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Adenovirus infection activates cellular DNA damage response and repair pathways. Viral proteins that are
synthesized before viral DNA replication prevent recognition of viral genomes as a substrate for DNA repair
by targeting members of the sensor complex composed of Mrell/Rad50/NBS1 for degradation and relocaliza-
tion, 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 YH2AX. Although phos-
phorylated 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 after the degradation of Mrell.
Experiments with inhibitors of the serine-threonine kinases ataxia telangiectasia mutated (ATM), AT- and
Rad3-related (ATR), and DNA protein kinase (DNA-PK), the kinases responsible for H2ZAX phosphorylation,
indicate that H2AX may be phosphorylated by ATR during a wild-type adenovirus infection, with some
contribution from ATM and DNA-PK. Viral DNA replication appears to be the stimulus for this phosphory-
lation 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.

Cellular DNA damage response pathways protect and pre-
serve 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 (62). 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 (4, 30). DNA-PK
acts in conjunction with the DNA ligase IV/XRCC4 complex
to mediate the ligation of double-stranded breaks through
nonhomologous end joining (34). 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. Activation of ATR is generally thought
to occur via the recognition of single-stranded tracks of DNA
(63). Each of these pathways leads to the phosphorylation and
activation of a number of cellular proteins such as the variant
histone H2AX, checkpoint kinases 1 and 2 (Chkl and Chk2),
and Nijmegen break syndrome protein 1 (NBS1), among oth-
ers (62). Signals transmitted by a cascade of phosphorylation
events result in cell cycle arrest and the accumulation of repair
protein complexes at sites of DNA damage.

Upon recognition of a double-stranded DNA break by the
cell, H2AX is phosphorylated on an extended C-terminal tail
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at serine 139 by the phosphatidylinositol 3-kinase (PI3K)-re-
lated kinases ATM, ATR, and DNA-PK (9, 41, 44, 58). Con-
sidered one of the earliest indications of a double-stranded
DNA break, phosphorylated H2AX (yH2AX) acts as a scaf-
folding protein to which a number of DNA repair factors can
dock to facilitate repair of the damaged DNA (36, 42, 53).
Areas of phosphorylated H2AX, termed yH2AX foci, are en-
riched for proteins involved in both homologous recombina-
tion and nonhomologous end joining, such as NBS1, BRCA1
(42), and Mdcl (24, 50).

Although adenovirus is able to activate both ATM and ATR
pathways (11), adenoviral proteins limit the extent and conse-
quences of signaling through these pathways. The E1B-55K
and E4orf6 proteins form an E3 ubiquitin ligase with the cel-
lular proteins Cullin-5, elongins B and C, and Rbx1 (28, 43).
This complex targets key cellular proteins involved in cellular
response to DNA damage, including p53 (28, 43), Mrell (51),
and DNA ligase IV (3). The E4orf3 gene product targets
cellular proteins central to both the cellular DNA damage
response and the antiviral response. The E4orf3 protein of
species C adenoviruses alters the localization of Mrel1/Rad50/
NBS1 (MRN) complex members within the nucleus to prevent
association with centers of viral DNA replication and to ensure
efficient viral DNA replication (17, 18, 52). In addition, these
three viral early proteins direct members of the MRN complex
(2, 35) and the single-stranded DNA-binding protein 2 (20) to
cytoplasmic aggresomes, where these sequestered proteins are
effectively inactivated. These viral activities, along with the
inactivation of DNA-PK by E4orf3 and E4orf6 gene products
(7), appear to prevent recognition of viral genomes by the
MRN complex and prevent ligation of these genomes through
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nonhomologous end joining. In cells infected with a virus with
E4 deleted, Mrell physically binds to viral DNA in an NBS1-
dependent manner and may prevent efficient genome replica-
tion (37). The overlapping means by which adenovirus disables
the MRN complex and prevents DNA damage repair serves to
illustrate the importance of this activity for a productive ade-
novirus infection. However, despite having DNA damage sig-
naling and DNA repair pathways dismantled, adenovirus-in-
fected cells exhibit some characteristic changes associated with
DNA damage signaling events, such as the phosphorylation of
H2AX (6, 15). Thus, it appears that adenovirus effectively
inhibits DNA repair activity but may not fully suppress the
early events of DNA damage signaling.

The focus of the present study was to elucidate the activation
of DNA damage signaling pathways revealed by phosphoryla-
tion of the variant histone H2AX during wild-type adenovirus
infection and to determine what stage of the virus life cycle
leads to this activation. We demonstrate that infected cells
respond to viral genome replication with high levels of H2ZAX
phosphorylation throughout the cell nucleus. This phosphory-
lation event is not localized to viral replication centers and
does not appear to be concurrent with cellular double-stranded
DNA breaks; rather, H2ZAX phosphorylation occurs coincident
with the bulk of cellular chromatin. H2AX phosphorylation
follows viral DNA replication and reaches peak levels after the
degradation of the Mrell. In addition, we observed that in-
fected cells can respond to both the presence of incoming viral
genomes and genome replication by initiating H2AX phosphor-
ylation.

