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The E1B-55-kDa protein of adenovirus type 5 and the p53 tumor suppressor gene product form a complex
that localizes to the cytoplasm, thereby downregulating p53’s transcriptional activity. The E4orf6 protein binds
and relocalizes E1B-55-kDa, and the proteins act synergistically to inactivate p53. We show that another
adenovirus E4 gene product, E4orf3, is also sufficient to relocalize E1B-55-kDa from the cytoplasm to the
nucleus. Both proteins are then found in discrete nuclear structures (tracks) that are known to contain
components of the promyelocytic leukemia-associated nuclear structure. Simultaneously, p53 is dissociated
from E1B-55-kDa and is found evenly distributed over the nucleoplasm. In the presence of E4orf3, p53-
dependent transcriptional activity is no longer repressed by E1B-55-kDa. When E1B-55-kDa is coexpressed
with E4orf3 and E4orf6, E1B-55-kDa is found to colocalize with E4orf6 rather than E4orf3. In parallel, p53 is
inhibited and degraded by the combination of E1B-55-kDa and E4orf6, regardless of coexpressed E4orf3. This
suggests that the effects of E4dorf6 on E1B-55-kDa overrule the actions of E4orf3. When cells are infected with
virus expressing E4orf3 but not E4orf6, E1B is found in the cell nucleus and p53 enters the virus replication
centers. After infection with wild-type adenovirus, E4orf3 is expressed before E4orf6 and E1B temporarily
colocalizes with E4orf3 in nuclear tracks before associating with E4orf6. We propose that during adenovirus
infection, the E4orf3 protein transiently liberates p53 from its association with E1B-55-kDa. Subsequently, p53

is inactivated and degraded by the combination of E1B-55-kDa and E4orf6.

The adenovirus E1B-55-kDa protein forms a specific com-
plex with the Edorf6 (E4-34-kDa) protein during infection
(31). When transiently expressed, E1B-55-kDa can be detected
in characteristic clusters confined to the cytoplasm. In contrast,
coexpressed Edorf6 relocalizes E1B-55-kDa from the cyto-
plasm to the nucleus, and both proteins are found distributed
over the nucleus (16). The complex formed by E1B-55-kDa
and Ed4orf6 shuttles between the nucleus and the cytoplasm
(11), but the equilibrium between export and import results in
a predominantly nuclear location of the two proteins. During
infection, both proteins localize to the periphery of the virus
replication centers (26). The complex of E1B-55-kDa and
E4orf6 is responsible for at least two different functions. First,
the two proteins are necessary for the modulation of mRNA
export during adenovirus infection. When both proteins are
expressed by the virus, viral mRNA is efficiently carried to the
cytoplasm, while most cellular mRNA molecules are retained
in the nucleus (1, 5, 27). Second, the E1B-55-kDa protein binds
and inactivates the p53 tumor suppressor gene product, result-
ing in oncogenic transformation of cells (32, 42). In the ab-
sence of E4 proteins, E1B-55-kDa colocalizes with p53 in cy-
toplasmic clusters (7, 43). However, when E4orf6 is
coexpressed with p53 and E1B-55-kDa, p53 is strongly desta-
bilized, leading to severely reduced steady-state amounts of the
protein (29, 35). E4orf6 has been reported to interact with p53
(12) and to enhance the E1B-55-kDa protein’s oncogenic po-
tential (22, 24). Thus, it appears that adenovirus employs E1B-
55-kDa and E4orf6 to reduce p53 abundance and activity dur-
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ing infection. In contrast, herpesviruses do not seem to
counteract p53 during infection. Rather, cytomegalovirus IE2
protein appears to upregulate pS3 (23). Further, p53 accumu-
lates in the cellular replication areas within the nucleus during
infection with cytomegalovirus (14) and herpes simplex virus
(44), suggesting that these viruses may take advantage of p53
for their replication. The fact that adenovirus E1A proteins
upregulate the intracellular p53 levels (8, 21) raises the possi-
bility that p53 may also play a positive role during the adeno-
virus infectious cycle, especially before E1B-55-kDa/E4orf6-
mediated p53 degradation reaches completion.

E4orf6 can relocalize E1B-55-kDa from the cytoplasm to the
nucleus (16). However, when cells are infected with a recom-
binant adenovirus lacking a functional E4orf6 coding region,
E1B-55-kDa is still found in the nucleus, namely, in character-
istic track-like structures (26). This suggests that at least one
other adenovirus protein can relocalize E1B-55-kDa from the
cytoplasm. The track-like localization is reminiscent of another
adenovirus E4 protein that is encoded by the E4 open reading
frame 3 (E4orf3) (9, 13). Based on these observations, we
suspected that E4orf3 may also be able to relocalize the E1B-
55-kDa protein from the cytoplasm to the nucleus. Further, we
asked if E4orf3, like E4orf6, might modulate E1B-55-kDa’s
action on p53.

