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Adenovirus type 5 (Ad5) inactivates the host cell DNA damage response by facilitating the degradation of
Mre11, DNA ligase IV, and p53. In the case of p53, this is achieved through polyubiquitylation by Ad5E1B55K
and Ad5E4orf6, which recruit a Cul5-based E3 ubiquitin ligase. Recent evidence indicates that this paradigm
does not apply to other adenovirus serotypes, since Ad12, but not Ad5, causes the degradation of TOPBP1
through the action of E4orf6 alone and a Cul2-based E3 ubiquitin ligase. We now have extended these studies
to adenovirus groups A to E. While infection by Ad4, Ad5, and Ad12 (groups E, C, and A, respectively) cause
the degradation of Mre11, DNA ligase IV, and p53, infection with Ad3, Ad7, Ad9, and Ad11 (groups B1, B1, D,
and B2, respectively) only affects DNA ligase IV levels. Indeed, Ad3, Ad7, and Ad11 cause the marked
accumulation of p53. Despite this, MDM2 levels were very low following infection with all of the viruses
examined here, regardless of whether they increase p53 expression. In addition, we found that only Ad12 causes
the degradation of TOPBP1, and, like Ad5, Ad4 recruits a Cul5-based E3 ubiquitin ligase to degrade p53.
Surprisingly, Mre11 and DNA ligase IV degradation do not appear to be significantly affected in Ad4-, Ad5-,
or Ad12-infected cells depleted of Cul2 or Cul5, indicating that E1B55K and E4orf6 recruit multiple ubiquitin
ligases to target cellular proteins. Finally, although Mre11 is not degraded by Ad3, Ad7, Ad9, and Ad11, no viral
DNA concatemers could be detected. We suggest that group B and D adenoviruses have evolved mechanisms
based on the loss of DNA ligase IV and perhaps other unknown molecules to disable the host cell DNA damage
response to promote viral replication.

Human adenoviruses (Ad) comprise a large family of more
than 50 different serotypes, which have been classified into six
groups (A to F; summarized in Supplemental Table 1 at http:
//www.cancersciences.bham.ac.uk/research/supplementarydata
.shtml) (3, 42). Most of the viruses cause mild infections during
early childhood, although much of the interest in the scientific
community stems from the demonstration that members of
group A viruses (e.g., Ad12) can cause tumors in newborn
rodents (48). Despite these observations, the great majority of
studies have been carried out on group C viruses, Ad2 and
Ad5, with some interest being shown in Ad12 and Ad9.

Among the properties of adenoviruses that have been inves-
tigated in detail recently is their ability to disrupt various cel-
lular DNA damage response pathways (51). These studies de-
rive from original investigations that showed that, following
infection with a mutant adenovirus lacking the E4 region, viral

genomes are joined end to end to form high-molecular-weight
concatemers that cannot be packaged into virus capsids (50).
This phenomenon probably can be attributed to the cell’s rec-
ognition of viral DNA as cellular DNA that has undergone
double-strand breaks (DSBs), although it is possible that it
represents an antiviral defense mechanism. Additionally, the
cell can inhibit viral replication by its DSB response (51). It is
now clear that adenoviruses have evolved a series of mecha-
nisms that can disable cellular DNA repair pathways. A major
target appears to be the MRN complex (comprised of Mre11,
Rad50, and NBS1) (9, 45). In uninfected cells this complex is
involved in the initial recognition of DSBs and binds to ATM,
where it is required for the full activation of the kinase; how-
ever, it is not essential for residual activity following DNA
damage (28, 33). In addition, components of the MRN com-
plex play a role in the cellular response to UV, which is taken
as an initiator of single-strand breaks and stalled replication
forks (30, 31). Thus, the MRN complex also may be involved in
ATR activation and checkpoint signaling.

The MRN complex is inactivated by two mechanisms in the
Ad5-infected cell. Through the action of the E1B55K/E4orf6
complex MRN components are targeted for proteasomal deg-
radation (45). It is likely that the Mre11 subunit is the direct
target for E1B55K/E4orf6-dependent degradation, because
ATLD cells that express no detectable Mre11 but still have low
levels of Rad50 and NBS1 show no further loss of these pro-
teins after Ad5 infection (40). A second mechanism employed
by Ad5 is the mislocalization of the MRN complex by E4orf3
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to promyelocytic leukemia protein (PML)-containing “nuclear
tracks” (1, 17). In the absence of Ad5E4, MRN is recruited to
viral replication centers (VRCs). Mislocalization of MRN by
Ad5 E4orf3 has been shown to prevent both ATR signaling
and the formation of viral genome concatemers (10, 45).

Other proteins that play a significant role in the cellular
DNA damage response also are degraded during Ad5 infec-
tion. Thus, it has long been established that p53 is targeted to
the proteasome after infection by the actions of E1B55K and
E4orf6 (35, 43). These viral proteins associate with a cullin-
based RING E3 ubiquitin ligase (CRL) comprising Cul5,
RBX1, and elongins B and C (21, 36). Ad5E1B55K has been
proposed to act as a substrate receptor, binding p53, while
E4orf6 is an adaptor molecule binding to E1B55K/p53 and the
CRL (5, 7). The loss of p53 may be important for the viral life
cycle by preventing the activation of the G1/S cell cycle check-
point, and perhaps for the inhibition of its ability to induce
apoptosis. The degradation of p53 and the MRN complex is
accompanied, during Ad5 and Ad12 infection, by the proteol-
ysis of DNA ligase IV (2). This is also dependent on E1B55K/
E4orf6 and is responsible for the adenovirus-mediated inhibi-
tion of nonhomologous end joining (NHEJ) (2, 45).