MATERIALS AND METHODS

Cell culture. Cell culture media, supplements, and serum were obtained from
Invitrogen Life Technologies (Carlsbad, CA) through the Tissue Culture Core
Laboratory of the Comprehensive Cancer Center of Wake Forest University.
HeLa cells (ATCC CCL 2; American Type Culture Collection, Manassas, VA)
and HeLa cells stably expressing adenovirus preterminal protein were main-
tained as monolayer cultures in Dulbecco Modified Eagle medium supplemented
with 10% newborn calf serum, 100 U of penicillin, and 100 pg of streptomycin
per ml. Cells were maintained in subconfluent adherent cultures in a 5% CO,
atmosphere at 37C by passaging twice weekly at approximately a 1:10 dilution.
Wortmannin (BioSource, Camarilla, CA) was dissolved in dimethyl sulfoxide at
a concentration of 1 M and caffeine (Sigma/Aldrich, St. Louis, MO) was pre-
pared as a stock solution of 100 mM in phosphate-buffered saline (PBS). These
were diluted into culture medium at the indicated concentrations for cell treat-
ment.

Antibodies. The primary antibodies directed against adenovirus proteins used
in the present study include mouse monoclonal antibodies against E1A (M73),
E1B-55K (2A6), E2A-DNA binding protein (B6-8), and Edorf6 and E4orf6/7
(Rsa#3) proteins. Antibodies specific for cellular proteins included rabbit mono-
clonal antibodies against H2ZAX (A300-082A; Bethyl Laboratories, Montgomery,
TX) and yH2AX (A300-081A; Bethyl), mouse monoclonal antibodies against
YH2AX (05-636 and 16-202A; Upstate/Millipore, Billerica, MA), rabbit poly-
clonal antibodies against Mrell (PC388; Calbiochem, San Diego, CA), and
RPA32 (GTX70258; GeneTex, Irvine, CA) and mouse monoclonal antibodies
against B-actin (A5441; Sigma). Primary antibodies were used as hybridoma
tissue culture supernatant fluid (diluted 1:5 or undiluted) or at a concentration
of 1 pg per ml. Secondary antibodies, raised in goats and conjugated to horse-
radish peroxidase, were used at 0.2 pg per ml for immunoblotting (Jackson
Immunoresearch, West Grove, PA). 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 ug per ml. Antibodies were diluted into Tris-buffered saline
(0.137 M NaCl, 0.003 M KCl, 0.025 M Tris-CI [pH 8.0], 0.0015 M MgCl, 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 (In-
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vitrogen). Sodium azide was omitted from solutions used with horseradish per-
oxidase-conjugated antibodies.

Indirect immunofluorescence. Indirect immunofluorescence was performed as
previously described (40) with the modification that cells were fixed in freshly
prepared 2% formaldehyde and permeabilized in 0.5% Triton X-100 in PBS.
Samples were mounted with polyvinyl-alcohol based mounting medium contain-
ing 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 by using a Retiga EX 1350 digital camera
(QImaging Corp., Burnaby, British Columbia, Canada) with a X100 magnification/
1.4-numerical aperture oil immersion objective lens. Exposure settings to avoid-
ing saturation were determined for each experimental series using the strongest
signal, typically wild-type virus-infected cells. These settings were used to pho-
tograph all other samples to permit intensity comparisons within an experimental
series.

Immunoblotting. Adenovirus-infected cells were washed, harvested by trypsin
treatment, washed again, and resuspended in urea sample buffer (9 M urea, 0.05
M Tris [pH 6.8], 2% sodium dodecyl sulfate [SDS], 0.01 M 1,4-dithiothreitol) at
10* cells per pl. Proteins were denatured by heating to 95°C for 5 min, and the
DNA was sheared by sonication. Material derived from 5 X 10* cells was
separated by electrophoresis on a 10 or 15% polyacrylamide gel. For yH2AX
analysis, protein was separated under the conditions described in reference 6.
After separation, the proteins were electrophoretically transferred to nitrocellu-
lose 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 the addition of primary
antibodies at the concentrations indicated above. Hybridoma tissue culture su-
pernatants and B-actin antibody were incubated for 3 h at room temperature.
Other monoclonal and polyclonal antibodies were incubated overnight at 4°C.
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 anti-rabbit secondary antibody (Jackson Immu-
noresearch) at the above-stated dilutions for 90 min. The antibody-antigen com-
plex 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 se-
quential 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 multiplicity of infection (MOI). Cells were
treated with empty capsids for 1 h in infection media at 37°C. Infectious particles
or empty capsids were aspirated, and cells were placed in normal growth me-
dium. Note that cells exposed to empty capsid above an equivalent MOI of 1,000
showed extensive cytopathic effect.

