTP contains a deletion of the preterminal protein gene and thus is
unable to direct the synthesis of viral DNA (Schaack, 2005). Immunofluorescence
was performed at 24 hpi of HeLa cells with either wild-type or pTP to visualize
DBP and H2AX. Infection of HeLa cells with the pTP mutant virus resulted in a
diffuse nuclear distribution of DBP characteristic of that seen at early times of
infection, before the generation of viral replication centers. The staining patterns
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Figure 5. Widespread H2AX phosphorylation during adenovirus infection
requires viral DNA synthesis.
(A) HeLa cells were mock-infected, infected with the wild-type virus dl309,
or infected with the DNA-replication deficient adenovirus H5wt300-pTP (pTP)
at an MOI of 5 and processed for immunofluorescence after 24 h for the E2ADBP protein and H2AX. (B) HeLa cells that stably express the E2B pre-terminal
protein gene (HeLa-pTP) were infected and processed as in panel (A). The
restoration of centers of viral DNA replication is seen by the appearance of foci of
E2A-DBP staining.
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for DBP and H2AX confirm that the pTP virus is incapable of forming
replication centers and did not elicit widespread H2AX phosphorylation (Fig. 5A).
To exclude the possibility that unanticipated mutations in the pTP viral
genome contributed to the failure to elicit H2AX phosphorylation, HeLa cells that
constitutively express the preterminal protein gene were infected at high MOI
with either the wild-type or pTP adenovirus. Delivery of preterminal protein in
trans allowed for the generation of viral replication centers in pTP virus-infected
cells (Fig. 5B) and resulted in nuclear wide phosphorylation of H2AX, as seen in
cells infected with the wild-type virus. Since expression of the preterminal protein
gene in mock infected cells alone did not increase levels of H2AX
phosphorylation, it seems likely that viral genome replication or subsequent
events of the infectious cycle contributes to the extensive phosphorylation of
H2AX observed in the infected cell.
Adenovirus early gene products are important for the alteration of the
cellular environment and inhibition of the DNA damage response (Baker et al.,
2007; Stracker et al., 2002). It has previously been suggested that H2AX
phosphorylation occurs in response to adenovirus E1A gene expression
(Cuconati et al., 2003). However, we have observed that infection with E1Adeleted adenoviruses does not lead to an increase in H2AX phosphorylation
(data not shown). With the exception of the E2B preterminal protein gene, the
pTP virus is expected to direct the expression of all early viral genes that do not
depend on viral DNA synthesis. To confirm that dysregulated expression of the
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Figure 6. Viral DNA replication-deficient H5wt300-pTP produces early viral
proteins similar to the wild-type virus.
HeLa cells were infected with the (A) wild-type virus dl309 or (B) H5wt300pTP at an MOI of 5 and harvested at the indicated times after infection. Material
representing equivalent numbers of initially infected cells was separated by SDSPAGE and analyzed by immunoblotting with antibodies for viral early proteins or
cellular proteins. The approximate position of molecular mass standards is
indicated on the right in kDa. Mre11 levels were measured in separate infections
and are shown with the corresponding -Actin loading control.
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viral early genes did not affect H2AX phosphorylation, the expression of early
viral proteins by both pTP and wild-type adenovirus was evaluated by
immunoblotting. Like the wild-type virus, the pTP virus expresses E1A, E1B55K, E2A, and E4orf6 (Fig. 6A and B). Both viruses express these early gene
products during infection to largely similar levels, although pTP-infected cells
exhibit a slight delay in protein accumulation and express slightly less total
protein. Unlike wild-type virus-infected cells, wherein E1A is expressed at 6 hpi
and expression is reduced at 48 hpi, E1A expression continues throughout pTP
infection as this virus does not progress to late stages of infection. Additionally,
although the E1B-55K and E4orf6 gene products were expressed and
presumably promoted the degradation of Mre11 (Fig. 6A and B) and p53 (data
not shown), we noted that Mre11 levels remained higher in pTP-infected cells
than in wild-type virus-infected cells. Although the basis for this difference is not
understood, the very low level of H2AX phosphorylation observed in pTPinfected cells cannot be attributed to differences in early viral gene expression
nor to a more rapid disappearance of Mre11.
E1A proteins activate cellular processes that drive the infected cell into an
S-phase-like environment favorable for virus replication (Shenk, 1996). This
prolonged S-phase-like environment may resemble the cellular environment
during S-phase arrest, which occurs in response to replication-associated DNA
damage such as stalled replication forks (Andreassen et al., 2006). Arresting
cells in S-phase by treatment with drugs such as hydroxyurea and aphidicoline,
both of which cause replication forks to stall, leads to H2AX phosphorylation
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(Hammond et al., 2003). To establish whether the cellular S-phase-like
environment during wild-type infection is responsible for H2AX phosphorylation,
the DNA content of cells infected with the wild-type or pTP mutant virus was
measured by propidium iodide staining and flow cytometry (Fig. 7A). The
apparent stage of the cell cycle was determined and the percentage of the cell
population in each stage was summarized in Fig. 7B.
At 6 h post infection, cells infected with either wild-type virus or the pTP
mutant virus exhibited distinct populations of cells containing G1, S, and G2/M
content of DNA, with approximately 60% of cells containing DNA content
corresponding to G1, 20% containing DNA content corresponding to S phase,
and 20% containing DNA content corresponding to G2/M. As the time of infection
progressed to 18 and 24 h, the average cellular DNA content increased such that
more cells contained DNA levels corresponding to S-phase (between 30 and
45%) and the amount of cells with G1 DNA content was reduced (30-35% at 18
hpi, 10-15% at 24 hpi). At late times of infection, cells accumulated DNA to
greater than G2/M content. This result has been previously described for cells
infected with the E1B-55K-mutant adenovirus and was referred to as
endoreduplication or re-replication (Cherubini et al., 2006)(Thomas and Ornelles,
unpublished results). Similar DNA profiles were observed for both wild-type and
pTP virus infections through 24 h postinfection, indicating that the replication of
cellular DNA by the infected cell is not responsible for H2AX phosphorylation.
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Figure 7. Viral DNA replication-deficient H5wt300-pTP elicits similar
changes to the cellular DNA profile as the wild-type virus.
(A) HeLa cells infected with indicated viruses were harvested after 24 h
and the cellular DNA content analyzed by flow cytometry after staining with
propidium iodide. Representative histograms are shown where the gates identify
populations containing the indicated DNA content for non-infected cells. (B) HeLa
cells were infected at an MOI of 5 and analyzed at the indicated times after
infection by flow cytometry for DNA content as in panel A. The fraction of cells
within with each gate indicated in panel C is plotted as a percentage.
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Note that because the pTP mutant virus fails to direct viral DNA synthesis, the
increase in DNA content in these cells can only be due to an increase in cellular
DNA. Furthermore, examination of propidium iodide-stained wild-type virusinfected cells by fluorescent microscopy revealed that propidium iodide staining
was excluded from the centers of viral DNA replication. We interpret this to mean
that the viral DNA in the cell nucleus is either inaccessible or non-reactive to this
fluorescent dye (data not shown). Taken together, these data are consistent with
the idea that viral DNA replication acts as a stimulus for cellular DNA damage
response pathways independently of any increase in cellular DNA synthesis and
that viral DNA replication, or events subsequent to viral DNA replication, promote
widespread phosphorylation of H2AX.
Input viral genomes generate low-level, localized H2AX phosphorylation
Adenovirus genome replication yields thousands of copies of viral DNA
and an abundance of single stranded DNA (Flint et al., 1976; Lavelle et al.,
1975). Both of these DNA structures could stimulate a cellular DNA damage
response. Unlike E1-deleted adenoviruses, which can replicate the viral genome
under some circumstances (Brand et al., 1999; Goldsmith et al., 1998;
Steinwaerder et al., 2000), deletion of preterminal protein gene renders the pTP
mutant virus completely unable to direct genome replication (Schaack, 2005).
Thus, this mutant virus provides an efficient means of delivering viral DNA at high
multiplicities without the complication of viral DNA replication. To determine the
efficiency of the delivery of viral genomes as a function of MOI,