Previous studies of DNA damage repair protein degradation
have concentrated primarily on the action of Ad5 (2, 36, 45). It
has been established that Ad12 and Ad4 also cause the deg-
radation of p53 and Mre11 in a manner similar to that of Ad5,
and this is dependent on the E4orf6 and E1B55K proteins (4,
46). However, it has been proposed that the activity of
Ad5E4orf3 differs from that of Ad4E4orf3 and Ad12E4orf3,
with the former protein having the ability to mislocalize the
MRN complex, whereas the latter two proteins do not alter its
localization (10). Further, we recently have shown that there
are other marked differences between the impacts of Ad5 and
Ad12 on the proteins regulating the cellular DNA damage
response (4, 6). Ad12 causes the rapid degradation of TOPBP1
in the early stages of infection, whereas Ad5 does not. This has
the effect of inhibiting the ATR activation of Chk1 during
Ad12 infection; in contrast, the inhibition of ATR by Ad5 has
been attributed to the relocalization of MRN (10). In addition,
it has been shown that Ad12 recruits a Cul2-based CRL to
degrade TOPBP1 and p53, whereas Ad5 degrades p53 by re-
cruiting Cul5 (6).

In view of these observations, we have undertaken a wide-
spread screen of how viruses from groups A to E interact with
and affect the cellular DNA damage response pathways. We
have demonstrated that the loss of MRN and p53 are not
universally associated with all adenoviral infections, with Ad4,
Ad5, and Ad12 causing degradation, whereas Ad3, Ad7, Ad9,
and Ad11 do not. Instead, we show that Ad3, Ad7, and Ad11
induce a marked accumulation of p53, although the further
analysis of the protein has suggested that it is unlikely to be
transcriptionally active. Furthermore, we demonstrate that
TOPBP1 is degraded only by Ad12, possibly indicating a
unique cellular activity of group A oncogenic viruses, whereas
DNA ligase IV probably is degraded by all viruses examined.
Lastly, we show that Ad4, like Ad5, recruits a Cul5-based CRL
to degrade p53. Taken together, these observations indicate
that there is significant diversity in the mechanisms utilized by
different adenoviral serotypes to inactivate host cell stress re-
sponse pathways.

MATERIALS AND METHODS

Cell lines and viruses. HeLa, A549, and H1299 cells were grown in Dulbecco’s
modified Eagle’s medium supplemented with 8% fetal calf serum. Viruses used
in this study are summarized in Supplemental Table 1 at http://www
.cancersciences.bham.ac.uk/research/supplementarydata.shtml. Ad3, Ad4, Ad5,
Ad7, Ad11, and Ad12 either were obtained from the ATCC or were a gift from
Joe Mymryk. Ad9 was a gift from Ron Javier. The construction of the
Ad5E4orf3/orf6-negative mutant, H5pm4155, is described in the supplementary
data. Cells were infected with viruses at a multiplicity of infection (MOI) of 20,
such that viral structural proteins were visible at 72 h following wild-type (WT)
infection. For most time courses of infection, cells were harvested after approx-
imately 24, 48, 72, and 96 h; however, for some assays additional time points were
included.

RNA interference (RNAi). Control short interfering RNA (siRNA; LacZ) was
purchased from Ambion, and specific siRNAs targeting Cul2 and Cul5
(SMARTpool siRNA) were purchased from Dharmacon. HeLa cells (4 � 105)
were plated out, left for 24 h, and transfected with siRNA using Oligofectamine
transfection reagent (Invitrogen). Cells were split the following day and infected
with the appropriate viruses the day after. Cells were harvested for Western
blotting as indicated.

p53 reporter assays. The effect of infection on p53 transcriptional activity was
determined using a dual-luciferase reporter assay system (Promega). H1299 cells
were grown in 6-cm dishes and transfected with p53 cDNA and a reporter
construct containing p53 binding sites upstream of the luciferase gene, together
with the Renilla luciferase gene as a transfection control. Transfection was
performed using Lipofectamine LTX according to the manufacturer’s instruc-
tions (Invitrogen). Cells were infected after 24 h with Ad3 and Ad7, harvested
after a further 24 h, and lysed using passive lysis buffer (Promega). The luciferase
activity was measured using a luminometer according to the manufacturer’s
instructions (Promega).

Semiquantitative reverse transcriptase PCR (RT-PCR). Total RNA was ex-
tracted from cell lysates using the RNeasy mini kit (Qiagen). Total RNA (1 �g)
was converted into single-strand cDNA using the reverse transcriptase system
(Promega). Semiquantitative PCR was performed using the following primers:
p21 forward, 5�-CGACTGTGATGCGCTAATGG-3�; reverse, 5�-CCGTTTTC
GACCCTGAGA-3�; gapdh forward, 5�-ACCCCTTCATTGACCTCA; reverse,
5�-CAGCGCCAGTAGAGGCAG-3.

Western blotting and antibodies. SDS-PAGE and Western blotting were car-
ried out as described previously (4, 6). Primary antibodies were purchased from
Abcam (Cul2), AbD Serotec (DNA ligase IV), Bethyl Laboratories (Cul5,
KAP1, pKAP1-S824, and TOPBP1), Cell Signaling Technology (pChk1-S345),
Genetex (Mre11), Merck (RPA32), Santa Cruz Biotechnology (Chk1, PML),
and Sigma-Aldrich (�-actin). Rabbit polyclonal DNA ligase IV antibody was a
generous gift from Stephen Jackson. Mouse monoclonal antibodies recognizing
MDM2 (3G5 and 4B2) and Ad5E1B55K (2A6) were kind gifts from Arnold
Levine, and p53 (DO-1) was a gift from David Lane. Ad12E1B55K was detected
using mouse monoclonal antibody XPH9 (29).