We show here that the presence of E4orf3 redirects E1B-
55-kDa from the cytoplasm to the nuclear tracks. p53 is then
liberated from E1B-55-kDa, resulting in p53-mediated tran-
scriptional activity. However, the E4orf6 protein cooperates
with E1B-55-kDa to inactivate and degrade p53, even in the
presence of Edorf3. Therefore, we propose that E4orf3 tem-
porarily permits p53 activity in adenovirus-infected cells, be-
fore Edorf6 in concert with E1B-55-kDa eliminates p53.
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MATERIALS AND METHODS

Cell culture and infection. Cells were maintained in Dulbecco modified eagle
medium (DMEM) containing 10% fetal bovine serum (FBS). For infection,
400,000 cells in a 3.5-cm dish were washed with phosphate-buffered saline (PBS)
and then overlaid with 4 X 10° infectious units of virus in 500 ul of DMEM
without serum. After 3 h of gentle rocking in an incubator, the cells were washed
again with PBS and further incubated in DMEM-10% FBS.

Plasmids. The expression plasmids for p53 (20), hemagglutinin HA-tagged
E1B-55-kDa (termed pCGNEI1B) (11) and E4orf6 (12) have been described. To
obtain an expression plasmid for flag-tagged E4orf3, the corresponding coding
region was PCR amplified from genomic adenovirus type 5 DNA by using the
primers 5'-CGCGGATCCGCCACCATGGACTACAAAGACGATGACGAT
AAGATGATTCGCTGCTTGAGGCTGAAG-3' and 5'-CGCGGATCCTTAT
TCCAAAAGATTATCCAAAAC-3'. The PCR product was cloned into the
pCMVneoBam expression vector (4) by wusing BamHI to obtain
pCMVflagE4orf3. The construct was verified by sequencing.

Transfections. Cells were transfected by using a cationic lipid preparation
(Superfect; Qiagen) according to the manufacturer’s instructions. A total of 3 pug
of plasmid DNA was transfected into 400,000 cells on a 3.5-cm dish. Cells were
harvested 20 h after transfection. For Western blot detection of p53 (see Fig. 3),
Saos-2 cells were transfected with 2 pg of plasmid DNA by using Fugene 6
(Boehringer Mannheim).

Immunofluorescence. Cells were transfected as described above, but all quan-
tities were reduced by a factor of 4, and the cells were seeded onto plastic slides
(Nunc) suitable for microscopy. Transfected or infected cells were fixed with
paraformaldehyde (4% in PBS, 15 min), permeabilized with Triton X-100 (0.2%
in PBS, 25 min), and incubated with antibody as described earlier (10). To stain
the flag tag, a mouse monoclonal antibody (M2; IBI Kodak) was used when
double labeling of the flag tag with p53 was performed. Alternatively, the flag tag
was stained with a polyclonal rabbit antibody (D-8; Santa Cruz) when double
labeling of the flag tag with E1B-55-kDa was performed. The E2A-72-kDa DNA
binding protein was stained with a polyclonal rabbit antibody (a generous gift of
G. Ketner) when E1B-55-kDa was labeled simultaneously. Alternatively, the
E2A-72-kDa protein was stained with a mouse monoclonal antibody (clone B8-6)
when p53 was labeled simultaneously. To detect E1B-55-kDa, the murine mono-
clonal antibody 2A6 (33) was used. The p53 protein was stained with a polyclonal
rabbit antibody (FL-393; Santa Cruz). E4orf3 in infected cells was stained with a
polyclonal rabbit antibody (J. Boyer and G. Ketner). Primary mouse antibodies
were visualized by secondary antibodies coupled to fluorescein isothiocyanate
FITC (Jackson). Primary rabbit antibodies were detected by a Texas-Red-la-
beled secondary antibody (Jackson). Prior to mounting (Fluoprep, bioMérieux),
the cell nuclei were briefly stained with 4,6'-diamidino-2-phenylindole (DAPT).

Immunoblots. Proteins were separated on sodium dodecyl sulfate (SDS)-10%
polyacrylamide gels transferred to nitrocellulose; this was followed by incubation
with antibodies in PBS containing 5% milk powder and Tween 20 and chemilu-
minescent detection (Pierce) of peroxidase-coupled secondary antibody (Jack-
son). The concentration of Tween 20 was 0.05% when p53 was detected and
0.5% when E4 proteins were stained. Antibody Pab1801 to p53 was from Cal-
biochem. Polyclonal antibodies to E4orf3 and E4orf6 were generous gifts from
G. Ketner and P. Branton, respectively.

Luciferase assays. Next, 750,000 Saos-2 cells per assay were transfected by
using Superfect (Qiagen). Luciferase activities were determined by a premanu-
factured assay system (Promega).