Real-time PCR. Total DNA was harvested from 10° adenovirus-infected cells.
Briefly, cells were washed with PBS and harvested with trypsin. Cells were
pelleted and resuspended in 400 .l of isotonic lysis buffer (0.01 M Tris-HCI [pH
8.3], 0.015 M MgCl,, 0.075 M KCl, 0.5% NP-40, 0.5% Tween 20, 0.5 mg of
proteinase K/ml), followed by overnight incubation at 65°C. proteinase K was
inactivated by 15 min of incubation at 95C. A total of 2 pl of DNA was used as
a 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, Gaithersburg, MD) according to
the manufacturer’s directions. Forward and reverse primers specific for the
hexon gene of adenovirus were used in conjunction with a fluorescent probe to
this same region (23). The amplification profile used was as follows: 1 cycle at
95C for 10 min and 50 cycles at 95°C for 15 s and 55°C for 1 min. A standard
curve was plotted for each reaction with cycle threshold (C;) values obtained
from amplification of known quantities of purified wild-type adenovirus DNA.
The standard curves were used to transform the C; values of experimental
samples into the relative number of genome copies. The 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 4°C. The ethanol was removed, and cells
were resuspended at approximately 2 X 10° cells per ml in propidium iodide
buffer (0.1 M NaCl, 0.036 M sodium citrate, 50 pg 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 Dickinson) with an argon laser as the excitement source
(488 nm). The emitted light was analyzed for forward and side scatter, pulse
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width (to discriminate doublets), and red fluorescence (>630 nm) of propidium
iodide to determine the DNA content per cell. A total of 10,000 events were
measured in each analysis.

For analysis of H2AX phosphorylation, cells were fixed with either 70%
ethanol or 2% paraformaldehyde. After fixation with PFA, cells were permeab-
ilized with 0.5% Triton X-100. Cells were directly labeled with either a fluores-
cein-conjugated monoclonal antibody (16-202A; Upstate, Temecula, CA) or
indirectly labeled with unconjugated monoclonal antibodies against phosphory-
lated H2AX (Ser-139) listed above, at room temperature for 90 min. Cells were
washed three times in PBS supplemented with 1% normal calf serum (Invitro-
gen). If indirectly labeled, the cells were followed by incubation with fluorescein-
or Alexa Fluor 488-conjugated secondary antibodies at a 1 to 1,000 dilution for
60 min. Indirectly labeled cells were again washed three times in PBS solution
and immediately analyzed using a BD FACSCalibur, measuring the green fluo-
rescence (>518 nm) of fluorescein or Alexa Fluor 488 for a total of 10,000
events. The results shown are representative of multiple experiments performed
in triplicate using various combinations of the above-mentioned antibodies.

RESULTS

Adenovirus infection results in H2AX phosphorylation. Al-
though products of the E1B and E4 genes of adenovirus suppress
DNA damage signaling at late times of infection, phosphorylation
of H2AX (yH2AX) has been observed in adenovirus-infected
cells (6, 15). To compare the levels of phosphorylated H2AX
generated by ionizing radiation with those elicited during ad-
enovirus infection, HeLa cells were infected with adenovirus or
subjected to ~40 Gy of ionizing radiation. Phosphorylation of
H2AX was observed by immunofluorescence at 24 h postin-
fection (hpi) or ~15 min after irradiation (Fig. 1A). Mock-
infected cells exhibited little to no H2AX phosphorylation,
with the occasional appearance of one or two YH2AX foci in a
cell. As previously reported, ionizing radiation resulted in the
phosphorylation of H2AX at specific foci within the cell nu-
cleus, a finding indicative of double-stranded DNA breaks
(42). Fewer yYH2AX foci may be represented in the images of
irradiated cells (Fig. 1A) than were actually present because of
the limited depth of focus and because some foci may have
resolved in the elapsed time between irradiation and process-
ing. Adenovirus-infected cells, however, exhibited strikingly
high levels of H2AX phosphorylation. This phosphorylation
was spread throughout the cell nucleus and did not appear to
colocalize with viral replication centers, as shown by adenovi-
rus DNA-binding protein, DBP. Rather, phosphorylated
H2AX appeared to be coincident with cellular chromatin. Be-
cause this pattern of phosphorylation was observed with three
different phospho-specific antibodies raised in mice and rabbits
(Bethyl A300-081A; Upstate 05-636, Upstate 16-202A), it
seems unlikely that this staining pattern was due to a spurious
interaction between the phospho-specific antibody and the in-
fected cell.

Adenovirus disables cellular DNA damage responses in or-
der to prevent ligation of cellular genomes (51). To determine
whether H2AX phosphorylation occurs prior to degradation of
Mrell, the levels of yH2AX and Mrell were measured at
various times during wild-type adenovirus infection. Phosphor-
ylated H2AX first reached detectable levels at 12 hpi (Fig. 1B)
and continued to increase until 24 hpi, when it appeared to
peak and remain steady. Total levels of H2AX increased
sharply at 18 hpi. 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 infec-
tion (39). Histone H3 levels also increased during adenovirus
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FIG. 1. Phosphorylated H2AX accumulates at late times after in-
fection with wild-type adenovirus. (A) HeLa cells were mock infected,
exposed to 40 Gy of radiation, or infected at an MOI of 5 with the
wild-type virus d/309. Cells were processed for immunofluorescence
microscopy for the E2A DNA-binding protein (E2A-DBP) and phos-
phorylated H2AX (yH2AX) 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. (B) HeLa cells were
infected at an MOI of 5 and harvested at the indicate times postinfec-
tion. Material representing equivalent numbers of initially infected
cells was separated by SDS-polyacrylamide gel electrophoresis and
analyzed by immunoblotting with the indicated antibodies. (C) Viral
DNA levels were measured by quantitative real-time PCR from HeLa
cells infected at an MOI of 5 with d/309 at the indicated times after
infection (open symbols). The relative level of YH2AX (closed sym-
bols) was determined as the ratio of YH2AX signal to total H2AX
signal for each time point from a blot similar to the representative blot
in panel B. The ratio measured for mock-infected cells was set to 1.