PFGE. HeLa cells were infected with viruses at an MOI of 30 and left for 48 h.
Cells were washed and harvested. A single-cell suspension was set in an agarose
plug that was, in turn, suspended in proteinase K (1 mg/ml) in 0.5 M EDTA, 10
mM Tris, pH 9.5, 1% N-lauroyl sarcosine for 48 h at 50°C essentially as described
previously (19). Agarose plugs were subjected to pulsed-field gel electrophoresis
(PFGE) for 22 h in a 1% agarose gel. DNA was visualized by ethidium bromide
staining.

Immunofluorescence microscopy. Cells were grown on 12-well multispot glass
microscope slides at a density of 4 � 104 cells/well. Cells were infected with the
different virus serotypes and left for the appropriate times. Slides were gently
washed twice in phosphate-buffered saline (PBS), prepared by treatment in
ice-cold preextraction buffer [10 mM piperazine-N,N�-bis(2-ethanesulfonic acid),
pH 6.8, 20 mM NaCl, 0.3 M sucrose, 3 mM MgCl2, 0.5% Triton X-100] for 5 min,
and fixed in 4% paraformaldehyde in PBS for 10 min. Primary antibodies were
diluted with 8% fetal calf serum (FCS) in PBS and incubated with the cells for
1 h at room temperature. Slides then were washed and incubated for a further
hour with fluorescence Alexa Fluor secondary antibodies (Invitrogen) diluted
with 8% FCS in PBS at room temperature in the dark. Finally, slides were
washed and mounted in Vectashield mounting medium (Vector Laboratories)
containing 4�,6-diamidino-2-phenylindole (DAPI) and protected with glass cov-
erslips. Cells were viewed and images acquired using an LSM 510 Meta confocal
laser-scanning microscope (Carl Zeiss) and processed with the associated soft-
ware.
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RESULTS

In the past few years it has become apparent that Ad5 and
Ad12 disable various aspects of the cellular DNA damage
response pathways by initiating the rapid degradation of vari-
ous key components, such as p53, members of the MRN com-
plex, and DNA ligase IV (2, 36, 45). However, it has never
been clear to what extent other virus serotypes adopt a similar
stratagem, particularly as we have recently demonstrated that
TOPBP1 is degraded during Ad12 but not Ad5 infection (6). In
this study, we investigate the fate of a series of DNA damage
proteins following infection with different adenovirus serotypes
(see Supplemental Table 1 at http://www.cancersciences.bham
.ac.uk/research/supplementarydata.shtml).

Expression of p53, Mre11, TOPBP1, and DNA ligase IV
following viral infection. HeLa cells were infected at an MOI of
20, which was sufficient to produce viral structural proteins at 72 h
(see Supplemental Fig. 1 at http://www.cancersciences.bham.ac.uk
/research/supplementarydata.shtml), harvested at various times
after infection, and processed for Western blotting. It can be
seen from Fig. 1 that Mre11 and DNA ligase IV were degraded
following infection with Ad5 (group C), as has been reported
previously (2, 45). Similarly, infection with Ad12 (group A) and
Ad4 (group E) also led to rapid protein degradation. However,
Ad3, 7 (both group B1), Ad9 (group D), and Ad11 (group B2)
had little effect on Mre11 levels, even at late times after infec-
tion (Fig. 1A). DNA ligase IV was degraded following infec-
tion with all virus serotypes (Fig. 1B). It is interesting, however,
that the loss of DNA ligase IV tended to occur later and more
gradually than was the case for Mre11. In view of the lack of
antibodies against most of the viruses used in this study, confir-
mation that infection proceeded at a similar rate and to a similar
extent was provided by the detection of viral structural proteins

(see Supplemental Fig. 1A to G at http://www.cancersciences
.bham.ac.uk/research/supplementarydata.shtml). (Viral replica-
tion centers also were observed in infected cells at comparable
times [see Fig. 4 to 6 and see below]). However, it should be noted
that there could have been differences in the rate of expression of
the early region proteins for the different viruses, perhaps con-
tributing, to a limited extent, to some of the differences seen in
rates of protein degradation or phosphorylation (Fig. 1; also see
Fig. 7 and 8).

The initial observations that specific proteins are targeted
for degradation during adenovirus infection were based on
studies of p53 (36, 43). It can be seen in Fig. 1C that p53 was
degraded during infection with Ad5, Ad4, and Ad12, as has
been reported previously (36, 46). It also is apparent that there
is an initial increase in protein expression after infection before
degradation. However, following infection with Ad3, Ad7,
Ad9, and Ad11, the expression of p53 increased dramatically,
even at very late times, with no sign of protein degradation.
Comparable results were obtained when the same viruses were
used to infect A549 cells (data not shown), indicating that the
effects seen are not dependent on an idiosyncrasy of the host
cell.

We recently reported that a further substrate for Ad-initiated
proteolysis is TOPBP1, which is degraded during Ad12 but not
Ad5 infection (6). It can be seen (Fig. 1D) that, of the viruses
examined, only Ad12 caused TOPBP1 degradation, indicating
appreciable specificity for this approach to the inhibition of ATR
activity by this group A virus. (The confirmation of the equal
loading of samples in Fig. 1 is provided by �-actin blots shown in
Supplemental Fig. 2 at http://www.cancersciences.bham.ac.uk
/research/supplementarydata.shtml).