RESULTS

Edorf3 is sufficient to relocalize the E1B-55-kDa protein
from the cytoplasm to the nucleus. E4orf3 was transiently
expressed in HeLa cells, with a flag epitope fused to the amino-
terminal end of the protein. A protein of the expected size was
detected by Western blot with an antibody to the tag (data not
shown). By immunofluorescence, the protein was found in
nuclear tracks that colocalize with the promyelocytic leukemia
(PML) protein in HeLa cells and Hep-2 cells, confirming pre-
vious results (9, 13). In addition to the nuclear tracks, E4orf3
was occasionally found in filamentous structures within the
cytoplasm. These cytoplasmic filaments did not detectably co-
incide with cytoskeletal components such as actin, tubulin, or
vimentin (data not shown). Using this construct, E4orf3 was
coexpressed with the adenovirus E1B-55-kDa protein, fol-
lowed by simultaneous detection of the two proteins with dif-
ferently labeled antibodies (Fig. 1). When E1B-55-kDa was
transiently expressed in HeLa cells, it was found within char-
acteristic cytoplasmic clusters (Fig. 1a). When E4orf3 and
E1B-55-kDa were expressed together, both proteins localized
to nuclear tracks (Fig. 1b and g) that were similar to the
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pattern observed with E4orf3 alone (Fig. 1j). The E4orf6 pro-
tein also relocalized E1B-55-kDa, resulting in an even distri-
bution of E1B-55-kDa throughout the nucleus (Fig. 1c), as was
shown previously (16). When both E4orf3 and Edorf6 were
simultaneously expressed along with E1B-55-kDa (Fig. 1d and
i), the pattern of E1B-55-kDa distribution was similar to the
combination of Edorf6 and E1B-55-kDa. In contrast, E4orf3
remained in the nuclear tracks. Thus, the E4orf6-induced re-
localization of E1B-55-kDa is dominant over the pattern
achieved with E4orf3.

E4orf3 relieves the inhibition of p53 activity by E1B-55-kDa.
Since E1B-55-kDa is known to bind and inactivate the p53
protein, we asked if this activity might be modulated by E4orf3.
To measure p53 activity, a reporter plasmid with a p53-depen-
dent promoter (derived from the first intron of the mdm?2
gene) regulating luciferase expression was transfected into
Saos-2 cells, a human osteosarcoma cell line that lacks endog-
enous p53. At 24 h after transfection, the cells were harvested
and the luciferase activity was determined (Fig. 2). While only
a low level of basal activity was detectable in the absence or
presence of E4orf3 (Fig. 2, lanes 1 and 2), cotransfection of a
p53 expression plasmid resulted in strongly enhanced lucif-
erase expression (Fig. 2, lane 3). The additional expression of
E1B-55-kDa reduced this transcriptional activation by p53 and
resulted in a low luciferase activity (Fig. 2, lane 4). However,
when E4orf3 was expressed along with p53 and E1B-55-kDa,
the inhibitory effect of E1B-55-kDa was abolished, and the
transcriptional activity was similar to the value obtained with
p53 in the absence of adenoviral proteins (Fig. 2, lane 5).
When E4orf3 was coexpressed with p53, transcriptional activity
was moderately enhanced compared to p53 alone (Fig. 2, lane
6). Finally, E1B-55-kDa and E4orf6 were downregulating p53
activity more profoundly than E1B-55-kDa alone (Fig. 2, lane
7), in accordance with the finding that the combination of
E1B-55-kDa and E4orf6 mediates the intracellular degrada-
tion of p53 (29, 35). This effect was not reversed by the addi-
tional expression of E4orf3 (Fig. 2, lane 8). Essentially the
same results were obtained when different p53-responsive pro-
moters were used (data not shown). Taken together, these
results suggest that E4orf3 can reverse the inhibitory effect of
E1B-55-kDa on p53, while E4orf6 further enhances p53 inhi-
bition in the presence of E1B-55-kDa. In the presence of all
three viral proteins, the effect of E4orf6 overrules that of
Edorf3.

E4orf3 does not detectably influence p53 stability. Given the
fact that E1B-55-kDa and Ed4orf6 promote the intracellular
destabilization of p53 (29, 35), we tested whether p53 stability
might also be affected by E4orf3. The three adenovirus pro-
teins in all permutations were transiently coexpressed with p53
in Saos-2 cells, followed by Western blot detection of p53 (Fig.
3). None of the adenovirus proteins affected the p53 levels
when expressed alone (Fig. 3, compare lanes 3, 4, and 6 with
lane 2), and combinations of E4orf3 with either E1B-55-kDa
or E4orf6 did not reduce the steady-state amount of p53 (Fig.
3, lanes 5 and 8). In contrast, the p53-derived signal was
strongly reduced in the presence of E1B-55-kDa and E4orf6
together (Fig. 3, lane 7), and this reduction was maintained in
the presence of E4orf3 (Fig. 3, lane 9). These results argue that
E1B-55-kDa and E4orf6 act in concert to destabilize p53, while
E4orf3 does not significantly affect the intracellular amount of
p53 protein.