infection, although to a lesser extent than H2AX (data not
shown). Mrell levels remained high at 6 hpi but began to
decrease by 12 hpi. At 36 hpi, consistent with previous reports
(51), Mrell was almost completely absent from infected cells.
Although low levels of phosphorylated H2AX appeared prior
to complete Mrell degradation, these results demonstrate that
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FIG. 2. PI3K-like kinase inhibitors 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, either caffeine or wortmannin was added to the infected cells at the indicated concentration, and the
cells were harvested for analysis after 24 h by immunoblotting for YH2AX and total H2AX. The relative levels of H2AX phosphorylation were
determined as the ratio of yYH2AX to total H2AX where the ratio measured for mock-infected cells was set to 1. (A to D) Representative results
of four experiments for caffeine treatment are shown in panels A and B and for wortmannin treatment in panels C and D. (E and F) HeLa cells
were mock infected (—) or infected with the E4 deletion virus, d/366* (+), at an MOI of 10. After 3 h, either caffeine or wortmannin was added
to the infected cells at the indicated concentration, and cells were harvested for analysis at 24 h by immunoblotting for RPA32. An open arrowhead
indicates nonphosphorylated RPA32, and a filled arrowhead indicates the phosphorylated form of RPA32.

the high levels of H2AX phosphorylation observed during in-
fection do not occur until after Mrell has been significantly
reduced.

To relate the kinetics of H2AX phosphorylation to the tim-
ing of viral genome replication, levels of adenovirus DNA were
measured over time by real-time PCR (Fig. 1C). Viral genome
replication began at ~6 hpi. Levels of the viral genome ap-
peared to peak at 12 hpi 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 (Fig. 1D), which is consistent
with the idea that H2AX phosphorylation may be sustained in
an MRN-independent manner.

PI3K-like kinase inhibitors decrease H2AX phosphoryla-
tion in infected cells. The protein kinases ATM, ATR, and
DNA-PK have been shown to phosphorylate H2AX (9, 41, 58).
To determine the contribution of these kinases to yH2AX,
cells were infected with wild-type adenovirus at high MOIs,
followed at 3 hpi by treatment with the kinase inhibitors caf-
feine (Fig. 2A and B) and wortmannin (Fig. 2C and D) at a
range of concentrations. YH2AX and total H2AX were mea-
sured by immunoblotting, and the levels of YH2AX were quan-
tified relative to the 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 ca. 40%
at 10 mM (45). At the lowest concentrations of caffeine, which

is sufficient to inhibit only ATM, an increase in H2AX phos-
phorylation was observed. Such an increase has been previ-
ously reported for the use of caffeine and wortmannin in irra-
diated cells and is considered to be the result of increased
activity of the noninhibited kinase (57). At concentrations
higher than 10 mM, at which ATR activity would be almost
completely inhibited, the levels of YH2AX decreased substan-
tially to approximately the levels observed in mock-infected
cells. Since caffeine is only able to reduce DNA-PK activity to
40%, it appears that the decrease in H2AX phosphorylation is
the result of the inhibition of ATR activity rather than the
result of the inhibition of ATM or DNA-PK.

Wortmannin inhibits ATM and DNA-PK at 30 uM and is
able to reduce ATR activity to 50% at 100 pM (46). Similar to
the results obtained with caffeine, inhibition of ATM and
DNA-PK resulted in an initial increase in H2AX phosphory-
lation. As the concentration of wortmannin was increased to
levels sufficient to partially inhibit ATR, H2AX phosphoryla-
tion 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.

To confirm the expected action of caffeine and wortmannin,
Hela cells were infected with dI366*, a mutant adenovirus
lacking the entire E4 region (29). A similar mutant virus was
shown to activate both ATM and ATR (11), resulting in the
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phosphorylation of both RPA32 and Chkl. Infected cells were
left untreated or were treated with caffeine (Fig. 2E) or wort-
mannin (Fig. 2F) at the indicated concentrations. Cell lysates
were harvested at 24 hpi and analyzed by immunoblotting to
identify hyperphosphorylated forms of RPA32, a substrate of
ATR. As expected, infection with a virus with E4 deleted
resulted in RPA32 phosphorylation. This phosphorylation was
ablated by treatment with all concentrations of drugs. Phos-
phorylation of the ATM substrate, Chkl, was similarly de-
creased upon drug treatment (data not shown). Accumulation
of late viral proteins was diminished by ca. 40% by 30 uM
wortmannin or 30 mM caffeine (data not shown).