73

Figure 8. Delivery of increasing amounts of non-replicating viral genomes
elicits limited H2AX.
(A) HeLa cells were infected with the replication-deficient virus H5wt300pTP at the indicated MOI. Viral DNA levels were measured 24 h after infection
by quantitative PCR and are presented as the number of viral genomes per
infected cell. The solid line is a best-fit exponential saturation curve. The inset
shows the relationship between delivered genomes and MOI at low multiplicity.
The dashed line in the inset is a linear regression. (B) HeLa cells were infected
with the indicated viruses and at the indicated MOI and processed 24 hpi for
direct or indirect immunofluorescence for H2AX. Levels of H2AX were
determined by flow cytometry and are normalized between experiments to the
mean fluorescence intensity measured at an MOI of 20. Error bars represent the
SEM from 3 to 8 replicates performed on separate occasions.
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HeLa cell were infected with pTP at a range of multiplicities. Total cellular DNA
was harvested at 24 h post infection and used as a template for real-time PCR
(Fig. 8A). At 24 h postinfection, when wild-type virus DNA replication has
reached approximately 10 copies per cell (see Fig. 2B), only input amounts of
viral DNA were recovered from pTP-infected cells, confirming the inability of this
virus to replicate its genome. Infection and genome delivery by pTP at
increasing multiplicity efficiently deposited viral DNA in a dose-dependent
manner, where approximately seven genomes per infectious unit were delivered
at low multiplicities (Fig. 8A, inset) up to a saturating level of about 350 viral
genomes per cell (Fig. 8A).
To determine the impact of input viral DNA on H2AX phosphorylation,
cells were infected with various amounts of the pTP mutant virus. Cells were
harvested at 24 h post infection and levels of H2AX were measured by flow
cytometry (Fig. 8B). At each MOI, the amount of phosphorylated H2AX was
comparable to that of mock-infected cells, whereas infection with the wild-type
virus at an MOI of 5 resulted in approximately two-fold more H2AX
phosphorylation than mock-infected cells. Similar results were obtained when
phosphorylated H2AX levels were monitored by immunoblotting (data not
shown).
Although no significant increase in H2AX phosphorylation was observed
by flow cytometry or western blotting at high MOI infection with the pTP mutant
virus, changes in H2AX phosphorylation were apparent by immunofluorescence
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Figure 9. Delivery of increasing amounts of non-replicating viral genomes
elicits focal H2AX.
HeLa cells were infected with H5wt300-pTP at the indicated MOI and
processed 24 hpi for immunofluorescence to visualize H2AX and cellular DNA
by DAPI staining. Representative fields are shown using equivalent exposures
for each image. The pair of images in panel h is an enlargement of the inset seen
in panel f. The scale bar in panels a, e and h represents 10 μm.
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genome (MOI  20) by infection with the pTP mutant virus resulted in a very low
level of H2AX phosphorylation. At these multiplicities, H2AX was observed in a
small number of distinct foci within the nucleus, somewhat similar to the pattern
observed in cells exposed to ionizing radiation (see Fig. 1A) and similar to the
weak staining observed in mock-infected cells (data not shown). Delivery of
greater numbers of viral genomes resulted in increased numbers of H2AX foci.
Cells infected with an MOI of 50 and 100 had increased numbers of H2AX foci
compared to cells infected at lower multiplicities, and the number of foci
appeared to increase with increasing multiplicities. Nonetheless, delivery of the
highest amounts of viral genomes to the cell nucleus by pTP infection was still
insufficient to generate the diffuse nuclear-wide H2AX phosphorylation observed
during wild-type virus-infection. At these highest multiplicities, phosphorylated
H2AX was still found in distinct foci within the nucleus (Fig. 9, panels f-h). It
remains to be determined if these discrete foci observed at 24 h postinfection are
associated with the input viral genomes. It also appears that the focal staining
pattern observed at the higher multiplicities of infection with the pTP mutant
virus (Fig. 9) was not readily detected by flow cytometry (Fig. 8B). The reason for
this apparent discrepancy remains unknown. Nonetheless, the difference in
H2AX phosphorylation patterns observed between wild-type and pTP high MOI
infection suggests that cells are able to recognize both incoming viral genomes,
as presented by pTP infection, and viral genome replication that occurs during
wild-type virus infection.
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Attachment of adenovirus to the cell surface can trigger signaling events
within the cell including PI3-kinase activation (Li et al., 1998). To determine if the
focal staining pattern for H2AX observed at the highest multiplicities of infection
with the pTP mutant was due to the attachment of large quantities of virions to
the cell surface, rather than the delivery of viral genomes, cells were exposed to
the same number of viral capsids devoid of viral DNA that would be found at a
comparable range of multiplicities. Empty capsid-treated cells were analyzed by
immunofluorescence (Fig. 10A). In contrast to what we observed in cells infected
with the pTP mutant virus, exposure to empty capsids did not result in H2AX
foci at any concentration of empty particles. Additionally, cell lysates were
generated at 24 h post infection and levels of H2AX, H2AX, and -Actin were
measured by immunoblotting. As shown previously, wild-type virus-infection
resulted in a substantial increase in H2AX levels. At all concentrations, empty
virus particles did not elicit a measurable level of H2AX phosphorylation (Fig.
10B). Because infection with the pTP virus at MOIs of 50 through 500 resulted
in a visible change to the pattern of H2AX phosphorylation (Fig. 9) but treatment
with equivalent amounts of empty capsids did not, we conclude that the H2AX
foci observed in pTP-infected cells resulted from the detection of input viral
genomes. Although empty capsids were unable to stimulate phosphorylation of
H2AX, exposure of cells to empty capsids was not wholly innocuous, as
concentrations higher than those used here were sufficient to cause cell death
(data not shown).
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Figure 10. Exposure to empty viral capsids fails to elicit H2AX.
(A) HeLa cells were exposed to empty viral capsids corresponding to the
number of viral particles required for the indicated MOI of wild-type virus. After 24
h, H2AX was visualized by immunofluorescence and photographed using the
identical exposure settings in Fig. 9. (B) HeLa cells were mock-infected, infected
with the wild-type virus dl309, or exposed to empty capsids at the indicated
equivalent MOI. After 24 h, cellular lysates were prepared and analyzed by
immunoblotting for H2AX, total H2AX and -Actin.
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Taken together, we interpret these results to indicate that adenovirusinfected cells are able to sense and respond to the entering viral DNA. Both
incoming viral genomes as well as genome replication can be recognized.
However, the cellular response to replicating viral DNA leads to activation of
signaling normally associated with the DNA damage response and the
concomitant phosphorylation of H2AX throughout the cell nucleus that persists
through late times of infection.
Conclusions
Wild-type adenovirus infection results in nuclear-wide phosphorylation of
the cellular histone H2AX. H2AX phosphorylation does not localize to areas of
viral genome replication, but instead is coincident with the bulk of cellular DNA.
Despite the high levels of H2AX phosphorylation generated during infection, this
phosphorylation event is distinct from that associated with damage to cellular
DNA. Phosphorylation of H2AX in response to DNA damage occurs in distinct
foci as shown in Figure 1A, whereas adenovirus infection results in
phosphorylation across cellular chromatin. In HeLa cells, H2AX phosphorylation
reaches a peak at 24 h postinfection. At this time Mre11 levels have been
significantly reduced and viral genome replication has reached a maximum,
suggesting that H2AX phosphorylation is either initiated or sustained in an MRN
complex independent manner. Results obtained using the kinase inhibitors
caffeine and wortmannin indicate that H2AX phosphorylation appears to be
mediated predominantly by ATR but with potential contributions from ATM and
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DNA-PK. Although the loss of MRN complex activity during infection prevents the
phosphorylation of downstream substrates of these kinases such as Chk1 and
Chk2 (Carson et al., 2003), the results presented here indicate that the rate at
which Mre11 is degraded may not be sufficient to fully preclude activation of
these kinases in response to viral activities.
Adenovirus infection and expression of E1A gene products drives the cell
into an S-phase-like state with unscheduled cellular DNA synthesis and viral
DNA synthesis (Shenk, 1996). Viral DNA does not contribute to the overall DNA
content detected by propidium iodide staining and flow cytometry because the
pTP- and wild-type virus-infected cells exhibited similar DNA profiles after the
onset of viral genome replication in wild-type virus-infected cells. While similar
numbers of cells infected with either the wild-type virus or the pTP virus
contained a DNA content in excess of 4n, only wild-type virus-infected cells
exhibited high levels of H2AX phosphorylation. From these results we conclude
that the synthesis of cellular DNA beyond a 4n content is not sufficient to elicit
H2AX phosphorylation. Because only the wild-type virus was able to direct viral
genome replication, the widespread H2AX phosphorylation observed during wildtype virus-infection was due to viral genome replication or to subsequent events
that depend on viral DNA replication.
Input viral DNA contributes little to the overall levels of H2AX
phosphorylation. Infection with the pTP mutant virus at various multiplicities did
not result in detectable levels of H2AX when monitored by flow cytometry or
immunoblotting. However, when H2AX phosphorylation was examined in pTP84

infected cells by immunofluorescence microscopy, the pattern of H2AX was
distinct from that of wild-type virus-infected cells. Cells infected with the pTP
virus at multiplicities below 50 contained H2AX phosphorylation that was
indistinguishable from non-infected cells. However, at multiplicities of 100 to 500,
the pTP virus elicited a moderate focal response; rather than occurring
throughout the nucleus, H2AX was found in specific, distinct foci within the
nucleus. It is not known whether these H2AX foci, which were observed 24 h
after infection, correspond to the location of the input viral DNA within the cell
nucleus. Differences in the pattern of H2AX phosphorylation among non-infected
cells, cells infected with the wild-type virus, and the pTP mutant virus indicate
that the infected cell is capable of recognizing and responding to incoming viral
DNA, but nucleus-wide H2AX phosphorylation appears to occur only in response
to viral genome replication.
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CHAPTER 4: RESULTS PART 2
Adenovirus E1B-55K and E4orf3 proteins prevent the localization of
H2AX and ATM to viral replication centers
E1B-55K and E4orf3 prevent phosphorylation of H2AX at viral replication
centers
The E1B-55K/E4orf6 complex and the E4orf3 gene product, while
preventing viral genome concatenation, do not prevent phosphorylation of H2AX
from occurring in response to infection. However, the ability of these proteins to
alter DNA damage responses may indirectly contribute to the high-level,
widespread nature of this phosphorylation event. To determine the contribution of
the E1B-55K/E4orf6 complex and the E4orf3 protein to H2AX phosphorylation,
HeLa cells were mock infected or infected at high moi with either wild-type
adenovirus, an E1B-55K single mutant virus, an E4orf3 single mutant virus, or a
E1B-55K-/E4orf3-

double-mutant

virus.

At

24

hours

post

infection,

immunofluorescence was performed to determine the localization of viral
replication

centers,

labeled

by

adenovirus

DNA-binding

protein,

and

phosphorylated H2AX.
Wild-type

adenovirus

infection

resulted

in

widespread

H2AX

phosphorylation that did not coincide with viral replication centers (Fig. 11A). This
same phosphorylation pattern was observed in both the E1B-55K and E4orf3
single-mutant infected cells. Strikingly, cells infected with the E1B-55K-/E4orf3-
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Figure 11. E1B-55K and E4orf3 prevent the phosphorylation of H2AX at
viral replication centers.
(A) HeLa cells were mock-infected, infected with the wild-type virus dl309,
or infected with the E1B-55K-mutant virus dl1520, the E4orf3-mutant virus dl341,
or the E1B-55K/E4orf3 double-mutant virus 3112 at an moi of 5 and processed
for immunofluorescence after 24 h for the E2A-DBP protein and H2AX. (B)
HeLa cells were mock-transfected or transfected with plasmids encoding E1B55K or E4orf3 and allowed to express the proteins for 24 hours prior to infection.
The cells were mock-infected, infected with dl309 or 3112 at an moi of 5 and
processed for immunofluorescence at 24 h. Cells were stained for H2AX and
either E2A-DBP, E1B-55K, or E4orf3. Images shown in A and B are
representative of greater than 90% of cells analyzed for 3 independent
experiments. (C) HeLa cells were infected with the indicated viruses and at 24
hpi were collected and processed for flow cytometry to measure levels of H2AX.
The graph shown is representative of 3 separate experiments.
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double-mutant virus exhibited H2AX phosphorylation that appeared to be
concentrated at the periphery of viral replication centers, the area in which viral
DNA is actively being replicated and double-stranded viral genomes are being
produced. This result is consistent with previous reports of H2AX localization at
viral replication centers in E4-del adenoviruses, which are also incapable of
inhibiting cellular DNA damage responses (Carson et al., 2009; Stracker et al.,
2002).
To confirm that the localization of H2AX in double-mutant infected cells
was due to the loss of the E1B-55K and E4orf3 gene products and not due to
unintended mutations elsewhere in the viral genome, cells were transfected with
plasmids encoding either E1B-55K or E4orf3 prior to infection with the doublemutant virus (Fig. 11B). At 24 h post infection, cells were processed for
immunofluorescence and labeled for H2AX along with the indicated viral
proteins. As expected, delivery in trans of either E1B-55K or E4orf3 was
sufficient to generate widespread H2AX phosphorylation as is observed during
wild-type and single-mutant virus infections and to prevent the localized
phosphorylation that occurs in double-mutant virus infected cells. This result
indicates that either the E1B-55K/E4orf6 complex or the E4orf3 protein is
capable of preventing the phosphorylation of H2AX at the periphery of viral
replication centers, reinforcing the redundant functions of these viral proteins with
regard to alteration of cellular DNA repair processes.
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To determine whether E1B-55K and E4orf3 contribute to the overall levels
of H2AX during infection, flow cytometry was performed at 24 hpi on cells
infected with the indicated viruses (Figure 11C). Levels of H2AX were increased
over mock infected cells after infection with wild-type virus and both single
mutant viruses. Infection with the E1B-55K-/E4orf3- double-mutant virus resulted
in H2AX phosphorylation above that of mock-infected cells, but slightly lower
than the levels observed for wild-type and single-mutant viruses. Thus, while
these early viral proteins do contribute to the widespread phosphorylation of
H2AX, they have little impact on the levels of H2AX phosphorylation during
infection. It appears, then, that the E1B-55K and E4orf3 proteins prevent the
localized phosphorylation of H2AX at viral replication centers and facilitate the
widespread phosphorylation of the histone.
H2AX phosphorylation concentrates at areas of viral DNA replication and
double-stranded viral DNA in the absence of E1B-55K and E4orf3
Wild-type virus infection results in H2AX phosphorylation throughout the
cell nucleus that does not appear to colocalize with viral replication centers. By
contrast, the localization of H2AX phosphorylation observed in the E1B-55K/E4orf3- double-mutant virus overlapped in part with DBP staining, but appeared
to concentrate at the periphery of the viral replication centers and was largely
excluded from the rest of the nucleus. To quantify the extent of association
between phosphorylated H2AX and DBP throughout the infected cell nucleus,
the coincidence of staining for H2AX and DBP was determined with two
measures,

Pearson's

coefficient

and
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Manders’

coefficients.