E4orf3 abolishes the colocalization of p53 with E1B-55 kDa.
Since Edorf3 apparently reverses the inhibitory effect of E1B-
55-kDa on p53 activity (Fig. 2), we asked if E4orf3 might
modulate the intracellular association of E1B-55-kDa with
pS3. To this end, the three proteins were coexpressed in HeLLa
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FIG. 1. Relocalization of E1B-55-kDa by two E4 gene products. Expression plasmids for E1B-55-kDa, flag-tagged E4orf3, and E4orf6 (330 ng of each) or “empty”
vector constructs were cotransfected into HeLa cells as indicated. At 24 h after transfection, E1B-55-kDa (panels a to e¢) and the tagged Edorf3 protein (panels f to
j) were detected by double immunofluorescence. The location of the nuclei was visualized by DAPI stain (panels k to o). The site of cytoplasmic clusters containing

E1B-55-kDa is marked by arrowheads in panels a, f, and k.

cells in different combinations and detected by immunofluo-
rescence (Fig. 4). Transfection of Saos-2 cells yielded essen-
tially the same results (data not shown). While p53 is found
predominantly in a diffusely nuclear distribution when ex-
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FIG. 2. p53 inhibition by E1B-55-kDa abolished by E4orf3. Expression plas-
mids for p53 (100 ng), E1B-55-kDa (400 ng), flag-tagged E4orf3 (400 ng) and
E4orf6 (100 ng), or “empty” vector constructs were cotransfected along with 1 pg
of a p53 responsive luciferase reporter plasmid termed pBP100luc (30) into
Saos-2 cells as indicated. At 24 h after transfection, the luciferase activity was
determined. The activity of p53 alone was arbitrarily set to 100%, and the
activities obtained with the different plasmid combinations were normalized
accordingly.

pressed in the absence of virus proteins (Fig. 4a), it is relocal-
ized to cytoplasmic clusters in the presence of E1B-55-kDa
(Fig. 4b and g), as described previously (7, 43). When E4orf3
was coexpressed with p53 in addition to E1B-55-kDa, the two
adenovirus proteins were found in nuclear tracks (Fig. 4h and
i), whereas p53 was distributed over the nucleus (Fig. 4c and d)
in a pattern similar to cells expressing pS3 alone. When p53

p53 -+ + + + + + + 4+
E1B-55kDa - - - - - + + + +
Flag-E4orf3 - - - + + - - + +
E4orf6 - -+ -+ -+ -+

p53 »
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FIG. 3. Intracellular p53 levels in the presence of E1B-55-kDa and E4 gene
products. Expression plasmids for p53 (0.3 pg), E1B-55-kDa (0.3 pg), flag-
tagged Edorf3 (0.6 ng) and E4orf6 (0.6 pg), or “empty” vector constructs were
cotransfected as indicated into Saos-2 cells. At 24 h after transfection, the cells
were harvested, subjected to SDS-polyacrylamide gel electrophoresis, and trans-
ferred to nitrocellulose. The blot was stained for p53, and the antibody was
visualized by a peroxidase-mediated chemiluminescent reaction.
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FIG. 4. Dissociation of p53 from E1B-55-kDa in the presence of E4orf3. Expression plasmids for p53 (0.5 ng), E1B-55-kDa (0.5 pg) and flag-tagged E4dorf3 (1 ng),
or “empty” vector constructs were cotransfected as indicated into HeLa cells. The p53 protein (panels a to e), E1B-55-kDa (panels f to h), and flag-E4orf3 (panels i
and j) were detected by double immunofluorescence, and the nuclei were visualized by DAPI staining (panels k to o).

was coexpressed with E4orf3, neither of the proteins affected
the other’s location (Fig. 4e and j). We conclude that while
E4orf3 apparently has little if any direct effect on p53’s location
or activity, it separates the E1B-55-kDa protein from p53. As a
result, the two adenovirus proteins colocalize, whereas p53 is
apparently “liberated” from its association with E1B-55-kDa
and regains its transcriptional activity.