These results indicate that the PI3K-like kinases ATM,
ATR, and DNA-PK probably remain functional at some point
during adenovirus infection. Since the inhibitors used here fail
to specifically target individual enzymes, we cannot determine
the specific contribution of each kinase to H2AX phosphory-
lation. However, ATR may be the kinase most responsible for
H2AX phosphorylation, because inhibition of this kinase by
caffeine resulted in a marked decrease in H2AX phosphoryla-
tion, whereas wortmannin, which has limited ability to inhibit
ATR activity, did not significantly reduce H2AX phosphoryla-
tion. In addition, recent work of Weitzman et al. has shown
that ATR is activated at early times by adenovirus infection
(10).

vYH2AX does not depend on early viral proteins and is in-
dependent 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
(14, 63). Adenovirus genome replication not only generates
numerous free DNA ends but also a large quantity of single-
stranded DNA (21, 32). To determine whether the H2AX
phosphorylation observed is a response to viral DNA replica-
tion and possibly 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, HSwt300ApTP (ApTP). ApTP contains a deletion of the
preterminal protein gene and thus is unable to direct the syn-
thesis of viral DNA (47). Infection of HeLa cells with the ApTP
mutant virus resulted in a diffuse nuclear distribution of DBP
characteristic of that seen at early times of infection. The
staining patterns for DBP and yH2AX confirm that the ApTP
virus is incapable of forming replication centers and did not
elicit widespread H2AX phosphorylation (Fig. 3A).

To exclude the possibility that unanticipated mutations in
the ApTP viral genome contributed to the failure to elicit
H2AX phosphorylation, HeLa cells that constitutively express
the preterminal protein gene were infected at a high MOI with
either the wild-type or ApTP adenovirus. Delivery of preter-
minal protein in frans allowed for the generation of viral rep-
lication centers in ApTP virus-infected cells (Fig. 3B) and re-
sulted in nuclear wide phosphorylation of H2AX, as seen in
cells infected with the wild-type virus. Since expression of the
preterminal protein gene alone did not increase levels of
H2AX phosphorylation, it seems likely that viral genome rep-
lication 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 alter-
ation of the cellular environment and inhibition of the DNA
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FIG. 3. Widespread H2AX phosphorylation during adenovirus in-
fection requires viral DNA synthesis. (A) HeLa cells were mock in-
fected, infected with the wild-type virus d/309, or infected with the
DNA replication-deficient adenovirus H5wt300-ApTP (ApTP) at an
MOI of 5 and processed for immunofluorescence after 24 h for the
E2A-DBP protein and YH2AX. (B) HeLa cells that stably express the
E2B preterminal protein gene (HeLa-pTP) were infected and pro-
cessed as in panel A. The restoration of centers of viral DNA replica-
tion is seen by the appearance of foci of E2A-DBP staining.

damage response (3, 51). It has been suggested previously that
H2AX phosphorylation occurs in response to adenovirus E1A
gene expression (15). We have also observed that infection
with adenoviruses with E1A deleted did not increase H2AX
phosphorylation (data not shown). However, with the excep-
tion of the E2B preterminal protein gene, the ApTP virus is
expected to direct the expression of all viral genes that do not
depend on viral DNA synthesis. To confirm that dysregulated
expression of the viral early genes did not preclude H2AX
phosphorylation, the expression of early viral proteins by both
ApTP and wild-type adenovirus was evaluated by immunoblot-
ting. Like the wild-type virus, the ApTP virus expressed E1A,
E1B-55K, E2A, and E4orf6 (Fig. 4A). Both viruses expressed
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FIG. 4. Viral DNA replication-deficient HSwt300-ApTP elicits sim-
ilar changes to the cellular DNA profile as the wild-type virus. HeLa
cells were infected with the wild-type virus dI309 (A) or H5wt300-ApTP
(B) at an MOI of 5 and harvested at the indicated times after infection.
Material representing equivalent numbers of initially infected cells was
separated by SDS-polyacrylamide gel electrophoresis 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 kilodaltons. Mrell levels were measured in
separate infections and are shown with the corresponding B-actin
loading control. (C) HeLa cells infected with indicated viruses were
harvested after 24 h and the cellular DNA content analyzed by flow
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these early gene products to largely similar levels, although
ApTP-infected cells exhibited a slight delay in protein accumu-
lation and expressed slightly less total protein. Unlike wild-type
virus-infected cells, wherein E1A expression is high at early
times and is reduced at late times of infection (48), E1A ex-
pression continued throughout the ApTP infection, a finding
consistent with the failure of this virus to progress to late stages
of infection. In addition, although the E1B-55K and E4orf6
gene products were expressed and presumably promoted the
degradation of Mrell (Fig. 4B) and p53 (data not shown), we
noted that Mrell levels remained higher in ApTP-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 ApTP-infected cells can-
not be attributed to differences in early viral gene expression
nor to a more rapid disappearance of Mrell. Although the
ApTP and wild-type virus expressed early genes to slightly
different levels at an equivalent multiplicity, we observed that
even at high multiplicities where more viral protein would be
produced, ApTP virus-infected cells never accumulated levels
of YH2AX comparable to that observed in wild-type virus-
infected cells (Fig. 5)

E1A proteins activate cellular processes that drive the in-
fected cell into an S-phase-like environment favorable for virus
replication (48). This prolonged S-phase-like environment may
resemble the cellular environment during S-phase arrest,
which occurs in response to replication-associated DNA dam-
age such as stalled replication forks (1). Arresting cells in S
phase by treatment with drugs such as hydroxyurea and aphidi-
coline, both of which cause replication forks to stall, leads to
H2AX phosphorylation (27). To establish whether the cellular
S-phase-like environment during wild-type infection is respon-
sible for H2AX phosphorylation, the DNA content of cells
infected with the wild-type or ApTP mutant virus was mea-
sured by propidium iodide staining and flow cytometry (Fig.
4C). The apparent stage of the cell cycle was determined, and
the percentage of the cell population in each stage is summa-
rized in Fig. 4D.