Images

of

approximately 10 representative cells from three separate experiments were
analyzed by the ImageJ JaCOP plug-in to determine colocalizaton coefficients.
Pearson’s correlation coefficient utilizes pattern recognition to match one
image to another in order to describe the frequency of overlap between the two
patterns. Here, images of DBP were compared to corresponding images of
H2AX. The value of Pearson’s coefficient ranges from -1 to 1, with a value of -1
indicating a total lack of overlap between pixels from paired images, and a value
of 1 indicating perfect overlap between the two images. Pearson's correlation
coefficient only accounts for the similarity of shapes between the two images,
and does not account for pixel intensity values of the images. When the average
Pearson’s coefficient of approximately 30 paired images of DBP and H2AX was
calculated for wild-type adenovirus, a correlation coefficient of 0.4 was obtained.
Analysis of images acquired from E1B-55K-/E4orf3- mutant virus-infected cells
returned a coefficient of 0.63. The calculated coefficients are reasonable, as the
nuclear-wide phosphorylation of H2AX in wild-type virus infection will often be
overlapped by DBP, while DBP and H2AX appear more often in the same area
in the E1B-55K-/E4orf3- mutant virus infection.
Pearson’s correlation coefficient is limited to providing a global
measurement for the overlap of two proteins. However, it cannot determine
differences in the frequency of colocalization between the two proteins being
analyzed and does not account for differences in pixel intensity. To further
quantify the closeness of association between DBP and phosphorylated H2AX,
Manders’ correlation coefficients were employed. Manders’ coefficients are
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represented by two different numbers (M1 and M2) where the coefficient M1
describes the contribution of the channel 1 fluorophore to the colocalized area
and M2 describes the contribution of the channel 2 fluorophore to the colocalized
area. More specifically, M1 and M2 describe, for each channel, the sum of all
pixel intensities in one channel that also have a component from the other
channel, relative to the sum of all intensities from the first channel. In this
particular case, M1 describes the sum of DBP positive pixels that also have
H2AX present in the other channel, relative to the total pixel intensity of DBP,
and M2 describes the converse. M1 and M2 are expressed as a number from 0
to 1, with 0 indicating no colocalization and 1 indicating complete colocalization.
The difference between M1 and M2 is useful in determining the closeness of
association of two proteins. A smaller difference in the two coefficients indicates
a closer association of the two proteins. A larger difference between M1 and M2
indicates a more widespread distribution of one of the proteins relative to the
other.
Analysis of cells infected with wild-type adenovirus results in an M1
coefficient of 0.38 and an M2 coefficient of 0.2. These coefficients indicate that
DBP staining coincides with H2AX staining (M1) more often than H2AX
staining coincides with DBP staining (M2). This is reflected in the pictures shown
in Figure 11A, as there is clearly a large portion of H2AX that does not overlap
viral replication centers, but nearly all viral replication centers show some overlap
with H2AX staining. The difference in M1 and M2 suggests that while there is
some overlap of these two proteins, they are not closely associated. The M1 and
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Figure 12. H2AX phosphorylation concentrates at areas of viral DNA
replication in the absence of E1B-55K and E4orf3
HeLa cells were infected with either the wild-type virus dl309 or the E1B55K/E4orf3 double-mutant virus 3112 at an moi of 25 and processed for confocal
microscopy after 24 hours. (A) Approximately 50 pairwise images of DBP and
H2AX compiled from 3 separate experiments were analyzed using the JACoP
plugin for NIH ImageJ to calculate Pearson’s and Manders’ coefficients. (B) Line
tracings were drawn through individual viral replication centers and the
distribution of E2A-DBP and H2AX were graphed. The graphs shown are
representative of approximately 50 replication centers compiled from 3 separate
experiments. The NDA values were calculated as described in the Materials and
Methods, and the value for each pair of curves is shown in the upper left-hand
corner of the graphs.
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M2 coefficients returned after analysis of E1B-55K-/E4orf3- double-mutant virus
infected cells (0.292 and 0.297, respectively) are much closer than the
coefficients of wild-type virus infected cells. This indicates that DBP and H2AX
coincide with similar frequencies and are more closely associated with during
double-mutant virus infection.
Although the Pearson and Mandel coefficients of colocalization provide an
summary of the overall spatial coincidence of two signals throughout the entire
cell nucleus, they do not reflect the precise localization of phosphorylated H2AX
at the individual viral replication centers. In order to more precisely quantify the
spatial overlap of phosphorylated H2AX with respect to DBP-defined viral
replication centers, replication centers of similar sizes that were clearly separated
from neighboring replication centers were arbitrarily chosen for further analysis.
Approximately 3 replication centers were evaluated in each of three to five cells
from experiments performed on three separate occasions yielding up to 50
replication centers for each virus. A transect between 50 and 125 pixels in length
placed across each replication centers identified by DBP-staining. The mean
intensity for the DBP and H2AX fluorochrome was determined across the
transect. Each resulting trace was smoothed by a local polynomial regression
and scaled to subtended a unit area above the X-axis. The relative separation of
each pair of scaled curves was determined as the normalized difference in area
(NDA) between the two curves. By this measure, curves that overlap precisely
yield a value of 0 while curves that have no overlap have a value of 1. Figure 12B
shows five representative pairs of curves for both wild-type virus and E1B-55K98

/E4orf3- mutant virus replication centers. The NDA for the individual line tracing
is indicated, and the average NDA values for DBP and H2AX as well as all other
protein pairs that will be analyzed is shown in Figure 17.
The curves derived from wild-type virus replication centers shows a sharp
increase in DBP intensity, coincident with one edge of the replication center,
followed by a small plateau and a subsequent decrease, indicating the other
edge of the replication center. Following the coordinating curves measured for
H2AX demonstrates that the signal for H2AX does not closely follow the curve
of DBP. In these wild-type virus replication centers, H2AX curves show peaks
that do not correspond to the peak signals of DBP, and do not appear to
concentrate around the DBP curves. The average NDA value of H2AX and DBP
for the analyzed wild-type virus replication centers is 0.406.
By contrast, the curves of DBP and H2AX derived from E1B-55K-/E4orf3replication centers demonstrate that H2AX and DBP are physically closely
associated on an individual replication center basis. Following tracing from the
representative replication center shown in Figure 12B, the signal for H2AX
sharply increases immediately before the signal for DBP, colocalizes with the
DBP stain for the entire area of the replication center, and sharply decreases
immediately on the outside of the viral replication center. The NDA value
calculated for the collection of line drawings yields a value of 0.282.
Line tracing analysis indicates that H2AX is physically closer to viral
replication centers in the double-mutant virus than the wild-type virus, as
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indicated by the smaller NDA value. The difference in these distances were
found to be statistically significant. The line tracings demonstrate that, for E1B55K-/E4orf3- replication centers, H2AX can be found coincident with DBP and
also at the periphery of these centers, the area in which viral DNA is actively
replicated. Taken together, these data suggest that H2AX phosphorylation
occurs at areas where double-stranded viral genomes are present in the E1B55K-/E4orf3- double-mutant virus infection.
ATR and RPA32 are closely associated with both wild-type and E1B-55K/E4orf3- adenovirus replication centers
The difference in localization of H2AX in wild-type versus E1B-55K/E4orf3- mutant virus infection could be due to a difference in the localization and
activation of cellular DNA repair proteins. The cellular DNA repair proteins ATR
and RPA32 have previously been reported to accumulate at viral replication
centers during both wild-type and E4-deleted adenovirus infections. To determine
the localization of ATR and RPA32 during infection with the E1B-55K-/E4orf3mutant virus, HeLa cells were mock infected or infected with either wild-type
adenovirus or the E1B-55K-/E4orf3- double mutant virus. Immunofluorescence
was performed at 24 hours post infection and cells were stained for adenovirus
DBP and cellular ATR (Fig. 13A).
In mock infected cells, ATR is found in a diffuse staining pattern
throughout the cell nucleus. Consistent with previous reports, infection with wildtype adenovirus results in the concentration of ATR at areas that also contain
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Figure 13. ATR is closely associated with both wild-type and E1B-55K/E4orf3- viral replication centers.
HeLa cells were infected with either the wild-type virus dl309 or the E1B55K/E4orf3 double-mutant virus 3112 at an moi of 25 and processed for confocal
microscopy after 24 hours and labeled for E2A-DBP and ATR. (A) Images shown
are representative of greater than 90% of cells analyzed over 4 separate
experiments. (B) Approximately 50 pairwise images of DBP and ATR compiled
from 3 separate experiments were analyzed using the JACoP plugin for NIH
ImageJ to calculate Pearson’s and Manders’ coefficients. (C) Line tracings were
drawn through individual viral replication centers and the distribution of E2A-DBP
and ATR were graphed. The graphs shown are representative of approximately
50 replication centers compiled from 3 separate experiments. The NDA value for
each pair of curves is shown in the upper left-hand corner of the graphs.
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adenovirus DNA-binding protein, indicating that ATR is concentrated at wild-type
virus replication centers. ATR was also localized to viral replication centers of the
double-mutant virus. ATR appears to be predominately associated with these
viral structures, as very little ATR can be seen throughout the rest of the cell
nucleus.
To identify whether there are subtle differences in the association of ATR
with wild-type or E1B-55K-/E4orf3- double mutant infection, Pearson’s coefficient
and Manders’ coefficients of colocalization were employed to quantify the
colocalization of ATR and adenovirus DBP (Fig. 13B). Analysis of approximately
30 cells demonstrated that ATR colocalizes with DBP at a Pearson’s coefficient
of approximately 0.7 for both wild-type and the E1B-55K-/E4orf3- double-mutant
virus, indicating that the frequency with which these proteins overlap is similar for
both viral infections. Additionally, the ratio between the two Manders’ coefficients
(M1 and M2) of colocalization between DBP and ATR are similar for both viruses
(M1=0.32, M2=0.17 for wild-type virus, M1=0.23, M2=0.12 for E1B-55K-/E4orf3mutant virus). This indicates that the closeness of the association of DBP with
ATR is similar for both wild-type and the double-mutant virus.
In order to describe the location of ATR with respect to DBP and
determine which area of the viral replication center this protein predominately
localizes, tracings across representative viral replication centers were quantified
and the distribution of ATR and DBP was plotted (Fig. 13C). For both wild-type
and double-mutant virus infections, the distribution of ATR closely follows the
distribution of adenovirus DBP. The signals for each of these proteins increase
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and decrease at roughly the same location along the plotted line, and analysis of
multiple replication centers yields a NDA value of 0.248 for wild-type virus
replication centers and a NDA value of 0.214 for E1B-55K-/E4orf3- replication
centers. These results indicate that that the localization of ATR is in the same
physical area as adenovirus DNA binding protein, suggesting that ATR (a
responder to stretches of single-stranded cellular DNA) is located at areas of
single-stranded viral DNA within the replication centers. This analysis confirms
that there is no difference in the localization of ATR at replication centers
between the wild-type and double-mutant viruses.
Similar results were obtained when the localization of RPA32 was
determined with respect to DBP (Fig. 14). As has been previously reported,
RPA32 is diffuse throughout the nucleus of mock-infected cells, but concentrates
at both wild-type virus and E1B-55K-/E4orf3- replication centers. Again, the
colocalization of these proteins throughout the cell nucleus was determined using
Pearson’s and Manders’ coefficients. The colocalization of RPA32 and DBP was
determined to be similar to that of ATR with respect to DBP. For both wild-type
and the E1B-55K-/E4orf3- double-mutant virus, Pearson’s coefficient was
calculated as approximately 0.7, and the Manders’ coefficeints exhibited similar
ratios in both virus infections (M1=0.47, M2=0.32 for wild-type virus, M1=0.38,
M2=0.25 for E1B-55K-/E4orf3- mutant virus). This demonstrates that RPA32 and
DBP colocalize with similar frequency in both wild-type and double-mutant virus
infection.
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Figure 14. RPA32 is closely associated with wild-type virus and E1B-55K/E4orf3- viral replication centers.
HeLa cells were infected with either the wild-type virus dl309 or the E1B55K/E4orf3 double-mutant virus 3112 at an moi of 25 and processed for confocal
microscopy after 24 hours and labeled for E2A-DBP and RPA32. (A) Images
shown are representative of greater than 90% of cells analyzed over 4 separate
experiments. (B) Approximately 50 pairwise images of DBP and RPA32 compiled
from 3 separate experiments were analyzed using the JACoP plugin for NIH
ImageJ to calculate Pearson’s and Manders’ coefficients. (C) Line tracings were
drawn through individual viral replication centers and the distribution of E2A-DBP
and RPA32 were graphed. The graphs shown are representative of
approximately 50 replication centers compiled from 3 separate experiments. The
NDA value for each pair of curves is shown in the upper left-hand corner of the
graphs.
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Line tracings through individual replication centers were analyzed for the
distribution of both DBP and RPA32. Representative curves through wild-type
and E1B-55K-/E4orf3- replication centers (Fig. 14C) show a close association of
RPA32 with the DBP-positive areas of viral replication centers. The NDA value
determined for DBP and RPA32 was calculated as 0.174 for E1B-55K-/E4orf3virus and 0.29 for wild-type virus replication centers. The difference in NDA
values and thus localization was calculated to be significantly different, but is a
smaller difference than that observed for DBP and H2AX. These data
demonstrate that RPA32, a single-stranded DNA binding protein, is concentrated
in the region where single-stranded viral DNA is produced in abundance. It is
currently unknown whether RPA32 is capable of binding single-stranded viral
DNA as it does single-stranded cellular DNA; the observed localization of RPA32
suggests that it may be able to function in a similar capacity to DBP during
adenovirus infection.
Activated ATM is closely associated with E1B-55K-/E4orf3- replication
centers
The cellular kinase ATM is a key player in the response to cellular doublestranded DNA breaks and is responsible for phosphorylating a number of
downstream DNA repair proteins, including H2AX. To determine whether ATM is
differentially