Requirements for CRLs in the degradation by adenoviruses.
The cellular E3 ubiquitin ligase, which degrades p53 during
Ad5 infection, comprises Cul5, Rbx1, and elongins B/C in
conjunction with Ad5E1B55K and Ad5E4orf6 (21, 36). More
recently, we have shown that Cul2, rather than Cul5, is re-
quired for the degradation of both p53 and TOPBP1 during
Ad12 infection, suggesting that different adenoviral serotypes
utilize separate CRLs to facilitate the destruction of the de-
sired target protein (6). There is some evidence implicating
Cul5-based CRLs in the degradation of Mre11 following Ad5
infection (39, 52). To ascertain whether E3 ligase utilization
varied with other adenoviral serotypes, we examined which
CRL is required for the degradation of Mre11, p53, and DNA
ligase IV following Ad5, Ad12, and Ad4 infection (Fig. 2). As
previously reported (6), the loss of Cul5 stabilized p53 follow-
ing Ad5 infection, whereas the siRNA-mediated depletion of
Cul2 blocked the degradation of p53 after infection with Ad12
(Fig. 2B and C). Interestingly, the degradation of p53 by Ad4
was inhibited when the expression of Cul5 was reduced with
siRNA, indicating that Ad4 utilizes mechanisms for protein
degradation similar to those of Ad5 rather than those of Ad12
(Fig. 2A). Surprisingly, however, neither a reduction of Cul2
nor Cul5 expression had any significant effect on the degrada-
tion of Mre11 or DNA ligase IV following infection with Ad4,
Ad5, or Ad12 in the experiments shown in Fig. 2A to C. These
observations suggest that, despite current assumptions that
Cul5 is required for the degradation of Mre11 and DNA ligase
IV, none of the adenoviral serotypes tested primarily use a
Cul5-dependent CRL to degrade these two repair proteins,

FIG. 1. Expression of Mre11, DNA ligase IV, p53, and TOPBP1
following viral infection. HeLa cells were infected with Ad3, Ad4, Ad5,
Ad7, Ad9, Ad11, and Ad12. Cells were harvested at the times shown
and subjected to Western blotting for Mre11 (A), DNA ligase IV (B),
p53 (C), and TOPBP1 (D).
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implicating an as-yet unidentified cellular E3 ligase complex in
the process.

Transcriptional activity of p53. The rapid degradation of
p53 induced during Ad4, Ad5, and Ad12 infection prevents it
from activating the transcription of its target genes. However,
as shown above, p53 is stabilized during infection with other
serotypes. To evaluate the effect of the increased expression of
p53 seen following infection with Ad3 and Ad7, three ap-
proaches were adopted. First, it can be seen that infection with
all of the viruses resulted in the rapid reduction in levels of
MDM2, a downstream target of p53 (Fig. 3A), suggesting that
the high levels of overexpressed p53 are transcriptionally inac-
tive. Significantly, MDM2 and DNA ligase IV were the only
proteins that showed a decrease in expression following infec-
tion with all viruses used in this study. Second, the direct
measurement of p53 transcriptional activity was undertaken.
Thus, a luciferase reporter downstream of multiple copies of a
p53 consensus binding site was transfected, together with a
plasmid expressing p53, into H1299 cells. After 24 h the cells

were infected with Ad3 and Ad7 (Fig. 3B and C). Following a
further 24 h, luciferase activity and levels of p53 expression
were determined. Although the level of p53 more than doubled
following infection with Ad3 and Ad7, there was only a mar-
ginal increase in the transcription of the reporter (Fig. 3C),
suggesting that the overexpressed p53 was transcriptionally
inactive. In a third experiment, the transcriptional inactivation
of p53 was confirmed by semiquantitative RT-PCR for p21, a
further p53-regulated gene (Fig. 3D and E). Following the
infection of HeLa and A549 cells with Ad3 and Ad7, there was
a marked increase in the level of p53 expression but no in-
crease in p21 protein level (Fig. 3D). RT-PCR showed that the
reduction in p21 protein expression was due to reduced p21
mRNA (Fig. 3E), presumably as a result of the transcriptional
inactivation of p53. The treatment of A549 cells with ionizing
radiation as a positive control gave a moderate increase in p53
but an appreciably greater increase in p21 expression (Fig. 3D
and E).

Localization of p53, Mre11, and TOPBP1 during adenovirus
infection. Following adenovirus infection, a number of centers
of viral replication and transcription are established within the
host cell nucleus; these can be visualized by fluorescence mi-
croscopy using an antibody directed to RPA32, which is relo-
calized into several large subnuclear inclusion bodies (46). This
is particularly useful, since high-quality antibodies against pro-
teins of most viral serotypes are not available. However, at
least in the case of Ad5, these RPA32-positive replication
centers have been verified by the presence of a number of viral
proteins colocalizing to these sites; in particular, the single-
stranded DNA binding protein (DBP), terminal protein (TP),
and E1B55K protein can be seen at viral replication centers
(32, 49). In addition to RPA32, a number of other cellular
proteins known to be involved in coordinating the DNA dam-
age response also have been reported to relocalize to viral
replication centers during Ad5 WT infection; these include
ATR, ATRIP, E1B-AP5, Rad9, and Rad17 (4, 9). Interest-
ingly, it has been shown that, as well as the generation of viral
replication centers, infection with adenoviruses results in the
disruption of PML bodies and the relocalization of PML into
nuclear track-like structures, which is dependent on the
Ad5E4orf3 protein (11, 16). However, very little is known
about whether the relocalization of cellular repair proteins to
viral replication centers or the disruption of PML bodies has
any impact on the viral life cycle or the function of these
proteins.