At 6 hpi, cells infected with either virus exhibited distinct
populations of cells containing G,, S, and G,/M content of
DNA, with ca. 60% of cells containing DNA content corre-
sponding to G,, 20% corresponding to S phase, and 20%
corresponding to G,/M. As the time of infection progressed to
18 and 24 hpi, 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 G,
DNA content was reduced (30 to 35% at 18 hpi, 10 to 15% at
24 hpi). At late times of infection, cells accumulated DNA in
excess of G,/M content (>4 n). This result has been previously
described for cells infected with the E1B-55K mutant adeno-

cytometry after staining with propidium iodide. Representative histo-
grams are shown where the gates identify populations containing the
indicated DNA content for uninfected cells. (D) 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 C. The
fraction of cells within with each gate indicated in panel C is plotted as
a percentage.
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FIG. 5. Delivery of increasing amounts of nonreplicating viral genomes elicits limited and focal yYH2AX. (A) HeLa cells were infected with the
replication-deficient virus H5wt300-ApTP 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 YH2AX. Levels of YH2AX 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 three to eight replicates performed on separate occasions. (C) HeLa cells were infected with H5wt300-ApTP at the
indicated MOI and processed 24 hpi for immunofluorescence to visualize YH2AX 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 bars in

panels a, e, and h represent 10 pm.

virus and was referred to as endoreduplication (13). Similar
DNA profiles were observed for both wild-type and ApTP virus
infections through 24 hpi, indicating that the replication of
cellular DNA by the infected cell is not responsible for H2AX
phosphorylation. Note that because the ApTP mutant virus
fails to direct viral DNA synthesis, the increase in DNA con-
tent in these cells can only be due to an increase in cellular
DNA. Furthermore, examination of propidium iodide-stained
wild-type virus-infected cells by fluorescence microscopy re-
vealed 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

nonreactive 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 sub-
sequent to viral DNA replication, promote widespread phos-
phorylation of H2AX.

Input viral genomes generate low-level, localized H2AX
phosphorylation. Adenovirus genome replication yields thou-
sands of copies of viral DNA and an abundance of single-
stranded DNA (21, 32). Both of these DNA structures could
stimulate a DNA damage response. Unlike adenoviruses with
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E1 deleted, which can replicate the viral genome under some
circumstances (8, 25, 49), deletion of the preterminal protein
gene renders the ApTP mutant virus completely unable to
direct genome replication (47). Thus, this mutant virus pro-
vides an efficient means of delivering viral DNA at high mul-
tiplicities without the complication of viral DNA replication.
To determine the efficiency of the delivery of viral genomes as
a function of MOI, HeLa cell were infected with ApTP at a
range of multiplicities. Total cell DNA was harvested at 24 hpi
and used as a template for real-time PCR (Fig. 5SA). At 24 hpi,
when wild-type virus DNA replication has reached ~10° copies
per cell (see Fig. 1C), only input amounts of viral DNA were
recovered from ApTP-infected cells, confirming the inability of
this virus to replicate its genome. Infection and genome deliv-
ery by ApTP 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. 5A, inset) up to a saturating level of about 350 viral
genomes per cell (Fig. 5A).

To determine the impact of input viral DNA on H2AX
phosphorylation, cells were infected with various amounts of
the ApTP mutant virus. Cells were harvested at 24 hpi and
levels of YH2AX were measured by flow cytometry (Fig. 5B).
At each MOI, the amount of phosphorylated H2AX was com-
parable to that of mock-infected cells, whereas infection with
the wild-type virus at an MOI of 5 resulted in approximately
twofold 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 ApTP mutant virus, changes in H2AX
phosphorylation were apparent by immunofluorescence mi-
croscopy (Fig. 5C). Delivery of up to approximately 150 copies
of the viral genome (MOI = 20) by infection with the ApTP
mutant virus resulted in a very low level of H2AX phosphory-
lation. At these multiplicities, YH2AX 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 yYH2AX foci.
Cells infected with an MOI of 50 or 100 had increased numbers
of YH2AX foci compared to cells infected at lower multiplic-
ities, and the number of foci appeared to increase with increas-
ing multiplicities. Nonetheless, delivery of the highest amounts
of viral genomes to the cell nucleus by ApTP infection was still
insufficient to generate diffuse nuclear-wide H2AX phosphor-
ylation that we observed during wild-type virus-infection. At
these highest multiplicities, phosphorylated H2AX was still
found in distinct foci within the nucleus (Fig. 5Cf to h). It
remains to be determined whether these discrete foci observed
at 24 hpi are associated with the input viral genomes. It also
appears that the focal staining pattern observed at the higher
multiplicities of infection with the ApTP mutant virus (Fig. 5C)
was not readily detected by flow cytometry (Fig. 5B). The
reason for this apparent discrepancy remains unknown. None-
theless, the difference in H2AX phosphorylation patterns ob-
served between wild-type and ApTP high MOI infection sug-
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FIG. 6. Exposure to empty viral capsids fails to elicit yYH2AX.
(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, yH2AX was visualized by immunofluorescence
and photographed using the identical exposure settings in Fig. 5.
(B) HeLa cells were mock infected, infected with the wild-type virus
dI309, or exposed to empty capsids at the indicated equivalent MOI.
After 24 h, cellular lysates were prepared and analyzed by immuno-
blotting for yYH2AX, total H2AX, and B-actin.