localized

in

wild-type

or

E1B-55K-/E4orf3-

infected

cells,

immunofluorescence was performed at 24 hours post infection and cells were

111

labeled for RPA32 (to identify replication centers) and ATM (Fig. 15A). In mockinfected cells, RPA32 and ATM exist in a diffuse nuclear pattern. Infection with
wild-type adenovirus caused a slight change to this distribution, with an apparent
enrichment of ATM at sites of viral DNA replication, as labeled by RPA32.
Infection with the E1B-55K-/E4orf3- mutant adenovirus also altered the
localization of ATM, exhibiting a clear association of ATM with viral replication
centers.
Pearson’s and Manders’ coefficients of colocalization were again
employed to determine the closeness of association of RPA32 and ATM during
infection (Fig. 15B). For both wild-type and the E1B-55K-/E4orf3- mutant viruses,
Pearson’s coefficient was calculated as approximately 0.5, indicating a high
frequency of colocalization. Manders’ coefficients also show similar results in
both virus infections (M1=0.68, M2=0.15 for wild-type virus, M1=0.61, M2=0.15
for E1B-55K-/E4orf3- mutant virus), although the ratio of M1 to M2 in the doublemutant virus is slightly lower. While not a large difference, this lower ratio
indicates that RPA32 and ATM are slightly more closely associated during
infection with the E1B-55K-/E4orf3- mutant virus than the wild-type virus. Similar
results were obtained when line tracings through replication centers were plotted
(Fig. 15C). ATM is concentrated at wild-type virus replication centers and exhibits
a NDA value of approximately 0.404, but its distribution does not completely
colocalize with RPA32 as demonstrated in the representative tracings shown
here. However, tracings through E1B-55K-/E4orf3- mutant virus replication

112

Figure 15. ATM is more diffuse in the presence of E1B-55K and E4orf3.
HeLa cells were infected with either the wild-type virus dl309 or the E1B55K/E4orf3 double-mutant virus 3112 at an moi of 25 and processed for confocal
microscopy after 24 hours and labeled for RPA32 and ATM. (A) Images shown
are representative of greater than 75% of cells analyzed over 4 separate
experiments. (B) Approximately 50 pairwise images of RPA32 and ATM compiled
from 3 separate experiments were analyzed using the JACoP plugin for NIH
ImageJ to calculate Pearson’s and Manders’ coefficients. (C) Line tracings were
drawn through individual viral replication centers and the distribution of RPA32
and ATM were graphed. The graphs shown are representative of approximately
50 replication centers compiled from 3 separate experiments. The NDA value for
each pair of curves is shown in the upper left-hand corner of the graphs.
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centers demonstrate a closer association of ATM and RPA32, as indicated by the
overlap of the two curves and a calculated NDA value of 0.247.
As ATM is activated by phosphorylation on serine residue 1981, the
localization of activated ATM was monitored with respect to viral replication
centers. As before, cells were mock-infected or infected with the wild-type or
E1B-55K-/E4orf3- mutant adenovirus. At 24 h post infection, cells were
processed for immunofluorescence and labeled for RPA32, to identify replication
centers, and activated ATM (Fig. 16A). Mock infected cells occasionally exhibited
one or two foci of activated ATM (approximately 10% of cells analyzed), but
largely showed no ATM phosphorylation. Wild-type virus infection resulted in a
high amount of phosphorylated ATM throughout the cell nucleus and largely
corresponding to areas were RPA32 was also present. However, this
colocalization was not specific, and activated ATM could often be seen in areas
were RPA32 was not present. The E1B-55K-/E4orf3- mutant-infected cells
exhibited activated ATM more closely associated with RPA32 staining, indicating
a localization of active ATM at double-mutant virus replication centers. These
differences in localization of activated ATM and RPA32 are reflected in the
calculated Pearson’s and Manders’ coefficients (Fig. 16B). Although the
Pearson’s coefficient is similar for wild-type or the double-mutant virus (0.57 and
0.54, respectively), the ratio between M1 and M2 is significantly different. While
the M1 to M2 ratio in the wild-type virus is very large (M1= 0.78, M2= 0.22), the
M1 and M2 coefficients for the E1B-55K-/E4orf3- virus are very close (M1= 0.29,
M2= 0.27), indicating activated ATM and RPA32 colocalize more frequently in the
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Figure 16. Active ATM is more diffuse in the presence of E1B-55K and
E4orf3 and concentrates at replication centers in the absence of these viral
proteins.
HeLa cells were infected with either the wild-type virus dl309 or the E1B55K/E4orf3 double-mutant virus 3112 at an moi of 25 and processed for confocal
microscopy after 24 hours and labeled for RPA32 and pATM. (A) Images shown
are representative of greater than 75% of cells analyzed over 4 separate
experiments. (B) Approximately 50 pairwise images of RPA32 and pATM
compiled from 3 separate experiments were analyzed using the JACoP plugin for
NIH ImageJ to calculate Pearson’s and Manders’ coefficients. (C) Line tracings
were drawn through individual viral replication centers and the distribution of
RPA32 and pATM were graphed. The graphs shown are representative of
approximately 50 replication centers compiled from 3 separate experiments. The
NDA value for each pair of curves is shown in the upper left-hand corner of the
graphs.
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Figure 17. Differential localization of cellular DNA repair proteins to wildtype virus and E1B-55K-/E4orf3- mutant virus replication centers.
Line tracings through approximately 50 replication centers were collected
for each pair of proteins analyzed. The median NDA values for all data are
shown, and the error bars represent the standard deviation. The difference
between DBP and ATR was not significant (P value indicated). All other P values
were less than 10-8.
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double-mutant virus infected cells than in wild-type virus infected cells. The more
widespread nature of activated ATM in wild-type infection may contribute to the
widespread H2AX phosphorylation observed during infection.
Line tracings through RPA32 and active ATM-labeled viral replication
centers also demonstrate a difference in the localization of activated ATM at
individual replication centers (Fig. 16C). The representative curves shown for
wild-type virus replication centers show that there is overlap between the two
signals, but the curves for active ATM do not closely follow the curves of RPA32,
with a NDA value of approximately 0.442. However, line tracings through E1B55K-/E4orf3- replication centers show that the curves for active ATM and RPA32
align much more closely, with a calculated NDA value of 0.238. These data
demonstrate that ATM and its activated form are more concentrated around E1B55K-/E4orf3- mutant virus replication centers, and more diffuse throughout the
nucleus of wild-type virus infected cells. This difference in localization may
contribute to the difference in H2AX localization observed in cells infected with
either of these viruses.
The MRN complex is not required for H2AX phosphorylation during
adenovirus infection
Previously, we demonstrated that H2AX phosphorylation elicited by
adenovirus infection reaches peak levels after degradation of Mre11 and
therefore disruption of the MRN complex. However, these findings did not rule
out

the

possibility that

the

MRN complex may contribute
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to