Given that we observed differences between adenoviral se-
rotypes with regard to whether or not they specifically targeted
DNA repair/checkpoint proteins for degradation, we examined
the localization of Mre11, p53, and TOPBP1 during infection
with the panel of adenoviruses to determine whether those
serotypes that did not degrade Mre11 and p53 induced their
mislocalization as a potential mechanism to inhibit their func-
tion (Fig. 4, 5 and 6; summarized in Table 1). As has been
reported previously (46), we observed that Ad5 and Ad12
relocalize Mre11 to PML-containing nuclear tracks and
RPA32-positive VRCs, respectively (Fig. 4A and B). However,
contrary to a previous study, we found that in Ad4-infected
cells Mre11 is localized to PML tracks rather than VRCs (Fig.
4C). For Ad3, Ad7, and Ad11, Mre11 localized to viral repli-
cation centers costained with RPA32 (Fig. 4B). In the case of

FIG. 2. Effect of ablation of Cul2 and Cul5 expression on protein
degradation during viral infection. HeLa cells were treated with non-
silencing siRNAs (non-sil) or siRNAs against Cul2 or Cul5. Cells then
were infected with Ad4 (A), Ad5 (B), and Ad12 (C). Cells were
harvested at the times shown and Western blotted with the indicated
antibodies.
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Ad9, although Mre11 was not degraded, it still colocalized with
PML in nuclear track structures (Fig. 4A). p53 colocalized with
RPA32 at viral replication centers following infection with
Ad3, Ad7, and Ad11 (Fig. 5A). In Ad9-infected cells, p53
colocalized with PML, although there was little or no degra-
dation apparent by Western blotting (Fig. 5B). Similarly, p53
localized to tracks following Ad4, Ad5, and Ad12 infection
prior to degradation. When infected cells were stained for
TOPBP1 in the case of Ad3, Ad4, Ad5, Ad7, Ad9, and Ad11,
it located to VRCs with RPA32 (Fig. 6A and B). At early times
of infection by Ad12, limited TOPBP1 was present in the
replication centers, but at later times no protein could be seen
due to its degradation (Fig. 6B) (6). Unfortunately, it was not
possible to determine the subcellular localization of DNA li-
gase IV due to the lack of an antibody effective in immunoflu-
orescence microscopy.

Phosphorylation of DNA damage response proteins follow-
ing viral infection. It is now clear that adenoviruses activate
various aspects of the cellular DNA damage response. Follow-
ing infection with certain mutant viruses, cells respond by, for
example, activating the ATM and ATR signaling pathways and
producing concatemers of viral DNA (9, 45, 50). The activation
of the ATM and ATR kinases is seen as the phosphorylation of
appropriate downstream substrates. Proteins expressed during
infection with WT Ad5 and Ad12 inhibit concatemer forma-
tion and full ATR activation. To ascertain whether all adeno-
viral serotypes were capable of inhibiting the cellular DNA

damage response, following viral infection, phosphospecific
antibodies were used to monitor ATM and ATR activation
using the phosphorylation of KAP1 as a marker of ATM ac-
tivity (55) and Chk1 as a marker of ATR activity (14). It can be
seen in Fig. 7A and B that the phosphorylation of Chk1 is
strongly inhibited during infection with certain serotypes, most
obviously with Ad5, Ad9, and Ad12, such that no phosphory-
lation was seen up to 72 h, when viral structural proteins were
being expressed (see Supplemental Fig. 1 at http://www
.cancersciences.bham.ac.uk/research/supplementarydata.shtml).
However, in the case of Ad3, Ad4, Ad7, and Ad11 infection,
Chk1 was phosphorylated to a greater (Ad3, Ad7, and Ad11)
or lesser (Ad4) extent at earlier times. The kinetics of phos-
phorylation varied between serotypes, with Ad11 infection
causing the marked phosphorylation of Chk1 (although not as
strongly as in cells treated with HU) and Ad3 causing the weak
transient phosphorylation of Chk1. Similarly, the kinetics of
KAP1 phosphorylation varied appreciably between the differ-
ent serotypes, although all viruses examined caused some ac-
tivation of ATM (Fig. 8A and B). Thus, Ad5 caused marked
phosphorylation, which was visible at 8 h postinfection and
was still apparent at 72 h. On the other hand, phosphoryla-
tion in the presence of Ad12 was transient, being apparent
at 24 h but not at late times. However, it is clear that
infection with all of the viruses used in this study resulted in
the activation of the ATM signaling pathways, with no ob-
vious correlation with Mre11 degradation.

