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The early transcriptional region 4 (E4) of adenovirus type 5 (Ad5) encodes gene products that modulate
splicing, apoptosis, transcription, DNA replication, and repair pathways. Viruses lacking both E4orf3 and
E4orf6 have a severe replication defect, partially characterized by the formation of genome concatemers.
Concatemer formation is dependent upon the cellular Mre11 complex and is prevented by both the E4orf3 and
E4orf6 proteins. The Mre11/Rad50/Nbs1 proteins are targeted for proteasome-mediated degradation by the
Ad5 viral E1b55K/E4orf6 complex. The expression of Ad5 E4orf3 causes a redistribution of Mre11 complex
members and results in their exclusion from viral replication centers. For this study, we further analyzed the
interactions of E4 proteins from different adenovirus serotypes with the Mre11 complex. Analyses of infections
with serotypes Ad4 and Ad12 demonstrated that the degradation of Mre11/Rad50/Nbs1 proteins is a conserved
feature of the E1b55K/E4orf6 complex. Surprisingly, Nbs1 and Rad50 were localized to the replication centers
of both Ad4 and Ad12 viruses prior to Mre11 complex degradation. The transfection of expression vectors for
the E4orf3 proteins of Ad4 and Ad12 did not alter the localization of Mre11 complex members. The E4orf3
proteins of Ad4 and Ad12 also failed to complement defects in both concatemer formation and late protein
production of a virus with a deletion of E4. These results reveal surprising differences among the highly
conserved E4orf3 proteins from different serotypes in the ability to disrupt the Mre11 complex.

Viruses utilize multiple approaches to modify the host cell
environment to promote efficient viral replication. The early
region 4 (E4) of adenovirus type 5 (Ad5) is essential for effi-
cient virus production and encodes six gene products, some of
which are not required for growth in cultured cells (reviewed in
references 22 and 36). Deletions of the E4 region result in a
number of severe phenotypes, including defects in viral mRNA
accumulation, transcription, splicing, late protein synthesis,
host cell shutoff, and viral DNA replication. The defect in virus
production is due in part to the production of genome con-
catemers (38). This imprecise repair mechanism results in the
covalent joining of viral genomes into molecules that exceed
the packaging capacity of the capsid. Concatemerization of
viral genomes is mediated by the host cell nonhomologous
end-joining pathway and also requires the Mre11/Rad50/Nbs1
complex (3, 35).

The products of E4 open reading frames 3 and 6 (E4orf3
and E4orf6) have been shown to serve redundant functions in
complementing concatemer formation as well as the other
defects of an E4 deletion (5, 14, 17, 35, 38). Concatemerization
is prevented by either E1b55K/E4orf6 or E4orf3, at least in
part by targeting the cellular Mre11/Rad50/Nbs1 complex (35).
The expression of E4orf6 and E1b55K results in the protea-

some-mediated degradation of Mre11 complex members (6,
35). The E4orf3 protein can redistribute Mre11, Rad50, and
Nbs1 from their normal diffuse nuclear localization into large
nuclear and cytoplasmic accumulations during infections and
transfections (35). The gene products of E4orf3 and E4orf6
both physically interact with the viral E1b55K protein and alter
its cellular localization (4, 20, 23, 32).

The E4orf3 protein has been reported to be localized mainly
in the nucleus, where it is tightly associated with the nuclear
matrix, but cytoplasmic accumulations have also been observed
during infection (20, 33, 34). Previously, E4orf3 has been
shown to reorganize nuclear structures known as promyelo-
cytic leukemia (PML) oncogenic domains (PODs/ND10) (7,
10). These distinct nuclear structures contain a growing list of
proteins (reviewed in references 2 and 27) and have been
implicated in multiple functions, including genomic stability
and DNA repair (42). Many viruses express proteins that as-
sociate with PODs/ND10 and may affect their functions (re-
viewed in references 12 and 26). The predominant component
of PODs/ND10 is the PML protein, and upon E4orf3 expres-
sion, PML is redistributed into nuclear track-like structures (7,
10). A subset of the Mre11 complex localizes to PODs/ND10
(24, 25, 39), and the Mre11/Rad50/Nbs1 proteins are also re-
distributed into track structures upon expression of the Ad5
E4orf3 protein (35). Other DNA repair proteins have been
reported to be associated with PODs, including the BLM he-
licase that is mutated in Bloom’s syndrome (1, 18, 42) and
TopBP1 (40), but the effect of E4orf3 on these proteins is
unknown.