H2AX

phosphorylation during wild-type virus infection by recognizing viral genomes
prior to alteration of MRN complex members. Additionally, as the E1B-55K/E4orf3- mutant virus lacks the ability to disrupt the MRN complex, it is possible
that the MRN complex is required for the specific phosphorylation of H2AX at the
double-mutant virus replication centers. To determine the role of the MRN
complex in H2AX phosphorylation and localization during adenovirus infection,
cell lines expressing altered Mre11 (Fig. 18) or NBS1 (Fig. 19), along with cells
restored for these proteins were infected with wild-type or the E1B-55K-/E4orf3mutant adenovirus. At 24 h post infection immunofluorescence was performed to
determine the localization of H2AX with respect to viral replication centers.
Cells reconstituted to express functional Mre11 (+Mre11) exhibited
widespread H2AX phosphorylation during wild-type infection whereas H2AX
localized to the periphery of viral replication centers in E1B-55K-/E4orf3- mutant
virus (Figure 18). Loss of the DNA-binding domain of Mre11 did not prevent
H2AX phosphorylation, as infection of the vector control cells (+VCC) with either
virus resulted in an increase in H2AX phosphorylation detectable by
immunofluorescence. The phosphorylation of H2AX in vector control cells
(+VCC) was observed throughout the cell nucleus of wild-type virus infected cells
and was concentrated at the periphery of E1B-55K-/E4orf3- double-mutant virus
replication centers. It appears then, that Mre11 is not required for the induction of
H2AX phosphorylation during adenovirus infection. In the presence or absence of
functional Mre11, H2AX concentrated at the periphery of E1B-55K-/E4orf3-
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Figure 18. Mre11 is not required for H2AX phosphorylation during
adenovirus infection.
ATLD-1 cells stably expressing functional Mre11 (+Mre11, upper panel) or
expressing a control plasmid (+VCC, bottom panel) were mock-infected, infected
with the wild-type virus or infected with the E1B-55K-/E4orf3- double-mutant
virus. The localization of E2A-DBP and H2AX were determined at 24 hpi by
confocal microscopy. Images shown are representative of approximately 75% of
cells analyzed from 3 separate experiments.
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Figure 19. NBS1 is not required for H2AX phosphorylation during
adenovirus infection.
NBS cells stably expressing functional NBS1 (+NBS1, upper panel) or
expressing a control plasmid (+LXIN, bottom panel) were mock-infected, infected
with the wild-type virus or infected with the E1B-55K-/E4orf3- double-mutant
virus. The localization of E2A-DBP and H2AX were determined at 24 hpi by
confocal microscopy. Images shown are representative of approximately 75% of
cells analyzed from 3 separate experiments.
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replication centers, indicating that inactivation of Mre11 is not sufficient to prevent
the specific phosphorylation of H2AX at these replication centers.
Similar results were obtained with the NBS1-mutated or NBS1-restored
cell lines (Figure 19). Cells restored for NBS1 function (+NBS1) exhibited
phosphorylation of H2AX throughout the nucleus of wild-type virus infected cells
and at the periphery of E1B-55K-/E4orf3- mutant virus replication centers. Vector
control cells (+LXIN) expressing NBS1 that lacks the c-terminal ATM and Mre11
binding domains also demonstrate a visible increase in H2AX phosphorylation
upon infection with either wild-type virus or double-mutant virus. This result
indicates that the C-terminus of NBS1 is not required for H2AX phosphorylation
during adenovirus infection. As +LXIN cells also exhibited H2AX concentrated at
the periphery of E1B-55K-/E4orf3- mutant replication centers, we conclude that
infection of cells with a defective form of NBS1 is not sufficient to prevent
phosphorylation of H2AX at areas of E1B-55K-/E4orf3- mutant-virus DNA
replication.
Taken together, these results indicate that H2AX phosphorylation occurs
through

an

MRN-independent

mechanism

during

adenovirus

infection.

Prevention of MRN complex formation by mutations in either Mre11 or NBS1
does not alter the ability of cells to phosphorylate H2AX in response to viral
infection, nor does this loss prevent the localized phosphorylation of H2AX
observed during double-mutant virus infection. However, as the mutations in
Mre11 and NBS1 in these cell lines do not completely inactivate the proteins, it is
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possible that either Mre11 or NBS1 could contribute to H2AX phosphorylation
independent of the MRN complex.
Inactivation of ATM does not alter the pattern of H2AX phosphorylation
Three cellular kinases, ATM, ATR, and DNA-PK have been identified as
phosphorylating H2AX in response to cellular DNA damage. Infection of HeLa
cells with wild-type adenovirus generated a more diffuse localization of activated
ATM, suggesting that this kinase may play a role in the nuclear-wide
phosphorylation of H2AX observed during wild-type virus infection (Figure 16).
To determine the contribution of ATM to the spatial pattern of widespread H2AX
phosphorylation, A-T cells harboring a mutation in ATM (A-T) or restored for
functional ATM expression (+ATM) were infected with wild-type virus or the E1B55K-/E4orf3- double-mutant virus (Fig. 20). At 24 h post infection, cells were
processed for immunofluorescence and the localization of viral replication
centers and H2AX was determined.
Loss of ATM functionality causes increased sensitivity to ionizing radiation
and other double-stranded break inducing agents as well as defects in cell cycle
checkpoint control (Kastan et al., 1992). As a result, mock infected A-T cells
exhibit H2AX phosphorylation easily detected by immunofluorescence (Fig 20).
However, infection with either wild-type or the E1B-55K-/E4orf3- double-mutant
virus did result in an increase in H2AX phosphorylation. As observed for infected
HeLa cells, infection of ATM-restored
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Figure 20. Inactivation of ATM does not alter the pattern of H2AX
phosphorylation.
A-T cells stably expressing functional ATM (+ATM, upper panel) or
expressing a control plasmid (A-T, bottom panel) were mock-infected, infected
with the wild-type virus or infected with the E1B-55K-/E4orf3- double-mutant
virus. The localization of E2A-DBP and H2AX were determined at 24 hpi by
confocal microscopy. Images shown are representative of approximately 70% of
cells analyzed from 3 separate experiments.
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cells (+ATM) with wild-type adenovirus resulted in H2AX phosphorylation
throughout the cell nucleus. Infection of ATM-restored cells with the E1B-55K/E4orf3- double-mutant virus resulted in H2AX phosphorylation concentrated at
the periphery of viral replication centers. Similarly, infection of cells harboring a
mutation in ATM (A-T) exhibit the same patterns of H2AX phosphorylation as
their ATM-restored counterparts. As non-functional ATM did not alter the pattern
of H2AX phosphorylation after infection with either virus, we conclude that ATM
is not responsible for the differential localization of H2AX phosphorylation
observed during wild-type and mutant virus infections.
Although it appears that nonfunctional ATM does not alter H2AX
phosphorylation, we cannot completely rule out a contribution of this kinase to
the phosphorylation event, as this cell line does express an ATM protein that
retains partial functionality. Therefore, we cannot conclusively determine the
contribution of ATM to H2AX localization or levels using this system, except to
conclude that mutation of this protein does not prevent H2AX phosphorylation.
ATR inactivation does not alter H2AX phosphorylation patterns
The cellular kinase ATR was shown to be within an equal distance of both
wild-type virus and E1B-55K-/E4orf3- virus replication centers (Fig. 13). The ATR
signaling cascade is known to be activated during wild-type virus and E4-del
virus infections (Carson et al., 2009; Jayaram and Bridge, 2005), and our results
with kinase inhibitors suggest that ATR contributes to H2AX phosphorylation
during wild-type virus infection. Thus, to determine the contribution of ATR to
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Figure 21. Loss of ATR kinase activity does not alter the pattern of H2AX
phosphorylation.
U20S cells expressing doxycycline-inducible wild-type ATR (ATR-WT,
upper panel) or kinase dead ATR (ATR-KD, bottom panel) were treated with
doxycycline for 48 h and were then mock-infected, infected with the wild-type
virus or infected with the E1B-55K-/E4orf3- double-mutant virus at an moi of 25.
The localization of E2A-DBP and H2AX were determined at 24 hpi by confocal
microscopy. Images shown are representative of approximately 70% of cells
analyzed from 3 separate experiments.
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H2AX localization and levels during adenovirus infection was evaluated using
cell lines harboring doxycycline-inducible wild-type ATR (ATR-WT) or kinase
dead ATR (ATR-KD). Cells were treated with doxycycline for 48 hours to induce
protein expression followed by infection with either wild-type or E1B-55K-/E4orf3mutant viruses. At 24 hpi cells were processed to determine the localization of
H2AX phosphorylation with respect to viral replication centers by confocal
microscopy (Figure 21).
As

expected,

phosphorylation

in

ATR-WT
wild-type

expression
virus

generated

infected

cells

nuclear-wide
and

localized

H2AX
H2AX

phosphorylation in E1B-55K-/E4orf3- mutant virus infected cells. Expression of
the kinase-dead form of ATR prior to infection with either virus did not prevent
H2AX phosphorylation, indicating that ATR is not the sole kinase responsible for
this

phosphorylation

event.