E4orf3 mediates nuclear localization of E1B-55-kDa in in-
fected cells. Next, we hypothesized that the E4orf3 protein
might relocalize E1B-55-kDa in the context of virus infection.
To test this, A549 cells were infected with different recombi-
nant adenoviruses (Fig. 5, Table 1). Virus 309 is essentially wild
type (except for the E3 region that does not detectably affect
virus replication in vitro) and expresses the entire E4 region.
Virus 355 (17) is derived from virus 309 but it does not express
functional E4orf6. Virus 366* (18) is derived from wild-type
adenovirus (termed virus 300) but it lacks the entire E4 region.
Virus 366*+orf3 (18) is derived from virus 366*. It expresses
E4orf3 but none of the other E4 gene products. At various
times after infection, the cells were fixed and stained for E1B-
55-kDa and the E2A-72-kDa DNA binding protein (Fig. 5)
that is known to localize within the virus replication centers
(28, 37). In cells infected with wild-type adenovirus 309, E1B-
55-kDa was initially found in cytoplasmic clusters (Fig. 5a) and
E2A was evenly nuclear (Fig. 5b). Later during infection, both
E1B-55-kDa and E2A-72-kDa concentrated predominantly in
or near the replication centers within the nucleus (Fig. 5c and
d; Table 1). This location of E1B-55-kDa has been reported to
depend on Edorf6 in HeLa cells (26). When the entire E4
region was absent, E1B localized to the cytoplasmic clusters

throughout the observation time (Fig. 5e and g). Simulta-
neously, the E2A protein remained diffusely nuclear and did
not concentrate in replication centers (Fig. 5f and h), a finding
consistent with the reported failure of this recombinant virus to
replicate in HeLa cells (18). When the cells were infected with
virus 366* +orf3 lacking the E4 region but expressing E4orf3,
E1B moved from the cytoplasmic clusters to the nuclear tracks
(Fig. 5i; Table 1) that are characteristic for the location of
E4orf3 (9, 13). Later during infection, E1B-55-kDa and E2A-
72-kDa were both found to move to the nuclear centers asso-
ciated with virus replication. This is in contrast with an earlier
report indicating that the E4orf6 protein is required for this
location of E1B-55-kDa (26). The discrepancy can possibly be
explained by the fact that HeLa cells were used in the earlier
studies, while A549 cells were used here. In HeLa cells, little if
any E1B-55-kDa was seen in the periphery of the replication
centers when cells were infected with virus lacking E4orf6
(unpublished observations). Our data strongly suggest that be-
sides E4orf6 the Edorf3 protein also can relocalize E1B-55-
kDa from the cytoplasm to the nucleus during virus infection.

E4orf3 allows nuclear accumulation of pS3 during infection
when E4orf6 is absent. Given our findings that E4orf3 disso-
ciates p53 from E1B-55-kDa during transient expression of all
three proteins, we tested whether the same might be true
during infection (Fig. 6; Table 2). The p53 protein was local-
ized by immunofluorescence in infected A549 cells, along with
E2A-72-kDa as a marker for replication centers. When wild-
type adenovirus was examined, little p5S3 was detected in the
nucleus of some cells 8 h after infection, and p53 was unde-
tectable later during infection (Fig. 6a and c; Table 2). The
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FIG. 5. E1B-55-kDa location during infection. A549 cells were infected with wild-type or recombinant adenovirus. At two different time points after infection, the
cells were fixed and stained with antibodies against E1B-55-kDa and E2A-72-kDa as indicated. Cytoplasmic clusters containing E1B-55-kDa are marked with arrows

in panels a, e, and i. The locations of the proteins at more time points after infection are given in Table 1.

same result was obtained with a recombinant virus lacking
E4orf3 but expressing all other E4 gene products (termed E4
in orf3 [18]; Table 2) was used. This is consistent with reports
that p53 is rapidly degraded during adenovirus infection when

E1B-55-kDa and E4orf6 are expressed (29, 35). When cells
were infected with adenovirus lacking the entire E4 region, p53
was mainly found in cytoplasmic clusters that are characteristic
for E1B-55-kDa (Fig. 6f and h; Table 2). In contrast, when

TABLE 1. Intracellular localization of the E1B-55-kDa protein in A549 cells infected with recombinant adenovirus

Time (h)
postinfection

Intracellular localization of E1B-55-kDa with”:

Virus 309 (+/+)

Virus 355 (+/-)

E4 in orf3 (—/+)

d1366* (—/-)

d1366*+orf3 (+/—)