The mechanism by which E4orf3 accomplishes the dramatic
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changes in nuclear architecture and the consequences of mis-
localization of cellular proteins remain unclear. It has been
suggested that E4orf3 may have functions that are important
for Ad DNA replication which are genetically separable from
the inhibition of concatemer formation (11, 34). In order to
further characterize the effects of adenoviral E4 proteins on
POD/ND10 structures and the cellular Mre11 complex, we
utilized the naturally occurring diversity between different Ad
serotypes. POD/ND10 proteins which have previously been
examined for altered localization during Ad5 infection include
PML, Sp100, and the Mre11 complex (10, 35). Immunofluo-
rescence revealed that the rearrangement of proteins associ-
ated with PODs/ND10 is selective. Analyses of serotypes Ad4
and Ad12 showed that while Mre11 degradation by E1b55K/
E4orf6 is conserved, some of this cellular repair complex is
localized to viral replication centers. When the Ad5 E4orf3
protein was expressed via transfection prior to infection with a
virus with an E4 deletion, the rearrangement of the Mre11
complex prevented its recruitment to virus replication centers
and the production of genomic concatemers. In contrast, the
Ad4 E4orf3 and Ad12 E4orf3 proteins failed to redistribute
the Mre11 complex and could not prevent the accumulation of
the Mre11 complex at viral replication centers and concatemer
formation. Our observations reveal unexpected differences in
the functions of the conserved E4orf3 proteins between Ad
serotypes and demonstrate that reorganization of the Mre11
complex is independent of the disruption of other POD/ND10
components.

MATERIALS AND METHODS

Cell lines. HeLa and 293 cells were maintained in Dulbecco modified Eagle’s
medium supplemented with 10% fetal bovine serum and penicillin-streptomycin.
Cells that stably express the Ad5 E1b55K protein have been previously described
(6). All cells were maintained as monolayers in Dulbecco modified Eagle’s
medium supplemented with 10 or 20% fetal bovine serum at 37°C in a humidified
atmosphere containing 5% CO2. Cells were transfected by the use of calcium
phosphate or Effectene according to standard protocols.

Plasmids. The cDNA of Ad5 E4orf3 was a gift from Ron Evans. The E4orf3
cDNAs of Ad4 and Ad12 were PCR amplified from DNAs extracted from
infected A549 cells and then cloned into the pL2 and pL2-FLAG vectors (gifts
from M. Tini) for expression from the cytomegalovirus promoter. The
pRK5.Ad5-E4orf6 expression vector has been previously described (8). The
N82A mutant of Ad5 E4orf3 has been previously described (35). The E4orf6
cDNAs of Ad4 and Ad12 were PCR amplified from DNAs extracted from
infected cells and then cloned into the pRK5 vector (a gift from T. Hunter) for
expression from the cytomegalovirus promoter.

Antibodies. Antibodies to the following proteins were purchased from com-
mercial sources and used at the indicated dilutions: Rad50 (1:300), Mre11 (1:
300), Nbs1 (1:500), and BLM (1:100) (Novus Biologicals); PML (1:200), SUMO1
(1:100), �-tubulin (1:100), and DAXX (1:100) (Santa Cruz); TopBP1 (1:100)
(BD Biosciences); FLAG (1:20,000) (Sigma); and p53 Ab6 (1:500) (Oncogene).
An antibody to RPA32 was a gift from T. Melendy. Antibodies to viral proteins
recognized the Ad5 E1b55K protein (1:200; a gift from A. Levine), the Ad DBP
(1:200; a gift from A. Levine) the Ad5 E4orf3 protein (1:2,000; a gift from G.
Ketner), and the Ad5 fiber protein (1:10,000; Neomarkers). Secondary antibod-
ies for immunofluorescence and immunoblotting were obtained from Sigma or
Jackson Laboratories.

Viruses and infections. Wild-type adenovirus serotypes Ad4, Ad5, and Ad12
were obtained from the American Type Culture Collection and propagated on
293 cells. The E4 mutant viruses dl1004 and dl1017 were gifts from G. Ketner and
were propagated on W162 and 293 cells, respectively. All viruses were purified by
two sequential rounds of ultracentrifugation in CsCl gradients and stored in 40%
glycerol at �20°C.

Immunofluorescence. Cells were grown on glass coverslips in 24-well dishes
and infected with virus or transfected with vectors. Cells were washed with
phosphate-buffered saline (PBS) and fixed for 10 min at �20°C in ice-cold

methanol:acetone (1:1). Cells were rehydrated in PBS and blocked with PBS-B
(5% bovine serum albumin in PBS) for 30 min. Primary antibodies were incu-
bated for 1 h at room temperature in PBS-B and then washed four times with
PBS. Secondary antibodies were incubated with the cells for 1 h at room tem-
perature in PBS-B. Cells were washed four times with PBS and mounted in
Fluoromount-G. In all cases, control staining experiments showed no cross-
reactions between the fluorophores, and images obtained by staining with indi-
vidual antibodies were the same as those obtained by double labeling. Nuclear
DNA was stained with 4�,6�-diamidino-2-phenylindole (DAPI), and coverslips
were mounted by the use of Fluoromount-G (Southern Biotechnology Associ-
ates). Immunoreactivity was visualized by use of a Nikon microscope in conjunc-
tion with a charge-coupled-device camera (Cooke Sensicam). Images were ob-
tained in double or triple excitation mode and processed with SlideBook and
Adobe Photoshop.