As

ATR-KD

did

not

alter

the

localized

phosphorylation of H2AX in double-mutant virus infection, we conclude that,
despite the close association of this kinase with replication centers, other kinases
must contribute to the site-specific phosphorylation of H2AX at E1B-55K-/E4orf3replication centers. Additionally, loss of ATR could result in increased activity of
other cellular kinases, thus allowing for the maintenance of high levels of H2AX.
Thus, it appears that expression of kinase dead ATR does not inhibit H2AX
phosphorylation nor alter the localization of H2AX during adenovirus infection.
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DNA-PK inactivation does not alter H2AX phosphorylation patterns
DNA-PKcs, the catalytic subunit of the DNA-PK complex, is bound by both
E4orf3 and E4orf6 during wild-type virus infection (Boyer et al., 1999). However,
binding of DNA-PKcs by E4orf6 does not abrogate its kinase activity (Hart et al.,
2007). It is possible, then, that DNA-PK retains the ability to phosphorylate H2AX
during adenovirus infection, and particularly during infection with the E1B-55K/E4orf3- mutant virus, as inactivation of DNA-PK would depend on E4orf6 alone.
The contribution of DNA-PK to H2AX phosphorylation was addressed using two
different cell lines; Hcr116 (DNA-PK+/+) and Het116 (DNA-PK-/-). Cells were
infected with either wild-type virus or E1B-55K-/E4orf3- mutant virus. At 24 hpi
cells were processed for immunofluorescence to determine the localization of
H2AX and viral replication centers by confocal microscopy (Figure 22).
DNA-PK competent cells exhibited H2AX phosphorylation in a pattern has
been seen in all other cell lines; H2AX phosphorylation occurs throughout the
nucleus of wild-type virus infected cells and concentrates at the periphery of
E1B-55K-/E4orf3- virus replication centers. Loss of DNA-PK (DNA-PK-/- cells)
does not alter either pattern of H2AX phosphorylation. Thus, although loss of
DNA-PK activity is sufficient to prevent concatenation of the viral genome, it is
unable to prevent or alter the localization of H2AX in response to infection with
either wild-type or the double-mutant virus. Similar to the other kinase-mutant cell
lines tested, it appears that loss of DNA-PK is not sufficient to inhibit H2AX
phosphorylation or prevent its localization.
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Figure 22. Loss of DNA-PKcs activity does not alter the pattern of H2AX
phosphorylation.
Hcr116 ells expressing DNA-PKcs (DNA-PK+/+, upper panel) or Het116
cells lacking DNA-PKcs (DNA-PK-/-, bottom panel) were mock-infected, infected
with the wild-type virus or infected with the E1B-55K-/E4orf3- double-mutant virus
at an moi of 25. The localization of E2A-DBP and H2AX were determined at 24
hpi by confocal microscopy. Images shown are representative of approximately
90% of cells analyzed from 3 separate experiments.
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The results obtained with the mutated cell lines indicate that the inhibition of
individual kinases was insufficient to inhibit the phosphorylation of H2AX during
adenovirus infection or to alter the pattern of phosphorylation. This suggests that
these cellular kinases may act in concert to phosphorylate H2AX in response to
adenovirus genome replication, and the loss of one kinase can be complemented
by increased activity of the remaining kinases, preventing a significant decrease
in H2AX levels.
Histone 2AX is preferentially localized to E1B-55K-/E4orf3- double-mutant
virus replication centers
The specific phosphorylation of H2AX at the periphery of E1B-55K/E4orf3- mutant virus replication centers cannot be attributed to the specific
actions of one or more cellular kinases. As a number of cellular DNA repair
proteins, such as Mre11, NBS1, and MDC1 (Carson et al., 2003; Mathew and
Bridge, 2007; Mathew and Bridge, 2008; Stracker et al., 2002), localize to viral
replication centers in the absence of the E1B-55K/E4orf6 complex and E4orf3
gene product, we hypothesized that the histone H2AX was also localized to the
periphery of viral replication centers in the absence of these viral proteins. To test
this hypothesis, HeLa cells were infected with wild-type virus or the E1B-55K/E4orf3- mutant virus. At 24 h post infection immunofluorescence was performed
to visualize the localization of total H2AX protein in relation to adenovirus DNAbinding protein (Figure 23A).
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Mock-infected cells exhibit H2AX incorporated into cellular DNA and
evenly distributed throughout the nucleus. This same distribution is observed in
wild-type virus infected cells. Strikingly, E1B-55K-/E4orf3- infected cells show a
marked accumulation of H2AX at the periphery of viral replication centers, and a
reduction in the amount of H2AX found elsewhere in the nucleus when compared
to mock- or wild-type infected cells. This result suggests that an activity
associated with E1B-55K and E4orf3 prevents the specific localization of H2AX
to wild-type virus replication centers. When both of these viral proteins are
absent, H2AX is able to be targeted to the areas immediately surrounding
replication centers, coinciding with areas of actively replicating double-stranded
viral DNA.
The altered localization of H2AX in E1B-55K-/E4orf3- mutant virus
infection could be restricted to this particular histone, or could be representative
of an altered localization of all cellular histones. To determine whether other
cellular histones are concentrated at double-mutant virus replication centers, the
localization of the histones H2A, H2B, H3, and H4 were visualized by confocal
microscopy during wild-type virus and E1B-55K-/E4orf3- double mutant virus
infection (Fig. 23 B-E).
Unlike H2AX, the localization of histones H2B, H3, and H4 (Fig. 23 B-D)
are not altered during either wild-type or double-mutant virus infections. These
histones remain evenly distributed throughout the cell nucleus after infection in a
staining pattern such as observed in mock-infected cells. Interestingly, the
distribution of H2A (H2A1 and H2A2) was altered in approximately 80% of cells
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infected with either wild-type virus or the double-mutant virus (Fig. 23E). In these
infected cells, a portion of H2A remains distributed throughout the nucleus, but
numerous distinct H2A aggregates are clearly formed. These H2A aggregates do
not colocalize with viral replication centers in either wild-type or E1B-55K/E4orf3- double-mutant virus infection, and the cause of H2A reorganization is
unknown The remaining 20% of cells exhibited H2A distribution throughout the
nucleus as was observed for H3, H4, and H2B..
These results demonstrate that H2AX is the sole cellular histone localized
to the periphery of double-mutant virus replication centers. Although the targeting
of cellular histones to particular regions of the cell nucleus has not been
previously reported, it is consistent with the localization of many proteins involved
in DNA repair to the periphery of viral replication centers. H2AX, in both wild-type
virus and double-mutant virus infection, appears to be bound to cellular DNA, as
the protein is not extractable in either low- or high-salt conditions, but is only
removed after treatment of cells with DNase (data not shown). It is likely then,
that the site specific phosphorylation of H2AX observed in the E1B-55K-/E4orf3mutant virus infection is due in large part to the concentration of the histone at
viral replication centers.
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Figure 23. H2AX is preferentially localized to viral replication centers in the
absence of E1B-55K and E4orf3.
HeLa cells were mock-infected or infected with the wild-type virus or the
E1B-55K-/E4orf3- mutant virus. At 24 hpi cells were processed for confocal
microscopy and labeled for E2A-DBP and the cellular histones H2AX (A), H2B
(B), H3 (C), H4 (D), and H2A (E). (A-D) Images shown are representative of
greater than 90% of cells analyzed from three independent experiments. (E)
Images shown represent approximately 80% of cells analyzed in 3 independent
experiments.
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Conclusions
Phosphorylation of H2AX occurs at the periphery of viral replication
centers in E1B-55K-/E4orf3- virus infected cells. Infection with E1B-55K- or
E4orf3- single-mutant viruses or delivery in trans of either of these viral proteins
prevents this localized phosphorylation and results in widespread H2AX
phosphorylation as occurs in wild-type virus infected cells. Therefore, activities
associated with these viral proteins are required for widespread H2AX
phosphorylation and E1B-55K and E4orf3 share redundant roles in the
phosphorylation of this cellular histone. Despite the stark differences in H2AX
localization, the levels of H2AX during infection with wild-type, single-mutant, or
double-mutant viruses is not greatly different (Fig. 11).
Analysis of the colocalization of H2AX and viral replication centers
demonstrates that H2AX phosphorylation is concentrated at E1B-55K-/E4orf3mutant virus replication centers, particularly at the replicative zones, and extends
throughout the entire area of the replication center. In contrast, H2AX
phosphorylation, while overlapping with DBP on a nuclear-wide scale, does not
colocalize or show any specific pattern of localization at or around wild-type virus
replication centers. This difference in localization is reflected in analysis using
both calculated colocalization coefficients and analysis of line tracings through
individual replication centers (Fig. 12).
Visualizing the localization of the cellular DNA repair proteins with respect
to wild-type and E1B-55K-/E4orf3- replication centers demonstrated that RPA32,
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ATM, and activated ATM all more closely associate with E1B-55K-/E4orf3replication centers than with wild-type virus replication centers. The singlestranded DNA responders, ATR and RPA32, closely associated with both viral
replication centers, and concentrated mostly in areas that also stained positive
for the adenovirus single-stranded DNA binding protein, DBP. ATM was slightly
increased at the periphery of wild-type virus replication centers, and more
concentrated at E1B-55K-/E4orf3- replication centers. The activated form of ATM
showed a similar pattern of distribution, concentrating in the large areas of wildtype virus replication centers while also being found dispersed elsewhere
throughout the nucleus. In E1B-55K-/E4orf3- infection, activated ATM was
concentrated primarily at the outer periphery of viral replication centers, the area
in which viral DNA is actively being replicated.
The previous section demonstrated that H2AX phosphorylation reaches
peak levels after the degradation of Mre11 and thus the inactivation of the MRN
complex. Using hypomorphic Mre11 and NBS1 cell lines, we have demonstrated
that

the MRN complex

is not

necessary

for

the

widespread

H2AX

phosphorylation observed during wild-type infection. Additionally, these cell lines
demonstrate that inactivation of Mre11 or NBS1 prior to infection with E1B-55K/E4orf3- is not sufficient to prevent the localized phosphorylation of H2AX at
these replication centers. Thus, H2AX phosphorylation occurs in an MRNindependent manner during adenovirus infection.
The cellular kinases ATM, ATR, and DNA-PK are all capable of
phosphorylating H2AX in response to cellular DNA damage. Mutations in any
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one of these kinases was not sufficient to abrogate H2AX phosphorylation or to
alter the patterns of phosphorylation observed during wild-type and E1B-55K/E4orf3- virus infections. Therefore, it is possible that all of these kinases remain
active during adenovirus infection and that loss of one kinase can lead to
upregulation of activities by one or both of the remaining kinases.
Most strikingly, this work demonstrates the specific relocalization of a
cellular histone to viral replication centers. In wild-type virus infected cells, the
majority of histones (H2AX, H2B, H3, and H4) are incorporated into cellular DNA
and can be observed throughout the cell nucleus. However, H2AX is specifically
reorganized and concentrated around areas of viral DNA replication in the
absence of E1B-55K and E4orf3, and is less apparent throughout the rest of the
cell nucleus. The other cellular histones, H2B, H3, and H4, still become
incorporated into cellular DNA in the E1B-55K-/E4orf3- mutant virus infection. It
is interesting to note that the other H2A species also exhibit a different staining
pattern in adenovirus infected cells; antibodies against H2A species (H2A.1 and
H2A.2) show that these histones are found in more punctate structures instead of
appearing incorporated throughout DNA. This H2A staining pattern does not
localize to viral replication centers in either wild-type or double-mutant virus
infection. This result suggests that the E1B-55K and E4orf3 proteins act to
prevent the localization of H2AX at the periphery of viral replication centers. It is
currently unknown whether H2AX is being incorporated into nucleosomes of
cellular DNA at these areas or if it is forming large, insoluble protein aggregates.
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CHAPTER 5: DISCUSSION
Adenovirus genome replication elicits H2AX phosphorylation
Infection with wild-type adenovirus results in H2AX phosphorylation
throughout the cell nucleus. This phosphorylation does not correspond to viral
replication centers but appears to be coincident with the bulk of cellular DNA.
H2AX phosphorylation is triggered by viral genome replication or by some late
event that depends on viral genome replication. H2AX phosphorylation levels
reach their peak after viral genome replication is well under way and after
degradation of Mre11 and inactivation of the MRN complex (Fig. 2). While
previous studies had suggested that inactivation of MRN led to shutdown of
cellular DNA damage signaling cascades (Carson et al., 2003; Stracker et al.,
2002), the phosphorylation of H2AX reported here demonstrate that these
pathways are still active during infection. In fact, H2AX phosphorylation in
response to adenovirus infection occurs by an MRN-independent mechanism
(Figs. 18 and 19).
Infected cells appear able to respond to both viral DNA replication and the
incoming viral genomes (Figs. 5 and 8). As cells can respond independently of
viral DNA replication, it seems likely that some feature of the viral DNA must be
recognized promptly after delivery into the cell and trigger some facet of the DNA
damage response. The cellular factor Mdc1 has been shown to localize to viral
replication centers and to physically associate with E4-deleted viral DNA. This
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implies a potential role for Mdc1 in viral DNA recognition, perhaps through
recruitment of the MRN complex and other DNA repair factors. However, in the
absence of Mdc1, Mre11 can still localize to replication centers in cells infected
with an E4-deleted virus (Mathew and Bridge, 2007; Mathew and Bridge, 2008).
Incoming viral genomes may activate one set of DNA damage response
pathways, potentially by binding Mdc1 and Mre11, and viral genome replication
may activate a second pathway. Our results using the pTP virus support the
notion that Mdc1 recognizes incoming viral DNA prior to degradation of Mre11. In
the case of E4-deleted viruses, this second activation due to genome replication
could be at least partially mediated in an MRN-dependent manner, as these
proteins remain functional during E4 mutant infection. However, results
presented in this report demonstrate high levels of H2AX phosphorylation in the
absence of the MRN complex, either after virus-mediated MRN alteration or by
infection of Mre11- and NBS1-mutated cells, suggesting that adenovirus DNA
replication can activate a facet of the DNA damage response independently of
the MRN complex. This is true for wild-type adenovirus as well as the E1B-55K/E4orf3- mutant virus, which is phenotypically identical to an E4-del virus with
regard to viral DNA concatenation. Therefore, it appears that viral DNA
replication could activate the responsible kinases independently of the MRN
complex, with the signal for activation being a substrate other than doublestranded DNA ends.
Adenovirus genome replication generates DNA structures that could be
recognized by cellular DNA damage pathways. However, the ability to recognize
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adenovirus DNA is functionally separate from the ability to carry out repair on
these aberrant DNA structures. Cellular recognition of adenovirus DNA results in
the activation of the kinases ATM, ATR, and DNA-PK, and the phosphorylation of
downstream targets, particularly H2AX. Nonetheless, the infected cell remains
incapable of forming concatemers of wild-type viral DNA. This is due to the
inactivation of DNA ligase IV and the alteration of its binding partner XRCC4 by
the E1B-55K/E4orf6 viral complex (Baker et al., 2007; Lakdawala et al., 2008).
Even in the absence of a functional MRN complex, other cellular factors must be
able to recognize replicating viral DNA and signal to the kinases that
phosphorylate H2AX.
Model for activation of DNA repair pathways in adenovirus infection
Viral genome replication yields up to 50,000 copies of linear, doublestranded viral genomes, potentially exposing the infected cell to 100,000 free
DNA ends (Van der Vliet, 1995). Additionally, a single-stranded viral DNA
molecule arises for every double-stranded viral genome that is replicated (Flint et
al., 1976; Lavelle et al., 1975). The single-stranded viral DNA may be recognized
by the infected cell as aberrant and thus contribute to the activation of cellular
kinases