6

12

18

24

Cytoplasmic clusters;
low levels of
nucleoplasmic
staining in some
cells

Cytoplasmic clusters;
nuclear tracks;
some diffusely
nucleoplasmic
staining

Diffusely
nucleoplasmic
staining; some
cytoplasmic clusters

In the nucleus, mostly
around the
replication centers

In the nucleus,
almost exclusively
around the
replication centers

Cytoplasmic clusters

Cytoplasmic clusters;
nuclear tracks

Cytoplasmic clusters;
nuclear tracks

In the nucleus, mostly
around the
replication centers

In the nucleus, almost
exclusively around
the replication
centers

Cytoplasmic clusters; low
levels of nucleoplasmic
staining in some cells

Cytoplasmic clusters;
some diffusely
nucleoplasmic staining

Diffusely nucleoplasmic
staining; some
cytoplasmic clusters

Not assayed

Not assayed

Cytoplasmic clusters

Cytoplasmic clusters

Cytoplasmic clusters

Cytoplasmic clusters

Cytoplasmic clusters

Cytoplasmic clusters

Cytoplasmic clusters;
nuclear tracks

Cytoplasmic clusters;
nuclear tracks

In the nucleus, mostly
around the
replication centers

In the nucleus, almost
exclusively around
the replication
centers

“The presence (+) or absence (—) of E4orf3/E4orf6 is indicated in parentheses.
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FIG. 6. p53 location during infection. A549 cells were infected with wild-type or recombinant adenovirus. At two different time points after infection, the cells were
fixed and stained with antibodies to p53 and E2A-72-kDa as indicated. The locations of the proteins at more time points after infection are given in Table 2.

E4orf3 was expressed from the same background, p53 was
localized predominantly to the nucleus (Fig. 6k and m; Table
2). Later during infection, a large proportion of p53 moved to
the virus replication centers. These findings are consistent with
the concept that E4orf3 liberates p53 from its association with
E1B-55-kDa during infection and that p53 associates with the
virus replication centers under these circumstances.

p53 localizes within the virus replication centers, while E1B-
55-kDa accumulates in the periphery of these centers. To

decide whether p53 and E1B-55-kDa still colocalize in infected
cells, both proteins were stained simultaneously (Fig. 7). The
pS3 protein was evenly distributed in the nucleus when cells
were mock infected (Fig. 7b). After infection with virus lacking
the E4 region, E1B-55-kDa and p53 colocalized in cytoplasmic
clusters (Fig. 7d and e). However, when E4orf3 was expressed
from a recombinant virus that lacks all other E4 proteins, p53
was found within the replication centers (Fig. 7h). This loca-
tion did not coincide with the pattern of E1B-55-kDa; while

TABLE 2. Intracellular localization of p53 in A549 cells infected with recombinant adenovirus

Time (h) Intracellular localization of p53 with*:

d1366* (—/-)

postinfection Virus 300 wt (+/+) E4 in orf3 (—/+) d1366* +orf3 (+/—)

8 Detectable only in a small Detectable only in a small Almost exclusively in the Diffusely in the nucleus

proportion of the cells,
diffusely in the nucleus

proportion of the cells,
diffusely in the nucleus

cytoplasmic clusters

12 ND ND Almost exclusively in In the nucleus, with some
cytoplasmic clusters concentration in
emerging replication
centers
18 ND ND Almost exclusively in In the nucleus, mostly in
cytoplasmic clusters; replication centers
in the replication
centers of a few cells
24 ND ND Almost exclusively in In the nucleus, mostly in

cytoplasmic clusters;
in the replication
centers of a few cells

replication centers

“The presence (+) or absence (—) of E4orf3/E4orf6 is indicated in parentheses. wt, wild type; ND, not detectable.
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FIG. 7. Distinct locations of p53 and E1B-55-kDa in the presence of E4orf3. A549 cells were infected with wild-type or recombinant adenovirus. At 24 h after infection,
the cells were fixed and stained with antibodies to p53 and E1B-55-kDa as indicated. The location of DNA is visualized by DAPI staining (panels c, f, and i).

E1B-55-kDa localized in the periphery of the virus replication
centers (Fig. 7g), as reported earlier (26), the p53 protein was
found in the middle of these centers (Fig. 7h, compare with
Fig. 6m). At this location, DNA was highly concentrated as
revealed by DAPI staining (Fig. 7i, compare with Fig. 60).
Therefore, we propose that Edorf3 dissociates p53 from its
association with E1B-55-kDa not only after transfection but
also in infected cells. Apparently, p53 is then enriched within
the virus replication centers, colocalizing with virus DNA.
Expression of Edorf3 precedes expression of E4orf6 during
infection. The data presented above suggest that E4orf3 can
affect E1B-55-kDa’s localization, as well as E1B-55-kDa’s ac-
tion on p53. However, in the presence of E4orfo6, these effects
are overruled. This prompted us to address the question of
whether E4orf3 might be expressed at earlier time points
postinfection than E4orf6, thus acting transiently on E1B-55-
kDa. To test this, A549 cells were infected with wild-type
adenovirus (309). At different times postinfection, the cells
were harvested and the proteins were electrophoretically sep-
arated, followed by transfer onto nitrocellulose. E4orf3 and
E4orf6 were visualized by using polyclonal antibodies (Fig. 8).
Cells infected with virus 366 (lacking both E4orf3 and E4orf6)
were processed in parallel to control for the specificity of the
signal. E4orf3 was detected at 9 h postinfection, and longer
exposures revealed some Edorf3 expression even after 7 h
(data not shown). The amount of E4orf3 did not further in-
crease after the 15 h time point. In contrast, E4orf6 was de-
tectable only at 15 h postinfection, and it reached its peak later
than 18 h after infection. This indicates that E4orf3 is ex-

pressed earlier than Edorf6 during infection with wild-type
adenovirus.