Immunoblotting. Cells were lysed in PBS containing 1% NP-40 and 0.1%
sodium dodecyl sulfate and then were cleared by centrifugation. Protein concen-
trations were determined with the Lowry assay (Bio-Rad), and equal concentra-
tions were loaded for analysis in polyacrylamide gels. Proteins were separated by
electrophoresis and transferred to Hybond ECL membranes. Membranes were
blocked overnight in PBS with 5% dry milk. Primary antibodies were incubated
with the membranes for 1 h at room temperature in PBS with 3% bovine serum
albumin. Proteins were visualized by enhanced chemiluminescence after incuba-
tion with secondary antibodies coupled to horseradish peroxidase for 1 h at room
temperature.

PFGE and RT-PCR. For analysis of the complementation of a virus with an E4
deletion, HeLa cells in 60-mm dishes were transfected by the use of Lipo-
fectamine 2000 with an empty vector or expression plasmids (7.5 �g) for E4orf3
proteins, and after 24 h, the cells were infected with dl1004 (5) at a multiplicity
of infection (MOI) of 25. After a further 48 h of infection, DNA, RNA, and
protein lysates were analyzed. Pulsed-field gel electrophoresis (PFGE) was per-
formed as previously described (38). RNAs were isolated from half of the cells
used for the concatemer assay by use of an RNeasy mini kit (QIAGEN). Reverse
transcription-PCR (RT-PCR) was performed with a One-Step RT-PCR kit
(QIAGEN) and 100 ng of RNA. The reaction conditions for each serotype were
similar except for the primers and the annealing temperature used. For Ad5
E4orf3, the forward primer was 5�-TGATTCGCTGCTTGAGGCTG-3�, the re-
verse primer was 5�-GCTTCCAAAAGGCAAACGGC-3�, and the annealing
temperature was 46.8°C. For Ad4 E4orf3, the forward primer was 5�-GCTTTC
GCTGTCCTCTTGTTTCTG-3�, the reverse primer was 5�-GTCTCGGAGCA
CTTCAAAATGC-3�, and the annealing temperature was 56.9°C. For Ad12
E4orf3, the forward primer was 5�-GAATGGTTCCAGTCAGGCAGTTTC-3�,
the reverse primer was 5�-TAAATCTCGCAGGTGGCAGC-3�, and the anneal-
ing temperature was 53.3°C. Standards consisted of stepwise dilutions, from
0.0001 ng to 1 ng, of the respective plasmid.

Molecular phylogeny. Predicted amino acid sequences for the E4orf1, E4orf2,
E4orf3, E4orf4, E4orf6, and E1b55K proteins were obtained from sequences
available in GenBank. The sequences were aligned with the CLUSTAL algo-
rithm (16) implemented in ClustalX version 1.83 (37). The Phylogeny Inference
Package (PHYLIP) suite of software tools, version 3.63 (distributed by J. Felsen-
stein, Department of Genome Sciences, University of Washington, Seattle), was
used to perform phylogenic comparisons as follows. A sequence alignment with
gaps was sampled by bootstrapping to yield 2,000 replicates. The replicates were
evaluated by the maximum parsimony algorithm in PROTPARS, and a predom-
inant, unrooted tree was identified by the majority rule algorithm. The resulting
consensus trees were in excellent agreement with those derived by Kovacs and
associates based on the E2B, pIIIa, and pVI proteins of primate adenoviruses
(21). The topology of the consensus tree was used as the basis for determining
sequence divergence by the maximum likelihood method using the Jones-Taylor-
Thornton model of amino acid changes (19). The uprooted distance trees are
presented with the Ad12 species A protein selected as the outgroup, or as an
unrooted graph.

RESULTS

Differential rearrangement of POD components by E4orf3.
We previously described the effect of the E4orf3 protein from
Ad5 on nuclear PML structures (10) and the cellular Mre11
complex (35). We observed that PML and the Mre11 complex
members were reorganized by Ad5 E4orf3 expression into
nuclear speckles. Both PML and the Mre11 complex are com-
ponents of the POD/ND10 structures, and therefore we inves-
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tigated whether reorganization by E4orf3 was a feature shared
by all proteins reported to be associated with PODs/ND10. We
examined the localization of a number of POD components by
immunofluorescence during infection with wild-type Ad5, a
mutant that lacks expression of E1b55K and E4orf6 (dl1017),
or after transfection of a plasmid vector expressing Ad5
E4orf3. We found that some of these proteins were relocalized
into track-like structures that partially colocalized with PML or
members of the Mre11 complex. These included SUMO-1 and
DAXX (Fig. 1A and B). However, other components of the
PODs/ND10 were unaffected, including the repair factors
BLM and TopBP1 (Fig. 1C). The results obtained from infec-

tions (data not shown) were similar to those obtained from
transfections of E4orf3 alone. These results show that a dis-
ruption of PML localization does not lead to a redistribution of
all other components of the PODs/ND10, and they suggest that
some proteins are specifically targeted by the Ad5 E4orf3 pro-
tein.