and

subsequent

phosphorylation

of

H2AX.

Previous

reports

demonstrated the localization of cellular replication protein A p32 subunit
(RPA32) and ATR-interacting protein (ATRIP) to virus replication centers
(Blackford et al., 2008; Stracker et al., 2005). The results presented here
demonstrate that RPA32 and ATR accumulate at viral replication centers and
can be found in the single-stranded DNA accumulation areas of replication
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centers (Figs 13 and 14). This localization is consistent with the recognition of
single-stranded DNA within viral replication centers by cellular proteins, although
it is not known whether these cellular proteins are bound to viral DNA.
Additionally,

Blackford

et

al.

have

demonstrated

a

role

for

ATR in

phosphorylation of RPA32 and H2AX during adenovirus infection (Blackford et
al., 2008). Recently, Carson et al. have shown that ATR is activated by
adenovirus infection and that this activation is modulated by E4orf3 (Carson et
al., 2009). Our results obtained with the kinase inhibitors caffeine and
wortmannin are consistent with a role for ATR in H2AX phosphorylation during
adenovirus infection, although expression of a kinase dead form of ATR is not
sufficient to abolish H2AX phosphorylation (Figs. 3, 4, and 22). The requirement
of viral DNA replication demonstrated in this study and the localization of ATR,
RPA32, and ATRIP to viral replication centers shown here and by others
suggests a role for single-stranded DNA structures underlying the adenovirusinduced phosphorylation of H2AX.
Activation of these pathways may be partially mediated by the cellular
E1B-AP5 protein, an interacting partner of the viral E1B-55K protein (Gabler et
al., 1998). E1B-AP5 localizes to viral replication centers, binds to ATR/ATRIP,
RPA, and adenovirus DBP in vivo, and is required for phosphorylation of RPA32
during adenovirus infection (Blackford et al., 2008). This phosphorylation is at
least partially mediated by ATR during infection with the species C type 5 virus,
and is ATR-dependent during infection with species A type 12 virus. Thus, E1BAP5 may act to promote the activation and localization of ATR during adenovirus
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infection, resulting in the phosphorylation of various DNA damage response
components.
Replication protein A (RPA), a heterotrimeric complex composed of 70,
32, and 14 kDa subunits, is a cellular single-stranded DNA binding protein
required for multiple aspects of DNA metabolism. RPA is involved in initiation and
elongation of replicating DNA, and the binding of single-stranded DNA structures
that arise as a result of DNA repair, including nucleotide excision, base excision,
and double-stranded break repairs (Zou et al., 2006). RPA-bound singlestranded DNA has been shown to be necessary for the localization and activation
of ATR to sites of various types of DNA damage, via direct binding of ATRinteracting protein (ATRIP) (Ball et al., 2005; Namiki and Zou, 2006). In addition
to its role in cellular DNA metabolism, RPA has been implicated in the genome
replication of several viruses. RPA directly interacts with the origin-binding
proteins EBNA1 of Epstein-Barr virus, E1 of bovine papillomavirus, and TAg of
SV40, and is thought to directly interact with the Rep protein of adeno-associated
virus (Han et al., 1999; Stracker et al., 2004; Zhang et al., 1998). RPA, along with
TAg and other cellular proteins, is an important factor in SV40 replication in vitro.
RPA has been implicated in the initiation of SV40 DNA synthesis, including the
RNA priming activity required for initiation, as well as lagging strand synthesis
(Melendy and Stillman, 1993).
While adenovirus DNA replication does not require the formation of a
replication bubble by single-stranded DNA binding proteins, it does require the
stabilization of the displaced strand of DNA during DNA synthesis. This role is
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performed by the virally encoded DNA binding protein, E2A-DBP. Each DBP
could bind as few as 10-15 nucleotides (Kanellopoulos et al., 1995; van
Amerongen et al., 1987), thus requiring an large number of molecules to stabilize
the abundant single-stranded DNA intermediates generated during infection. As
this viral protein has a similar function to RPA, and as RPA localizes to the
single-stranded DNA accumulation areas of viral replication centers, it is possible
that RPA is able to bind to single-stranded viral DNA. Binding of adenovirus DNA
by RPA would provide a substrate for the binding and localization of the
ATR/ATRIP complex, providing a mechanism to recruit ATR to single-stranded
DNA areas as demonstrated in this study. Localization of ATR/ATRIP to RPAbound viral DNA could thus lead to the activation of ATR, resulting in the
subsequent phosphorylation of H2AX observed here.
H2AX is dephosphorylated by PP2A (protein phosphatase 2A) concurrent
with repair of the DNA break. We initially hypothesized that the E1B-55K-/E4orf3mutant adenovirus would have much lower levels of phosphorylated H2AX, as
concatenation of the viral genome could be accompanied by dephosphorylation
of H2AX, as occurs after ligation of a double-stranded break. However, the
results presented here demonstrate that E1B-55K-/E4orf3- virus induced H2AX
levels are only slightly lower than wild-type virus generated levels. This sustained
high level of H2AX phosphorylation continues out to 48 hours post infection (data
not shown). Sustaining these high levels of phosphorylated H2AX during
infection with either of these viruses may in part be due to the alteration of PP2A
by E4orf4. As E4orf4 can alter the substrate specificity of this phosphatase, it is
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possible that it also prevents the dephosphorylation of H2AX during infection.
Since PP2A is the only known phosphatase of H2AX, altering the phosphatase
activity could result in unresolved H2AX phosphorylation. Monitoring levels of
H2AX in an E4orf4-mutant virus would be useful in elucidating the contribution
of PP2A alteration to high levels of H2AX phosphorylation.
Model for the localization of H2AX to E1B-55K-/E4orf3- viral replication
centers
Numerous DNA repair proteins localize to viral replication centers in the
absence of the E1B-55K/E4orf6 complex and E4orf3 protein. As three kinases
are known to phosphorylate H2AX, and this phosphorylation occurs primarily at
viral replication centers in the E1B-55K-/E4orf3- mutant virus, it initially appeared
likely that differential localization of one of more of these kinases might contribute
to the site specific H2AX phosphorylation. While ATR and RPA32 localized to the
single-stranded DNA accumulation areas of both wild-type virus and E1B-55K/E4orf3- mutant virus replication centers, the cellular kinase ATM and its
activated form demonstrated a larger difference in localization. Activated ATM
accumulated primarily at the periphery of E1B-55K-/E4orf3- mutant virus
replication centers, but was more widespread in the presence of these viral
proteins. The difference in activated ATM suggests that the E1B-55K and E4orf3
proteins can prevent the localization of ATM to viral replication centers. Despite
the difference in localization, results obtained using ATM-mutated cell lines
demonstrate that expression of an inactive form of this kinase is not sufficient to
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alter the localization of H2AX with respect to either wild-type or E1B-55K/E4orf3- viral replication centers.
The most striking difference in localization observed was that of total
H2AX protein. In wild-type virus infection, the cellular histone appears to be
incorporated into cellular DNA throughout the nucleus. However, E1B-55K/E4orf3- mutant virus infection causes a drastic accumulation of H2AX at the
peripheries of viral replication centers, while very little H2AX appears to be
incorporated into cellular DNA in these cells. Therefore, although the difference
in the localization of activated ATM may contribute to the widespread
phosphorylation that occurs during wild-type infection, it appears likely that the
differential localization of H2AX phosphorylation between wild-type virus and
E1B-55K-/E4orf3- mutant virus infection is due more to the local concentration of
the histone itself, rather than the altered localization of any particular cellular
kinase.
The localization of H2AX to the periphery of viral replication centers in an
intriguing observation. That other cellular histones are not also rearranged in this
fashion suggests that H2AX is specifically targeted to double-mutant virus
replication centers. In addition to the proteins analyzed in this study, a number of
cellular DNA repair proteins have been demonstrated to localize to replication
centers of E4-deleted viruses, which exhibit the same phenotype of viral genome
concatenation as does the E1B-55K-/E4orf3- mutant virus. The cellular proteins
Mre11, NBS1, Rad50, Mdc1, and BRCA1 all localize to E4-del virus replication
centers (Carson et al., 2003; Mathew and Bridge, 2007; Stracker et al., 2002). As
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discussed previously, both NBS1 and MDC1 are capable of binding to the
phosphorylated form of H2AX via FHA/BRCT domains (Kobayashi et al., 2002;
Matsuura et al., 2004). Perhaps these cellular proteins can bind to newly
synthesized H2AX, thereby bringing H2AX to replication centers before it can be
incorporated into cellular DNA elsewhere. Mathews and Bridge demonstrated
that MDC1 binding to viral DNA required the MRN complex (Mathew and Bridge,
2007). The cellular MRN complex is the target of both the E1B-55K/E4orf6 viral
complex and the E4orf3 protein, highlighting the importance of inactivating this
complex for ensuring a successful infection. Because either the E1B-55K/E4orf6
viral complex or the E4orf3 protein can generate H2AX phosphorylation
throughout the nucleus during adenovirus infection, It seems likely that disruption
of the MRN complex by either of these two mechanisms prevents the localized
concentration and subsequent phosphorylation of H2AX at replication centers.
However, as NBS1 and MDC1 only bind to the phosphorylated form of
H2AX, this model suggests that H2AX is phosphorylated prior to relocalization to
replication centers. An alternative model is that cellular DNA immediately
surrounding the E1B-55K-/E4orf3- viral replication centers is being replicated at a
higher rate than cellular DNA elsewhere, and thus the newly synthesized H2AX
is being incorporated into cellular DNA at these locations. However, this second
model should also result in a similar concentration of other cellular histones
(H2A, H2B, H3, and H4) at replication centers. As no such concentration of any
histone other than H2AX occurs, it seems more likely that H2AX is being targeted
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to E1B-55K-/E4orf3- viral replication centers independent of cellular DNA
replication and nucleosomal incorporation.
NBS1 is reorganized during wild-type virus infection into insoluble nuclear
tracts by the E4orf3 protein. If NBS1 is responsible for targeting H2AX to E1B55K-/E4orf3- mutant virus replication centers, it would seem likely that the same
localization of total and H2AX would occur in E4orf3-mutant virus infected cells.
However, infection with the E4orf3-mutant virus shows a pattern of H2AX
phosphorylation indistinguishable from wild-type virus (Figure 11A). Degradation
of Mre11 by the E1B-55K/E4orf6 complex results in destabilization of MRN
complex members and a subsequent loss (although not as great) of Rad50 and
NBS1 (Stracker et al., 2002). We have observed a similar decrease in NBS1
levels in the E4orf3-mutant virus-infected cells (data not shown). Perhaps this
small loss of NBS1 protein is sufficient to prevent localization of H2AX to
replication centers in the absence of E4orf3. Additionally, the localization of
NBS1 in E4orf3 mutant virus infection is not known. MRN complex members can
accumulate in cellular aggresomes through the ubiquitin-ligase activities of the
E1B-55K/E4orf6 complex (Araujo et al., 2005; Baker et al., 2007). Perhaps the
activity of this complex in E4orf3-mutant virus-infected cells also facilitate the
accumulation of NBS1 in aggresomes. This would inactivate NBS1 as efficiently
as does binding and reorganization by E4orf3.
H2AX phosphorylation is a crucial step in the efficient recruitment and
retention of DNA-damage repair factors to sites of DNA damage. A number of
such repair proteins localize to E4-del virus replication centers, and are likely to
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also localize to E1B-55K-/E4orf3- mutant virus replication centers. Perhaps the
phosphorylation of H2AX at E1B-55K-/E4orf3- mutant virus replication centers
can serve the same purpose as H2AX does for cellular DNA damage, acting to
recruit the DNA ligase machinery to replication centers in order to facilitate
genome concatenation. Conversely, perhaps the widespread phosphorylation
elicited by wild-type virus infection acts to prevent the localization of repair
proteins to viral replication centers. Widespread H2AX could prevent the
efficient localization of DNA repair proteins to either viral replication centers or to
cellular DNA damage, thereby preventing both viral genome concatenation and
the repair of cellular damage.
A role for the DNA damage response in adenovirus-mediated oncogenesis
and transformation
A number of viruses activate cellular DNA damage pathways and either
utilize these pathways for their own replication or subvert the response to ensure
efficient replication (Weitzman et al., 2004). Murine herpesvirus 68, Epstein-Barr
virus, and HIV-1 all activate pathways that result in the phosphorylation of H2AX
(Daniel et al., 2004; Tarakanova et al., 2007). For HV68 and HIV-1, activation is
an important step in replication; HV68 utilizes cellular factors for circularization
of the genome prior to replication (Tarakanova et al., 2007) and HIV-1 utilizes
cellular factors to complete integration of the provirus into cellular DNA (Daniel et
al., 2004). By contrast, Epstein-Barr virus replication activates DNA damage
response pathways, but activation does not appear to be required for lytic viral
replication (Kudoh et al., 2005). Although it is well understood that DNA double161