E1B transiently localizes in nuclear tracks in cells infected
with wild-type adenovirus. The apparent delay of E4orf6 ex-
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FIG. 8. Edorf3 is expressed earlier than E4orf6 during infection with adeno-
virus. HeLa cells were infected with either wild-type (virus 309) or recombinant
(virus 366) adenovirus as indicated. At time points between 0 and 18 h, the cells
were harvested and the lysate was subjected to SDS-polyacrylamide gel electro-
phoresis and Western blotting. E4orf3 (upper panel) and E4orf6 (lower panel)
were detected with specific antibodies and visualized by chemiluminescence.
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FIG. 9. E1B-55-kDa transiently associates with nuclear tracks during infec-
tion with adenovirus. A549 cells were infected with wild-type adenovirus (virus
309). At the indicated time points after infection, the cells were fixed and stained
with an antibody to E1B-55-kDa (panels a, ¢, and e). The location of DNA was
visualized with DAPI (panels b, d, and f).

pression in comparison to E4orf3 synthesis raised the question
of where E1B would localize at early time points during infec-
tion with wild-type adenovirus. To study this, A549 cells were
infected with this virus (virus 309) and fixed after 5, 9, and 15 h
(Fig. 9; Table 1). As early as 5 h after infection, some E1B-
55-kDa was observed in the nucleus in addition to the cyto-
plasmic clusters (Fig. 9a). This nuclear staining increased at 9 h
postinfection, and track-like structures became visible when
staining for E1B-55-kDa (Fig. 9c). At 15 h postinfection, this
pattern changed again. The nuclear staining pattern of E1B-55
kDa now became more even and was only interrupted by the
formation of viral replication centers (Fig. 9¢). In addition, the
intracellular localization of E1B-55-kDa was assessed at early
time points by using recombinant viruses lacking either E4orf3
and E4orf6 (Table 1). The results show that the diffuse nuclear
staining depends on the presence of E4orf6, whereas the loca-
tion of E1B-55-kDa in track-like structures strictly depends on
E4orf3. Taken together, these data suggest that in the early
phase of infection with wild-type adenovirus, the majority of
nuclear E1B-55-kDa first associates with E4orf3 in track-like
structures before associating with E4orf6 and assuming a dif-
fusely nuclear distribution.

E1B colocalizes with E4orf3 in cells infected with wild-type
adenovirus. To directly visualize the association between
E4orf3 and E1B-55-kDa during adenovirus infection, cells
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FIG. 10. E1B-55-kDa transiently colocalizes with E4orf3 in nuclear tracks
during adenovirus infection. A549 cells were infected with wild-type adenovirus
(virus 309; panels a and b) or recombinant adenovirus lacking the E4orf3 coding
region (E4inorf3; panels ¢ and d). At 9 h after infection, the cells were fixed and
stained with antibodies to E1B-55-kDa (panels a and c) and E4orf3 (panels b and
d).

were infected for 9 h, followed by simultaneous antibody stain-
ing for E4orf3 and E1B-55-kDa. It was observed that E1B-55-
kDa and E4orf3 colocalize in nuclear tracks (Fig. 10a and b).
In contrast, when using a recombinant adenovirus lacking
E4orf3, the antibody against E4dorf3 failed to detect these
structures (Fig. 10d), and E1B-55-kDa was detected predom-
inantly in cytoplasmic clusters at this time after infection (Fig.
10c). These results confirm that E1B-55-kDa is relocalized
from the cytoplasm to the nucleus by E4orf3 at early time
points after infection with wild-type adenovirus.

DISCUSSION

We have shown that the adenovirus type 5 E4orf3 protein is
sufficient to relocalize the E1B-55-kDa protein from the cyto-
plasm to the nucleus. Thus, two E4 gene products, orf3 and
orf6, can each move E1B-55-kDa to the nucleus. The two
associations are mutually exclusive, and complex formation
between E4orf6 with E1B-55-kDa is dominant. With respect to
p53, the two E4 proteins have opposite effects. While E4orf6
acts synergistically with E1B-55-kDa to inhibit and destabilize
p53, the E4orf3 protein does not affect p53 stability. Moreover,
it abolishes the inhibitory effect of E1B-55-kDa and restores
p53 function. Similar effects were observed after transient
transfection and during virus infection. During infection with
wild-type adenovirus, E4orf3 is expressed considerably earlier
than Edorf6, suggesting that E4orf3 acts transiently on E1B-
55-kDa, before E4orf6 is present in quantities sufficient to
redirect E1B-55-kDa’s localization and activities.