The Mre11 complex is differentially affected by Ad serotypes
4, 5, and 12. To further investigate the effects of adenoviral E4
proteins on the cellular Mre11 complex, we examined infec-
tions with different Ad serotypes. We analyzed infections with
Ad5 from subgroup C, Ad12 from subgroup A, and Ad4 from
subgroup E. Immunoblotting of lysates from HeLa cells in-
fected with the various serotypes showed that the Mre11 and
Rad50 proteins were down-regulated by Ad4 and Ad12 as well
as Ad5 infection (data not shown). We also analyzed compo-
nents of the Mre11 complex by immunofluorescence during
infection with different Ad serotypes (Fig. 2). Antibodies di-
rected against the viral DNA binding protein (DBP) of Ad5
could not be used to identify replication centers in cells in-
fected with Ad4 and Ad12 due to a lack of cross-reactivity
across serotypes (data not shown). Therefore, in order to iden-
tify infected cells and viral replication centers, we used an
antibody against the 32-kDa subunit of replication protein A
(RPA32). In uninfected cells, both Nbs1 and RPA32 were
found diffusely throughout the nucleus (Fig. 2A), but in cells
infected with wild-type Ad5, the RPA32 protein was relocal-
ized in a pattern overlapping with the DBP-positive viral rep-
lication centers (Fig. 2A). This relocalization was observed
throughout the infection and was seen with all serotypes tested,
suggesting that it can therefore be used a surrogate marker of
viral replication centers. For all serotypes tested, decreased
signal intensities were observed for the Mre11 complex pro-
teins in cells that displayed mature viral replication centers,
consistent with the targeted degradation described above. De-
spite the degradation and lower signal intensity, sufficient Nbs1
protein remained at this time point for us to assess its location
during different virus infections. As previously reported (35),
during infection with Ad5 the Mre11 complex members were
observed to be excluded from viral replication domains and
were present in nuclear and cytoplasmic aggregates (Fig. 2B).
In contrast, during infection with Ad4 (Fig. 2C) and Ad12 (Fig.
2D), there was an absence of Nbs1 in nuclear tracks, and
instead the protein was localized to viral replication centers.
The Nbs1 protein accumulated in foci around the viral centers,
in a pattern that resembled that seen during infection with a
virus with an E4 deletion (dl1004) derived from Ad5 (35).
These results suggest that degradation of the Mre11 complex is
a conserved feature but that reorganization of the complex is
specific to certain adenovirus serotypes.

Our previous work with Ad5 has demonstrated that the
E1b55K/E4orf6 complex is responsible for the degradation of
Mre11/Rad50/Nbs1 (6, 35), possibly through the recruitment
of cellular proteins to form a ubiquitin ligase (15, 31). There-
fore, to study this degradation further, we PCR amplified and
cloned the cDNAs for the E4orf6 proteins from lysates of cells
infected with Ad4 and Ad12. In stable cell lines expressing Ad5
E1b55K, the viral protein accumulates in cytoplasmic speckles
(6), but the transfection of E4orf6 plasmids resulted in relo-
calization to the nucleus for the proteins from serotypes Ad4,
Ad5, and Ad12 (Fig. 3A). This suggests that the E1b55K in-

FIG. 1. Effect of E4orf3 on localization of components of PODs/
ND10. HeLa cells were transfected with an expression vector for Ad5
E4orf3, and the localization of proteins was assessed by immunofluo-
rescence. E4orf3 induced the reorganization of SUMO1 (A) and
DAXX (B) into nuclear track-like structures that partially colocalized
with Rad50. (C) Neither BLM nor TopBP1 was recruited to the struc-
tures induced for Rad50 and PML by E4orf3 expression.
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teraction domain in E4orf6 is conserved among the serotypes.
This was also accompanied by degradation of the Nbs1 protein,
demonstrating that the complex of Ad5 E1b55K with the var-
ious E4orf6 proteins was functional for targeting the Mre11
complex for degradation. This was further supported by the
observation that the transfection of 293 cells that contain the
Ad5 E1b55K gene with E4orf6-expressing plasmids for Ad4,
Ad5, and Ad12 also led to the degradation of Mre11, Rad50,
and Nbs1 (Fig. 3B). These results indicate that degradation of
the Mre11 complex members by E4orf6 and E1b55K is con-
served among serotypes Ad4, Ad5, and Ad12.