stranded break repair is inhibitory to adenovirus replication, it is not yet clear
whether

activation

of

ATM

and

ATR pathways

and

the

subsequent

phosphorylation of H2AX has any effect on viral replication.
Several oncogenic viruses express proteins that interfere with some form
of DNA repair but that are not considered necessary for viral replication. In the
case of these viruses, interference with DNA repair processes may be associated
with cellular genomic instability and oncogenesis. Both Hepatitis B and Hepatitis
C viruses are associated with hepatocellular carcinoma and can inhibit or
interfere with cellular DNA repair. The NS3 protein of HCV binds and moves ATM
to the cytoplasm of NS3 expressing cell lines. These cells or cells expressing an
HCV replicon exhibit an increased number of DSBs, delayed dephosphorylation
of ATM and H2AX, and the persistence of H2AX foci. HCV infection induces
production of reactive oxygen intermediates (ROIs), substances known to induce
double-stranded DNA breaks, and also induces the activation of STAT3 signaling
pathways. The induction of double-stranded breaks by ROIs, and the
interference with proper DNA repair could lead to genetic alterations that work in
concert with STAT3 signaling to cause cellular transformation (Lai et al., 2008).
The Hepatitis B protein X (HBx) causes increased sensitivity to UV damage and
reduces the capacity of cells to repair this type of damage. HBx binds to p53 and
prevents p53 mediated DNA repair as well as causing increased G2/M arrest and
inducing apoptosis. The HBx protein alone is not sufficient to induce
tumorigenesis, but sensitizes cells to other mutagens, perhaps acting to promote
tumorigenesis without directly causing the outcome {Lee, 2005). It is
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hypothesized that interfering with DNA repair may be an initiating factor in HBV
and HCV associated hepatocellular carcinomas.
The HTLV-1 Tax, HPV E6 and E7, and HBV HBx proteins are all
associated with increased mutation frequencies within the genomes of cells
expressing these viral proteins. The HPV E6 and E7 oncogenes interfere with
cellular nucleotide excision repair (NER) (Rey et al., 1999). Tax expressing cells
have an increased number of free 3’ DNA ends (Marriott and Semmes, 2005). In
all cases, these functions are not necessarily the primary cause of oncogenesis,
but may contribute to cellular transformation by allowing for mutation of cellular
genes that will aid in oncogenesis.
However, the most dangerous lesion a cell encounters is the doublestranded DNA break. Improper repair of such damage is thought to be a leading
cause of the development of chromosomal translocations such as those
identified in various leukemias. Deficiencies in double-stranded break-repair
result in a predisposition to cancer, particularly lymphomas. Patients of A-T,
ATLD, NBS, or Seckel syndrome have a higher rate of cancer development, and
frequently develop lymphomas.
Since adenovirus effectively prevents genome concatenation, it is likely
that H2AX phosphorylation has little effect on the outcome of virus infection in
most cells. However, such widespread H2AX phosphorylation could lead to the
inappropriate recruitment of DNA repair factors to cellular DNA. Phosphorylated
H2AX colocalizes with a number of cellular proteins involved in repair of double-
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stranded DNA breaks such as, Mdc1, MRN (Stucki and Jackson, 2006), and
53BP1 (Ward et al., 2003). Recruitment of repair proteins to damaged DNA is
delayed in H2AX-/- cells (Bassing et al., 2002; Ward et al., 2003). These cells are
also hypersensitive to ionizing radiation and exhibit mild checkpoint defects,
demonstrating the importance of the specific phosphorylation of this histone to
DNA repair processes (Bassing et al., 2002; Celeste et al., 2002; FernandezCapetillo et al., 2002). The role of H2AX in the control of homologous
recombination is not as clear as in double-stranded break repair. However, sister
chromatid exchange was demonstrated to be decreased approximately 4 fold in
H2AX-/- cell lines using a recombination reporter assay (Xie et al., 2004). Under
replication stresses leading to stalled replication forks, H2AX phosphorylation
occurs at sites of replication arrest, and colocalizes with Rad51 and BRCA1, both
of which are involved in both double-stranded break and recombination repair
(Paull et al., 2000; Ward and Chen, 2001).
Since H2AX foci recruit recombination and repair proteins to areas of
DNA damage, it is possible that the widespread H2AX phosphorylation seen
during adenovirus infection could result in improper recruitment of DNA damage
responders. This could be manifest as either the recruitment of repair proteins to
undamaged cellular DNA or an impaired ability to recruit repair proteins to bona
fide sites of DNA damage. While H2AX phosphorylation and the generation of
DNA repair foci had long been thought to only occur in response to actual DNA
damage, recent results have demonstrated that both of these events can occur
independent of DNA double-stranded breaks (Soutoglou and Misteli, 2008).
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Phosphorylation of H2AX is predominately associated with double-stranded DNA
breaks, but is increasingly being shown to occur as a response to other forms of
DNA damage as well. Base and nucleotide excision repair, usually triggered in
response to UV radiation, result in H2AX phosphorylation as these repair
pathways often rely on the generation of single- and double-stranded breaks in
order to complete repair. Forced docking of MRN complex members to
undamaged DNA leads to the generation of fully functional repair foci, and could
detract from the accumulation of these proteins at actual sites of DNA damage. It
is possible that aberrant phosphorylation of H2AX during adenovirus infection
could lead to the improper localization of DNA repair proteins to actual sites of
DNA damage, thereby preventing not only viral genome concatenation but also
the repair of cellular DNA damage.
Improper recruitment of repair proteins could have two possible outcomes.
Recruitment of these proteins to undamaged DNA could lead to spurious repair
potentially through the still active homologous recombination pathway. The
second outcome is the perpetuation and accumulation of double-stranded DNA
breaks within the cellular chromatin as non-homologous end joining is blocked by
adenovirus infection. Because epithelial cells typically die as a result of infection,
inappropriate cellular DNA repair in cells that permit a fully lytic infection would
have little bearing on the fate of these cells. However, human lymphocytes can
successfully harbor a productive adenovirus infection while continuing to divide
and survive (D. Ornelles and L. R. Gooding, unpublished observations). We have
observed nuclear-wide H2AX in these cell types as well (data not shown).
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Inactivation or alteration of DNA repair proteins during adenovirus
infection could provide the same phenotype as these cellular mutations. Perhaps
in precursor lymphoid cells, adenovirus infection could favor the accumulation of
lesions associated with inappropriate DNA repair or the persistence of double
strand DNA breaks and by this means may provide a molecular basis underlying
the potential association between prenatal adenovirus infection and the
development of acute lymphoblastic leukemia (Gustafsson et al., 2007).
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