FIG. 3. Transcriptional activity of p53 after viral infection. (A) HeLa cells were infected with Ad3, Ad4, Ad5, Ad7, Ad9, Ad11, and Ad12,
harvested at the times shown, and Western blotted for MDM2. H1299 cells were transfected with a luciferase reporter construct (see Materials
and Methods) and cDNA expressing p53. They then were infected with Ad3 or Ad7 and harvested after 24 h, and cells were Western blotted for
p53 expression (B) and luciferase activity was determined (C). Relative p53 levels are shown in grey columns, and relative luciferase activity is
shown in black columns (D and E). HeLa and A549 cells were infected with Ad3 and Ad7 as indicated. Samples were Western blotted for p53,
p21, and �-actin (D) and subjected to RT-PCR for p21 (E). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is included as a loading
control. The right lane in D and E shows A549 cells treated with ionizing radiation (3 Gy) after 2 h.
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Viral DNA concatemers. As we could detect only limited
degradation of the components of the DNA damage repair
pathways during infection with Ad3, Ad7, Ad9, and Ad11, we
considered the possibility that these viruses had evolved such
that they might be able to tolerate the concatemerization of a
proportion of their genomes and still replicate. To test this
hypothesis, HeLa cells were infected for 48 h and then har-
vested. The composition of the viral DNA was analyzed by
PFGE. Figure 9 shows the presence of viral DNA concatemers
following infection with an Ad5E4orf3/orf6-deleted virus
(H5pm4155) as reported previously (50). However, for Ad3,
Ad7, Ad9, and Ad11, no concatemers were visible, only the
monomeric viral genomes at about 35 kb. We therefore have
concluded that for these viruses, the degradation of DNA
ligase IV may be sufficient to incapacitate the cellular DNA
damage repair pathways. It is, of course, possible that the
viruses also have evolved novel mechanisms for the inhibition
of the pathways to prevent the illegitimate repair of linear viral
genomes during replication.

DISCUSSION

Until now, the examination of the relationship of adenovi-
ruses to the cellular DNA damage repair pathways had, like
the great majority of other adenovirus studies, focused on Ad5.
In a limited number of cases, Ad12 and Ad4 also were inves-
tigated (4, 6, 27, 46). These three virus serotypes gave broadly
similar results, causing the degradation of the DNA damage

response proteins p53 and Mre11. However, even among this
limited group, differences in the ways in which they deregulate
the host cell DNA damage repair mechanism have been re-
ported. Thus, only Ad12, but no other adenovirus so far ex-
amined, causes the degradation of TOPBP1 (Fig. 1D) (6). A
further difference centers on the observation that Ad5E4orf3
mislocalizes the MRN complex during viral infection, whereas
E4orf3 proteins from other virus serotypes, such as Ad12, do
not. This is likely to contribute to the inhibition of ATR sig-
naling by the Ad5 protein but not the Ad12 protein; differences
in their properties have been linked to an amino acid sequence
difference at residue 104, such that there is an isoleucine in
E4orf3 of group C viruses and an arginine in group B, D, and
E adenoviruses (10).

We now have extended these investigations to encompass
members of adenovirus group B1 (Ad3 and Ad7), group B2
(Ad11), and group D (Ad9), as well as a more detailed exam-
ination of group A (Ad12) and group E (Ad4) viruses (sum-
marized in Table 1). In this study, we have identified some
marked differences from Ad5. Significantly, p53 is not de-
graded following infection with Ad3, Ad7, Ad9, and Ad11 but
shows a pronounced increase in expression, presumably as a
result of the action of AdE1A. This is similar to the effect seen
after infection with Ad5E1B55K� and Ad12E1B55K� mutant
viruses (20). Interestingly, a previous study has shown that an
alanine substitution at R240 in Ad5E1B55K produces a pro-
tein that interacts poorly with p53 (41). Consequently, mutant
Ad5 viruses expressing the R240A protein are unable to de-

FIG. 4. Localization of Mre11 following adenovirus infection. HeLa cells were infected with Ad5 and Ad9 (A), Ad3, Ad7, Ad11, and Ad12 (B),
and Ad4 (C) for the times shown. Cells were stained for Mre11 (green), PML (red), and RPA32 (red) as indicated and viewed by confocal
microscopy as described in the text. Merged images are shown in the right column of images together with DAPI-stained DNA.
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grade p53. The sequence analysis of E1B55K from different
serotypes reveals that this residue is conserved in Ad4, Ad5,
and Ad12 proteins but not in Ad3, Ad7, Ad9, or Ad11 E1B55K
(5). This correlates perfectly with our new study, in which we
show that the former viruses all degrade p53 during infection,
whereas the latter do not. It appears that in cells infected with
Ad3, Ad7, and Ad11, p53 is sequestered to VRCs and is tran-
scriptionally inactive (Fig. 3 and 5), probably as a result of the
action of the AdE1A and/or E1B55K proteins (24, 43, 53, 54).
There also is no evidence that p53 induces apoptosis in these
infected cells. It has been known for some time that there is a
transient increase in the level of p53 following Ad5 and Ad12
infection (Fig. 1), and it is possible that this protein has a
similar, although obviously more limited, role that is seen dur-
ing infection with group B and D adenoviruses. It has been
suggested that p53 contributes to viral replication and in-
creases late protein expression during Ad5 infection (38). Al-
though the mechanism responsible is unclear, it appears that
the combination of AdE1A and p53 enhances major late pro-
moter (MLP) function. It is possible that a similar mechanism
operates in the group B and D viruses, with the overexpressed
p53 being required for viral replication.

Two other proteins involved in the cellular damage re-
sponse, Mre11 and DNA ligase IV, were degraded in Ad4- and
Ad12-infected cells, as is the case following Ad5 infection (2,
45). As has been noted previously for Ad5-infected cells,
Mre11 colocalized to nuclear tracks before being degraded
(10). However, at early times during Ad12 infection, Mre11
can be seen localizing with RPA32 in VRCs (Fig. 4). During
Ad3, Ad7, and Ad11 infection, Mre11 also was located in