The E4orf3 proteins of Ad4 and Ad12 mislocalize PML but
not the Mre11 complex. The E4orf3 protein of Ad5 is clearly
sufficient to redistribute both the PML protein and the Mre11
complex (35). To determine if the E4orf3 proteins of Ad4 and
Ad12 disrupt the Mre11 complex in the absence of viral infec-
tion, we cloned the cDNAs from these serotypes and expressed
them by transfection with or without an N-terminal FLAG
epitope tag. Transfections of HeLa cells with FLAG-tagged
E4orf3 proteins of Ad5, Ad4, and Ad12 followed by anti-
FLAG immunofluorescence revealed track-like structures in
each case (Fig. 4A). Each of the E4orf3 proteins was also
sufficient for the disruption of PML bodies (Fig. 4A). The
tagged Ad5 E4orf3 protein efficiently targeted the Mre11 com-
plex and also partially colocalized with Rad50 and Nbs1 in
nuclear tracks and cytoplasmic accumulations (Fig. 4B). Un-

tagged constructs were also generated, and a similar PML
disruption was observed upon transfection, but unfortunately
the antibody raised against the C terminus of Ad5 E4orf3 did
not recognize the Ad4 E4orf3 and Ad12 E4orf3 proteins (data
not shown). Interestingly, the FLAG-tagged E4orf3 proteins of
Ad4 and Ad12 failed to disrupt Mre11, Rad50, or Nbs1 in
transfections (Fig. 4C and data not shown). These results sug-
gest that disruptions of the normal localization of PML and the
Mre11 complex are separable events and that Mre11 reorga-
nization is a function specific to Ad5 E4orf3 and is not shared
by all Ad serotypes.

E4orf3 also physically interacts with the adenoviral E1b55K
protein (23). When expressed alone by transfection or in stable
cell lines, the E1b55K protein is predominantly found in cyto-
plasmic bodies (6, 23, 41), but it is imported into the nucleus by
the expression of E4orf3 (20). During infection, the E1b55K
protein is predominantly nuclear and initially associates with
PODs/ND10 and the track-like PML structures (10, 23). We
therefore assessed the effect of the E4orf3 proteins on E1b55K
localization (Fig. 5A). Expression constructs for the E4orf3
proteins were transfected into a HeLa-derived cell line that
expresses Ad5 E1b55K from a retrovirus vector (6). Immuno-
fluorescence revealed that the E4orf3 proteins of Ad4, Ad5,
and Ad12 were all capable of recruiting E1b55K into nuclear
tracks that partially colocalized with PML. When E1b55K lo-
calization was examined in conjunction with Nbs1 staining, the

FIG. 2. Localization of Mre11 complex during infection with different Ad serotypes. (A) In uninfected HeLa cells, the Nbs1 and RPA32
proteins were localized diffusely throughout the cellular nucleoplasm. In Ad-infected cells, the RPA32 protein was found to be relocalized in a
pattern that overlapped with that of viral replication centers detected by staining with an antibody to the viral DBP. This shows that RPA32
relocalization can be used as a surrogate marker for viral replication centers. Localization of the Mre11 complex was determined by staining for
Nbs1 during infections of HeLa cells with Ad5 (B), Ad4 (C), and Ad12 (D). Cells infected with Ad5 (MOI of 25), Ad 4 (MOI of 100), and Ad12
(MOI of 25) were fixed and analyzed by immunofluorescence at 12 and 24 h postinfection. Staining with RPA32 was used to localize the replication
centers because the Ad5 DBP monoclonal antibody does not cross-react with the Ad4 DBP and Ad12 DBP proteins. (B) Nbs1 was excluded from
Ad5 replication centers after 12 h and 24 h of infection. Nbs1 localized to sites of viral replication during Ad4 (C) and Ad12 (D) infections.
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two proteins colocalized in tracks in the presence of Ad5
E4orf3 (Fig. 5B). However, although the E1b55K protein was
present in nuclear tracks induced by Ad4 E4orf3 and Ad12
E4orf3, the Nbs1 protein remained diffusely nuclear. These
results indicate that there is a selective recruitment of proteins
into E4orf3-induced nuclear tracks.

The Ad4 E4orf3 and Ad12 E4orf3 proteins fail to comple-
ment defects of a virus with an E4 deletion. Infections of cells
with an Ad5-derived virus with an E4 deletion lead to an
accumulation of the Mre11 complex at foci around viral rep-
lication centers and are accompanied by concatemerization of
viral genomes (35). Neither foci nor concatemers are observed
for viruses that express Ad5 E4orf3, and therefore we assessed
the ability of the different E4orf3 proteins to complement
these functions during infection with an adenovirus with an E4
deletion. Cells were transfected with expression vectors for the
E4orf3 proteins and then infected with the virus dl1004, which
has an E4 deletion (Fig. 6). Immunofluorescence analysis for
PML confirmed E4orf3 expression and the induction of track-
like structures. Viral replication centers were located by
RPA32 staining, and localization of the Mre11 complex was
determined with an Nbs1 antibody. In cells transfected with an
empty vector, there were foci of Nbs1 at viral centers, but in
the presence of Ad5 E4orf3, the Nbs1 protein was found in
tracks and was excluded from viral centers. Although the Ad4
E4orf3 and Ad12 E4orf3 proteins caused a redistribution of
PML, they did not prevent accumulation of the Mre11 complex
at viral replication centers.