gests that cells are able to recognize both incoming viral
genomes, as presented by ApTP infection, and viral genome
replication that occurs during wild-type virus infection.
Attachment of adenovirus to the cell surface can trigger
signaling events within the cell, including PI3K activation (33).
To determine whether the focal staining pattern for yH2AX
observed at the highest MOIs with the ApTP 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 multiplic-
ities. Empty capsid-treated cells were analyzed by immunofluo-
rescence (Fig. 6A). In contrast to what we observed in cells
infected with the ApTP mutant virus, exposure to empty cap-
sids did not result in YH2AX foci at any concentration of
empty particles. In addition, cell lysates were generated at 24
hpi and levels of YH2AX, H2AX, and B-actin were measured
by immunoblotting. As shown previously, wild-type virus-infec-
tion resulted in a substantial increase in YH2AX levels. At all
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concentrations, empty virus particles did not elicit a measur-
able level of H2AX phosphorylation (Fig. 6B). Because infec-
tion with the ApTP virus at MOIs of 50 through 500 resulted in
a visible change to the pattern of H2AX phosphorylation (Fig.
5C) but treatment with equivalent amounts of empty capsids
did not, we conclude that the YH2AX foci observed in ApTP-
infected cells resulted from the detection of viral genomes.
Although empty capsids were unable to stimulate phosphory-
lation of H2AX, exposure of cells to empty capsids was not
wholly innocuous, since concentrations higher than those used
here were sufficient to cause cell death (data not shown).
Taken together, we interpret these results to indicate that
adenovirus-infected cells are able to sense and respond to the
entering viral DNA. Both incoming viral genomes and 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.

DISCUSSION

Infection with wild-type adenovirus results in nuclear-wide
phosphorylation of the cellular histone H2AX. This phosphor-
ylation event is distinct from that associated with damage to
cellular DNA, because the phosphorylation occurs throughout
the cell nucleus rather than in specific foci. In HeLa cells,
H2AX phosphorylation reaches a peak at 24 hpi. At this time
Mrell levels have been significantly reduced and viral genome
replication has reached a maximum. H2AX phosphorylation
appears to be mediated predominantly by ATR but with po-
tential contributions from ATM and DNA-PK, indicating that
the rate at which Mrell 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 (48). Viral
DNA does not contribute to the overall DNA content detected
by propidium iodide staining and flow cytometry because the
ApTP- and wild-type virus-infected cells exhibited similar
DNA profiles after the onset of viral genome replication in
wild-type virus-infected cells. Similar numbers of cells infected
with either the wild-type virus or the ApTP virus contained a
DNA content in excess of 4n while only wild-type virus-in-
fected 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 phos-
phorylation observed during wild-type virus infection was due
to viral genome replication or to subsequent events that de-
pend on viral DNA replication.

Input viral DNA contributes little to the overall levels of
H2AX phosphorylation. Infection with the ApTP mutant virus
at various multiplicities did not result in detectable levels of
YH2AX when monitored by flow cytometry or immunoblot-
ting. However, when H2AX phosphorylation was examined in
ApTP-infected cells by immunofluorescence microscopy, the
pattern of yYH2AX was distinct from that of wild-type virus-
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infected cells. Cells infected with the ApTP virus at multi-
plicities below 50 contained H2AX phosphorylation that
was indistinguishable from uninfected cells. However, at
multiplicities of 100 to 500, the ApTP virus elicited a moderate
focal response; rather than occurring throughout the nucleus,
vYH2AX was found in specific, distinct foci within the nucleus.
It will be interesting to determine whether these yYH2AX foci,
which were observed 24 h after infection, correspond to the
location of the input viral DNA within the cell nucleus. Dif-
ferences in the pattern of H2AX phosphorylation among un-
infected cells, cells infected with the wild-type virus, and cells
infected with the ApTP mutant virus indicate that the infected
cell is capable of recognizing and responding to incoming viral
DNA. However, nucleus-wide H2ZAX phosphorylation appears
to occur only in response to viral genome replication.