VRCs (Fig. 4). Interestingly, during Ad4 infection, Mre11 can
be seen colocalized with PML in nuclear tracks (Fig. 4C). It has
been reported previously that NBS1 (and presumably Mre11)
colocalizes to VRCs during both Ad4 and Ad12 infection (46).
Differences between these observations and those shown here
may reflect different multiplicities of infection and the choice
of cell lines used, or perhaps they indicate a dissociation of the
MRN complex from the different components localizing to
alternate sites within the infected cell (17). It currently is not
clear why Mre11 is recruited to VRCs or PML-containing
nuclear track structures during adenoviral infection, as there
does not appear to be an obvious correlation between its re-
distribution and whether it is targeted for degradation. Unlike
p53 and Mre11, DNA ligase IV is degraded during infection
with all of the viruses examined, probably preventing the ille-
gitimate repair of viral genomes by NHEJ. Since no suitable
antibody is available to detect the localization of endogenous
DNA ligase IV by immunofluorescence microscopy, it is not
possible to determine if it is mislocalized by these viruses to
PML-containing nuclear tracks. However, previous work has
shown that the presence of E1B55K and DNA ligase IV deg-
radation are not absolutely necessary for Ad5 to inhibit NHEJ,
as, in the absence of E1B55K, E4orf6 still can dissociate DNA
ligase IV and XRCC4 (25) and can bind and inactivate the
DNA-PK holoenzyme to prevent viral genome concatemeriza-
tion (8).

DNA ligase IV was the only DNA damage response protein
seen to be reduced following infection with the group B and D
viruses investigated here. Since these viruses are able to pro-
mote VRC formation and produce late viral proteins, it seems

FIG. 5. Localization of p53 following adenovirus infection. HeLa cells were infected with Ad3, Ad7, and Ad11 (A) and Ad4, Ad5, Ad9, and
Ad12 (B) for the times shown. Cells were stained for p53 (green), RPA32 (red), or PML (red) and viewed by confocal microscopy as described
in the text. Merged images are shown in the right column of images together with DAPI-stained DNA.
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likely that this is sufficient to inhibit the cellular DNA damage
response unless as-yet unidentified mechanisms also are in-
volved. It is possible that the viruses degrade or mislocalize
other components of the cellular damage response pathways,
as Ad12 (alone of the viruses examined here) degrades
TOPBP1 (Fig. 1D) (6). To confirm that these viruses were not
simply able to tolerate a degree of concatemer formation,
PFGE was carried out. While multimers of viral DNA were
evident following infection with the E4orf3/orf6 mutant virus
H5pm4155, only the monomeric genome could be seen with
Ad3, Ad7, Ad9, Ad11, and Ad12 (Fig. 9), which is consistent
with these viruses being able to inactivate the host cell DNA
repair machinery. The ability of the group B and D viruses to
degrade other DNA damage response proteins is given indirect
support by the fact that the BC boxes in E4orf6 proteins of
these viruses are conserved and are similar to those in the Ad5
and Ad12 proteins. These amino acid motifs are considered to
be required for the assembly of a functional E3 ligase (7, 12).
It is interesting that infection with the Ad5E4orf6-negative
virus (dl355) caused a limited number of concatemers (Fig. 9).

The degradation of p53 by Ad5 involves the recruitment of
an E3 ubiquitin ligase complex containing Cul5, RBX1, and
elongins B and C by the viral E1B55K and E4orf6 proteins
acting in tandem (7, 21, 36) and subsequent proteolysis by the
proteasome. As with Ad5, the ablation of Cul5 expression
inhibited the ability of Ad4 to cause the degradation of p53
(Fig. 2A). With Ad12, a Cul2-based E3 ubiquitin ligase involv-
ing E1B55K and E4orf6 is necessary for p53 degradation (Fig.
2C), although this is not the case for TOPBP1 proteolysis,
where Ad12E4orf6 alone is sufficient to cause protein degra-

dation by the proteasome (6). Similar differences also have
been shown very recently between Ad5 and Ad12 in relation to
their cullin specificity by another group (13). It has been re-
ported that the degradation of DNA ligase IV by Ad5 requires
the activity of Cul5 (2). However, it appears from the data
presented here in Fig. 2B that this may not be the case. Rea-
sons for these differences remain unknown at present. Obser-
vations presented in Fig. 2 also indicate that the ablation of
Cul5 or Cul2 expression did not affect Mre11 degradation
during Ad4, Ad5, or Ad12 infection. Previous studies have
suggested that Ad5 recruits a Cul5-based E3 ubiquitin ligase
for the degradation of Mre11; however, it was apparent, even
in those investigations, that the knockdown of Cul5 did not
fully rescue Mre11 degradation (15, 39). It should, however, be
borne in mind that the expression of a dominant-negative Cul5
protein has been shown to block Mre11 degradation (52).
Based on the data in Fig. 2 and our previous observations, we
suggest that a Cul5-based ubiquitin E3 ligase is involved in p53
degradation by Ad4 and Ad5 but is not the predominant CRL
responsible for the degradation of Mre11 by any of the viruses
examined here. Similarly, DNA ligase IV degradation appears
not to involve cullin 2 or 5. Whether the same (as-yet uniden-
tified) E3 ubiquitin ligase is required for Mre11 and DNA
ligase IV degradation will have to await further investigation.