We used PFGE to analyze DNA from infected cells for the
formation of concatemers (Fig. 7A). The viral genome was
detected predominantly as a linear monomer during infection
with wild-type Ad5, but concatemers were observed for the
virus with the E4 deletion. Concatemerization was greatly re-
duced by the expression of Ad5 E4orf3 but not by a mutant
(Ad5 N82A) that did not reorganize the Mre11 complex (35).
In contrast, neither of the E4orf3 proteins from Ad4 and Ad12
prevented concatemers. RT-PCR analysis of RNAs from trans-
fections using primers specific to each serotype gene demon-
strated comparable levels of E4orf3 transcripts (Fig. 7B). We
also looked for the production of viral late proteins by immu-
noblotting with an antifiber antibody (Fig. 7A). No fiber pro-
tein was produced by infection with the virus with the E4
deletion. Only wild-type Ad5 E4orf3 complemented the virus
for late protein production. Taken together, these results dem-
onstrate that the Ad4 and Ad12 E4orf3 proteins, which do not
mislocalize the Mre11 complex, also fail to prevent concatemer
formation and to promote the production of late proteins.

Molecular phylogeny of adenovirus E4 proteins. The E4orf3
proteins of Ad12 (subgroup A) and Ad4 (subgroup E) differed
from that of Ad5 (subgroup C) by their failure to mislocalize
the Mre11 complex and prevent viral DNA concatemerization.
Sequence comparisons among these proteins were uninforma-
tive because they share approximately 50% identity and 60%
similarity at the amino acid level (data not shown). However,
molecular phylogeny suggests that the E4orf3 proteins of sub-
group C have diverged substantially from those of other human
adenovirus species (Fig. 8A). Representative proteins from
each subgroup of human adenoviruses were analyzed further
by the unrooted branching graphs shown in Fig. 8B. In contrast
to the proximity of the E4orf3 proteins of subgroup A, D, E,

FIG. 3. Degradation of the Mre11 complex is conserved among Ad
serotypes. (A) Transfection of HeLa cells that stably express the Ad5
E1b55K protein (6) with plasmids encoding the E4orf6 proteins of
Ad5, Ad4, and Ad12. All E4or6 proteins resulted in the nuclear accu-
mulation of Ad5 E1b55K and the degradation of Nbs1. (B) Immuno-
blotting of 293 cells (expressing Ad5 E1b55K) transfected with cDNA
expression vectors (4 �g) for E4orf6 proteins of Ad5, Ad4, and Ad12.
Negative controls included untransfected cells (mock) and cells trans-
fected with the empty vector construct. The expression of all three
E4orf6 proteins led to the down-regulation of Mre11, Rad50, and
Nbs1. The p53 protein was also degraded with each E4orf6 protein,
and �-tubulin served as a loading control.
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and B adenoviruses, the E4orf3 protein of Ad5 (subgroup C)
lies at a substantial distance from its nearest neighbor (Fig.
8B). The E4orf3 protein of Ad40 (subgroup F) shows the next
largest divergence, although it appears to be more closely re-
lated to the cluster of other virus subgroups. The apparent

FIG. 4. Redistribution of the Mre11 complex is a specific activity of
E4orf3 from serotype Ad5. HeLa cells were transfected with plasmids
carrying FLAG-tagged cDNAs encoding the E4orf3 proteins of Ad5,
Ad4, and Ad12. After 24 h, the localization of E4orf3 and cellular
proteins was analyzed by immunofluorescence. (A) E4orf3 proteins
from all three serotypes disrupted PML bodies and generated track-
like structures. The expression of FLAG-tagged E4orf3 from Ad5
(top), Ad4 (middle), and Ad12 (bottom) caused a dispersion of the
usually punctate PML staining. (B) Expression of FLAG-tagged Ad5
E4orf3 leads to disruption of the Mre11 complex, and E4orf3 colocal-
izes with Rad50 and Nbs1. (C) Nbs1 localization was unaffected by the
expression of FLAG-tagged E4orf3 proteins from Ad4 and Ad12.