Since cells appear able to respond to the incoming viral
genomes 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 viral DNA with E4 deleted (37, 38). This implies
a potential role for Mdcl in viral DNA recognition, perhaps
through recruitment of the MRN complex and other DNA
repair factors. However, in the absence of Mdcl, Mrell can
still localize to replication centers in cells infected with a virus
with E4 deleted (38). Incoming viral genomes may activate one
set of DNA damage response pathways, potentially by binding
Mdcl, and viral genome replication may activate a second
pathway. Our results using the ApTP virus support the notion
that Mdc1 recognizes incoming viral DNA prior to degradation
of Mrell (38). In the case of E4 deletion viruses, this second
activation due to genome replication is likely to be at least
partially mediated in an MRN-dependent manner, since these
proteins remain functional during infection with an E4 mutant
virus. However, the results presented in this report demon-
strate high levels of H2AX phosphorylation after alteration of
Mrell, suggesting that adenovirus DNA replication can acti-
vate a facet of the DNA damage response independently of the
MRN complex. At least two scenarios could account for the
phosphorylation of H2AX observed during wild-type virus in-
fection. Viral DNA replication could activate the responsible
kinases independently of the MRN complex, with the signal for
activation being a substrate other than double-stranded DNA
ends. Alternatively, the MRN complex could play a role in the
initial kinase activation during infection, while the propagation
and persistence of H2AX phosphorylation could occur in an
MRN-independent manner.

Viral genome replication yields up to 50,000 copies of linear,
double-stranded viral genomes, potentially exposing the in-
fected cell to 100,000 free DNA ends (56). In addition, a
single-stranded viral DNA molecule arises for every double-
stranded viral genome that is replicated (21, 32). 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), a cellular single-stranded
DNA-binding protein required for multiple aspects of DNA
metabolism (64), and ATR-interacting protein (ATRIP) to
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centers of viral DNA replication (6, 52). This localization is
consistent with the recognition of single-stranded DNA within
viral replication centers by cellular proteins. In addition, Black-
ford et al. have demonstrated a role for ATR in phosphoryla-
tion of RPA32 and H2AX during adenovirus infection (6).
Recently, Carson et al. have shown that ATR is activated by
adenovirus infection and that this activation is modulated by
Edorf3 (10). Our results obtained with the kinase inhibitors
caffeine and wortmannin are consistent with a role for ATR in
H2AX phosphorylation during adenovirus infection. The re-
quirement of viral DNA replication demonstrated in the
present study and the localization of ATR and associated pro-
teins to viral replication centers shown by others suggests a role
for single-stranded DNA structures underlying the adenovirus-
induced phosphorylation of H2AX. Activation of these path-
ways may be partially mediated by the cellular E1B-APS pro-
tein, an interacting partner of the viral E1B-55K protein (22).
E1B-APS5 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 (6).
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,
E1B-AP5 may act to promote the activation and localization of
ATR during adenovirus infection, resulting in the phosphory-
lation of various DNA damage response components.

A number of viruses activate cellular DNA damage path-
ways and either use these pathways for their own replication or
subvert the response to ensure efficient replication (60). Mu-
rine gammaherpesvirus 68, Epstein-Barr virus, and human im-
munodeficiency virus type 1 (HIV-1) all activate pathways that
result in the phosphorylation of H2AX (16, 55). For gamma-
herpesvirus 68 and HIV-1, activation is an important step in
replication; gammaherpesvirus 68 uses cellular factors for cir-
cularization of the genome prior to replication (55), and HIV-1
uses cellular factors to complete integration of the provirus
into cellular DNA (16). In contrast, Epstein-Barr virus repli-
cation activates DNA damage response pathways, but activa-
tion does not appear to be required for lytic viral replication
(31). Although it is well understood that DNA double-
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.

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 wide-
spread H2AX phosphorylation could lead to the inappropriate
recruitment of DNA repair factors to cellular DNA. Phosphor-
ylated H2AX colocalizes with a number of cellular proteins
involved in repair of double-stranded DNA breaks such as
Mdcl, MRN (reviewed in reference 54), and 53BP1 (59). Re-
cruitment of repair proteins to damaged DNA is delayed in
H2AX ™'~ cells (5, 59). These cells are also hypersensitive to
ionizing radiation and exhibit mild checkpoint defects, dem-
onstrating the importance of the specific phosphorylation of
this histone to DNA repair processes (5, 12, 19). The role of
H2AX in the control of homologous recombination is not as
clear as in double-stranded break repair. However, sister chro-
matid exchange was demonstrated to be decreased ~4-fold in
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H2AX /" cell lines using a recombination reporter assay (61).
Under replication stresses leading to stalled replication forks,
H2AX phosphorylation occurs at sites of replication arrest and
colocalizes with Rad51 and BRCAI, both of which are in-
volved in both double-stranded break and recombination re-
pair (42, 58).

Since YH2AX 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 manifested 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.
Either scenario could be detrimental. The first circumstance
could lead to spurious repair on undamaged DNA potentially
through the homologous recombination pathway, while the
second scenario could lead to the perpetuation and accu-
mulation of double-stranded DNA breaks within the cellular
chromatin as nonhomologous end joining is blocked by ad-
enovirus 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 lympho-
cytes can successfully harbor a productive adenovirus infec-
tion while continuing to divide and survive (D. Ornelles and
L. R. Gooding, unpublished observations). We have ob-
served nuclear-wide YH2AX in these cell types as well (data
not shown). 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 mo-
lecular basis underlying the potential association between
prenatal adenovirus infection and the development of acute
lymphoblastic leukemia (26).
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