It is clear from our observations that the level of MDM2 is
reduced following infection by all of the viruses (Fig. 3A). The
regulation of MDM2 levels is complex. Its expression is depen-
dent on transcriptionally active p53, such that the activation of
p53 causes increased MDM2 expression, which, in turn, facilitates
rapid p53 degradation through its activity as a RING finger E3

FIG. 6. Localization of TOPBP1 following adenovirus infection. HeLa cells were infected with Ad3, Ad4, Ad5, and Ad7 (A) and Ad9, Ad11,
and Ad12 (B) for the times shown. Cells were stained for RPA32 (green) and TOPBP1 (red) and viewed by confocal microscopy as described in
the text. Merged images are shown in the right column together with DAPI-stained DNA.
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ligase (22, 23, 26, 34). MDM2 also is able to ubiquitylate itself,
leading to its own proteolysis by the proteasome (18, 44). The
ability of MDM2 to distinguish between self and target ubiquity-
lation appears to depend on Daxx, together with the deubiquity-
lating enzyme HAUSP (Usp7) (37, 47). The association of Daxx
and HAUSP with MDM2 in a ternary complex ensures that
autoubiquitylation by MDM2 is reduced, and its association with
and degradation of p53 is enhanced (47). It has been shown that

DNA damage increases MDM2 autoubiquitylation and p53 sta-
bilization. During adenovirus infection it appears that p53 is tran-
scriptionally inactive, such that the transcription of MDM2 is
reduced (Fig. 3). Furthermore, very recent evidence indicates that
Ad5 causes the degradation of Daxx (39). Therefore, it is possible
that, following viral infection, Daxx is degraded, dissociating the
Daxx/HAUSP/MDM2 complex and facilitating MDM2 autoubiq-
uitylation and subsequent degradation. No changes in HAUSP
levels were observed during Ad5 or Ad12 infection (data not
shown). However, it should be noted that Daxx is not degraded by
Ad3, Ad7, Ad9, and Ad11, although degradation occurs following
Ad4 and Ad12 infection, as is the case with Ad5 (data not shown)
(39). Obviously, a different series of events is likely to occur in
Ad4, Ad5, and Ad12, when p53 is degraded after an initial in-
crease in expression, from that seen in Ad3, Ad7, Ad9, and Ad11,
where no p53 degradation occurs.

Although group B and D viruses (Ad3, Ad7, Ad9, and Ad11)
do not degrade p53, Mre11, or TOPBP1, it is clear that they
activate the cellular DNA damage response. We have demon-
strated that ATM is activated following infection with Ad3,
Ad4, Ad5, Ad7, Ad9, Ad11, and Ad12, although the kinetics of
KAP1 phosphorylation vary somewhat between the viral sero-
types. Similar activation by Ad5 and Ad12 has been reported
previously (4, 9). It seems reasonable to suggest that all of the
virus serotypes can cope with the activated double-strand

FIG. 7. Phosphorylation of Chk1 following adenovirus infection.
HeLa cells were infected with Ad3, Ad4, Ad5, Ad7, Ad9, Ad11, and
Ad12, harvested at the times shown, and Western blotted for phospho-
Chk1 (Ser345) (A) and Chk1 (B). The final track in the Ad12 phospho-
Chk1 blots shows HeLa cell extracts treated with hydroxyurea (HU) as a
positive control.

TABLE 1. Summary of protein degradation and localization following infection with Ad3, Ad4, Ad5, Ad7, Ad9, Ad11, and Ad12a

Group Ad
serotype Protein Upreg Transient

upreg Stable Degraded Tracks VRCs

A 12 p53 � �
Mre11 � �
TOPBP1 � �
DNA lig IV �

B1 3 p53 � �
Mre11 � �
TOPBP1 � �
DNA lig IV �

B1 7 p53 � �
Mre11 � �
TOPBP1 � �
DNA lig IV �

B2 11 p53 � �
Mre11 � �
TOPBP1 � �
DNA lig IV �

C 5 p53 � �
Mre11 � �
TOPBP1 � �
DNA lig IV �

D 9 p53 � �
Mre11 � �
TOPBP1 � �
DNA lig IV �

E 4 p53 � �
Mre11 � �
TOPBP1 � �
DNA lig IV �

a Upreg, upregulated expression; VRCs, viral replication centers.
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break repair pathways, and this is not particularly deleterious
to viral replication. However, it seems, at least for Ad5 and
Ad12, that the partial inhibition of ATR signaling is advanta-
geous. In the case of Ad12 this is achieved by the degradation
of TOPBP1, although for the other viruses examined here
TOPBP1 is recruited to VRCs, where its function remains
unknown. During Ad5 infection the inhibition of ATR signal-
ing derives from the degradation and/or mislocalization of
Mre11 (9, 10). Similarly, during Ad9 infection the phosphory-
lation of Chk1 is inhibited, presumably because the MRN
complex is localized to PML-containing nuclear tracks. During
infection by Ad3, Ad4, Ad7, and Ad11, ATR appears to be
activated, resulting in the phosphorylation of Chk1. Despite
this, virus replication occurs (Fig. 9). In the case of Ad4, the
degradation of Mre11 might be expected to inhibit ATR sig-
naling in a manner comparable to that of Ad5, but this does
not seem to be the case. Ad3, Ad7, and Ad11 promote the
degradation of DNA ligase IV but also may have developed
novel mechanisms for inhibiting other cellular DNA damage
responses to viral DNA.

In summary, it has been shown that different adenovirus
serotypes interact with the cellular DNA damage response
pathways in quite distinct ways. Representatives of groups B1,
B2, and D do not cause the degradation of p53, TOPBP1, or
Mre11, although they, like group A, C, and E viruses, facilitate
the degradation of DNA ligase IV and a rapid and complete
reduction in the level of MDM2. Furthermore, marked differ-
ences are apparent in the ways in which cellular proteins are
recruited to VRCs by the different virus serotypes and the
extent to which ATM and ATR kinase activity is activated or
inhibited. Future investigation into why the viruses inactivate
the host cell stress response pathways in different ways will
provide further insight into adenovirus replication and may aid
our understanding of the regulation of the DNA damage re-
sponse.
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