FIG. 5. E1b55K is recruited into nuclear PML track-like structures
by E4orf3 proteins. HeLa cells expressing the E1b55K viral protein
were transfected with E4orf3 expression vectors. (A) In mock-trans-
fected cells, E1b55K was located predominantly in cytoplasmic speck-
les and PML was localized to PODs/ND10. The expression of E4orf3
from Ad4, Ad5, and Ad12 resulted in the import of E1b55K into the
nucleus, where it partially colocalized with PML in track-like struc-
tures. (B) Nuclear tracks of E1b55K colocalized with Nbs1 when in-
duced by Ad5 E4orf3 but not when induced by the Ad4 E4orf3 and
Ad12 E4orf3 proteins.
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divergence of the E4orf3 protein from subgroup C adenovi-
ruses is not shared by other E4 proteins or by the E1b55K
protein. For example, no similar cluster was observed in the
graphs for the E4orf1, E4orf2, E4orf4, and E4orf6 proteins
(Fig. 8B and data not shown). It is curious that the E4orf2
protein, which has no known function, appears to have expe-
rienced the most divergence between subgroups.

DISCUSSION

We previously reported that the E4orf3 protein of Ad5 re-
organizes the cellular distribution of the Mre11 complex (35).
The formation of viral genomic DNA concatemers requires the
Mre11 complex and is prevented by the Ad5 E4orf3 protein
(35, 38). We therefore further analyzed the reorganization of
the Mre11 complex by E4orf3 proteins in order to explore the

correlation between mislocalization and inhibition of concate-
merization. The Ad5 E4orf3 protein was observed in a pattern
of nuclear track-like structures and cytoplasmic accumulations
which colocalized with the rearranged Mre11/Rad50/Nbs1
complex. The partial overlap of the patterns for PML and the
Mre11 complex that were induced by E4orf3 suggests that they
may form through a related process. One possibility is that
E4orf3 reorganization of the Mre11 complex occurs through its
association with PML and the PODs/ND10. The lack of reor-
ganization of other proteins associated with PODs/ND10, to-
gether with an analysis of E4orf3 proteins from different sero-
types, makes this possibility seem unlikely.

Many viruses encode proteins that interact with the PODs/
ND10 or disrupt these structures during infection (12, 26). It
has therefore been suggested that POD/ND10 reorganization

FIG. 6. Expression of Ad5 E4orf3 prevents accumulation of the
Mre11 complex at virus replication centers during infection with a
virus with an E4 deletion. HeLa cells were transfected with expression
vectors for E4orf3 proteins or with an empty vector (0.8 �g). The left
column shows images of transfected cells stained for PML localization
after 24 h, demonstrating track-like structures in cells expressing all of
the E4orf3 proteins. The images on the right are from transfected cells
that were also infected with the virus dl1004, which has an E4 deletion,
for a further 24 h and then stained for Nbs1 and RPA32 (marks viral
replication centers). The Nbs1 protein was excluded from virus centers
by Ad5 E4orf3 but not by the E4orf3 proteins of Ad4 and Ad12.

FIG. 7. Ability of E4orf3 proteins to complement a virus with an E4
deletion. (A) HeLa cells were transfected with expression vectors for
the E4orf3 proteins of Ad5, Ad4, and Ad12. After 24 h, the cells were
infected with the virus dl1004, containing an E4 deletion, and DNAs
were harvested for PFGE analysis after a further 48 h. Concatemer-
ization was abrogated only by wild-type Ad5 E4orf3. An empty vector
and the N82A mutant of Ad5 E4orf3 served as negative controls. The
production of late proteins was assessed by immunoblotting with an
antifiber antibody. Infection with Ad5 served as a positive control for
this experiment. (B) Transcription of the different E4orf3 constructs
was confirmed by RT-PCR with lysates from transfected cells, using
serotype-specific primer sets.
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may be a prerequisite for efficient viral DNA replication. At
least in the case of adenoviruses, the disruption of PODs may
not be sufficient to initiate viral replication, but rather there
may be a specific pattern of reorganization of POD compo-
nents as viral replication centers are formed (11). Our data

from an analysis of different Ad serotypes clearly demonstrate
that the mislocalization of PML and that of the Mre11 complex
are separable events. Ad4 and Ad12 both encode E4orf3 pro-
teins that efficiently target PML but do not affect Mre11 local-
ization. It is possible that the reorganization of the Mre11
complex by Ad5 E4orf3 is mediated by a direct interaction that
is lacking in the other serotypes, despite the high level of
sequence conservation between proteins. The mechanism by
which Ad5 E4orf3 causes redistribution of the Mre11 complex
remains enigmatic. Further mutational analysis of the Ad5
E4orf3 protein may identify distinct residues of the protein
which are involved in its specificity and may aid in both func-
tional analysis and interaction studies.

An analysis of the functions of the Mre11 complex in the
presence of E4orf3 may be valuable in addressing the extent of
its inactivation after redistribution. While mislocalization of
the Mre11 complex may not be completely sufficient to prevent
viral concatemerization (11), our results suggest that it is a
contributing factor. The complementation experiments with
the Ad4 E4orf3 and Ad12 E4orf3 proteins strengthen the links
between the reorganization of Mre11 complex localization and
the prevention of viral genome concatemerization. In addition
to a role in joining viral genomes, the Mre11 complex is also
important for signaling in response to DNA damage and in the
repair process (6, 9, 30). It will be interesting to determine
which of these functions are affected by the relocalization of
Mre11 induced by Ad5 E4orf3. In addition, in conjunction with
the E1 proteins, the expression of E4orf3 potentiates the trans-
formation of rodent cells, primarily in a “hit-and-run” fashion
(28, 29). Understanding the mechanism of E4orf3 function
could provide insight into functions of the Mre11 complex and
elucidate its possible role in E4orf3-induced transformation.

Adenovirus mutants that do not express either E4orf3 or
E4orf6 are phenotypically indistinguishable from wild-type vi-
ruses, suggesting that these two viral proteins have comple-
mentary functions (5, 14, 17). Each of these two proteins can
overcome the defects of a complete E4 deletion, and they have
multiple functions that include effects on the initiation of viral
DNA replication, splicing, RNA processing, and late protein
expression. The actions of these two proteins are likely to be
distinct, and their apparent redundancy may reflect different
requirements that may depend upon the cell type or cell cycle
status of the infected host cell (13, 34). One of the common
functions of E4orf3 and E4orf6 is their ability to prevent con-
catemerization of the adenovirus genome (35, 38). Since the
joining event is dependent on the Mre11 complex (35), it
would seem that both proteins perform this function by tar-
geting components of this repair complex. Degradation of the
Mre11/Rad50/Nbs1 proteins by the E1b55K/E4orf6 complex is
conserved among the adenovirus serotypes that we have stud-
ied, whereas only Ad5 E4orf3 can alter their cellular location
and prevent their accumulation at viral replication centers.
This may reflect variations in the target cell type or mode of
replication of the different serotypes.

Molecular phylogenic comparisons confirm that the E4orf3
protein is highly conserved among adenoviruses (reviewed in
reference 36) but also suggest that the subgroup C adenovirus
E4orf3 protein has diverged more sharply from those of the
other serotypes. The findings reported here demonstrate that a
representative subgroup C protein from Ad5 differs at the

FIG. 8. The E4orf3 protein of Ad5 exhibits divergence from the
E4orf3 proteins of other adenovirus species. (A) The relationships
among E4orf3 proteins of the indicated human and monkey adenovi-
ruses were calculated by application of the PHYLIP suite of software
as described in Materials and Methods. The uprooted tree obtained by
this method was presented with the Ad12 subgroup A protein as the
outgroup. The length of each branch corresponds to the expected
number of amino substitutions, with the scale bar corresponding to a
rate of change of 0.25 substitutions per residue. Simian viruses are
identified as “sAd,” and human viruses are identified as “Ad.” The
vertical bar to the right of the virus names identifies viruses of the
indicated subgroup, as suggested by the analysis of Kovacs and asso-
ciates (21). (B) The divergence of E4orf3, E4orf6, E4orf2, and E1b55K
proteins from representative human adenoviruses is presented as
branching graphs in which the length of each branch corresponds to
the expected number of amino substitutions at each position. All
graphs are presented on the same scale. The specific viruses repre-
sented in this analysis are indicated, as are their subgroup designations
(A to F). Bar, rate of change of 0.25 substitutions per residue.
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functional level by its ability to mislocalize the Mre11 complex
and prevent concatemers. Molecular comparisons between the
E4orf3 proteins of different Ad serotypes may suggest other
naturally occurring variants that are worth studying. For ex-
ample, it will be interesting to determine which properties are
shared by the E4orf3 protein of the enteric Ad40 from sub-
group F, which has diverged to a lesser extent from the sub-
group A, B, D, and E proteins (Fig. 8B). Perhaps the need to
express redundant activities that target DNA repair mecha-
nisms is related to the natural history of the virus in the human
host. Most of the mutations generated in the E4 region have
been done in the context of human Ad5 or Ad2, and therefore
it is not known whether the redundancy between E4orf3 and
E4orf6 is maintained in other serotypes.

In addition to its effect on concatemer formation, the E4orf3
protein has several other functions that are important for rep-
lication and its effects on viral growth (11, 34). The naturally
occurring differences we have uncovered for serotypes Ad4
and Ad12 provide valuable reagents to facilitate a functional
dissection of the multifunctional E4orf3 protein. The variable
regions between different serotypes may also serve to guide
future mutagenesis studies aimed at understanding the func-
tions of E4orf3. A mutational analysis of Ad5 E4orf3 was
initiated with point mutants that were generated and expressed
under the endogenous E4 promoter when recombined into a
virus lacking E4orf6 (11). It will be interesting to determine
which defects of a virus with an E4 deletion will be comple-
mented by the E4orf3 proteins derived from the various sero-
types and whether the multiple functions of E4orf3 are con-
nected to each other through common cellular targets.
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