The E1B-55-kDa protein is found in nuclear tracks (also
termed spicules) that are most obvious after infection with
virus lacking Edorf6 but which also appear when cells are
infected with wild-type adenovirus (Fig. 9 and 10; reference
26). Our data strongly suggest that this location is induced by
the Edorf3 protein. The fact that this pattern is observed dur-
ing infection with wild-type virus argues that the relocalization
of E1B-55-kDa by E4orf3 plays a physiological role in this
context. However, the precise function of the two viral proteins
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in this location is presently unknown. This function may in-
volve components of the PML-associated nuclear structures
that are known to coincide with these tracks (9, 13). Our data
suggest that the association of E1B-55-kDa with the nuclear
tracks shifts to a localization at the periphery of the virus
replication centers later during infection. This new location
does not require the presence of E4orf6, at least in the A549
cells under study. Thus, both E4orf3 and E4orf6 can induce the
accumulation of E1B-55-kDa near the replication centers. This
may explain at least in part why both E4 proteins can contrib-
ute to the virus’ ability to replicate (18, 19). Even though
E4orf3 is apparently less efficient than E4orf6 in complement-
ing virus replication, it is conceivable that it may cooperate
with E1B-55-kDa and modulate splicing (25) or even transport
(1, 27) of viral mRNA to some extent.

It remains to be determined by which mechanism E4orf3
relocalizes E1B-55-kDa from the cytoplasm to the nucleus.
The most obvious possibility is that E4orf3 might directly as-
sociate with E1B-55-kDa. However, we did not detect a com-
plex containing both proteins in vitro or in vivo. E4orf3 is
strongly associated with the nuclear matrix and can therefore
be fully solubilized only in the presence of strong detergents
(unpublished observations) that may disrupt the putative com-
plex. Alternatively, the two adenovirus proteins may associate
only in the presence of additional proteins. In parallel, E4orf3
and the PML protein do not detectably associate with each
other despite their intracellular colocalization (13).

The fact that E4orf3 abolishes the inhibitory effect of E1B-
55-kDa on p53 suggests that p53’s activity is temporarily en-
hanced by E4orf3 during virus infection. Later during infec-
tion, p53 is apparently eliminated by the synergistic action of
E1B-55-kDa and E4orf6, which was shown to be dominant
over Edorf3’s effect. It was reported earlier that singly spliced
E4 mRNA capable of encoding E4orf3 accumulates in infected
cells earlier than multiply spliced E4 mRNA that could be
translated to yield the E4orf6 protein (36). Our data support
this concept by showing that E4orf3 is expressed earlier than
Edorf6 during infection (Fig. 8). This is consistent with the
model that during adenovirus infection E4orf3 induces a tran-
sient increase in p53 activity, before E4orf6 promotes p53’s
inactivation and degradation.

When cells were infected with virus expressing E4orf3 but
lacking E4orf6, p53 accumulated in the middle of the virus
replication centers. It remains an open question whether p53 in
these centers plays a beneficial or a detrimental role in virus
infection. Herpesviruses are known to accumulate p53 in their
areas of DNA replication (14, 44) and apparently did not
evolve to eliminate p53 activity. This argues that pS3 may
support some aspects of virus DNA replication. The mecha-
nism that recruits p53 to the sites of adenovirus DNA is un-
known. Since the concentration of DNA ends and single-
stranded DNA is strongly increased when compared with the
cellular chromosomes, it is possible that p53 might directly
interact with the viral DNA through its C-terminal portion (2,
3). This way, p53 may contribute to the formation of the pan-
handle structure that joins the DNA ends during DNA repli-
cation, through its reported ability to anneal DNA strands
(41). Alternatively, components of the DNA repair machinery,
such as TFIIH (38, 39), may relocate to the large amount of
single-stranded DNA within the replication centers and recruit
p53 to the sites of virus DNA. The identification of the exact
mechanism responsible for this p53 location may also shed new
light on the unsolved question how p53 “senses” the presence
of unusual DNA forms that are the result of DNA damage.

On the other hand, an excess of p53 activity is likely to have
an inhibitory effect on virus production. First, the induction of
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apoptosis would limit the synthesis of new virus particles. Fur-
ther, viruses that lack the E4 region are known to accumulate
large concatemers of virus DNA (40). Possibly, an excess of
p53 tends to join single-stranded DNA ends from several virus
genomes rather than the two ends of the same DNA molecule.
Alternatively, excess p53 may trigger the activation of DNA
repair mechanisms that result in the ligation of virus DNA. At
least in some cases, viruses lacking the ability to control p53
due to a loss of E1B-55-kDa were shown to selectively replicate
in tumor cells without wild-type p53 (6). Also, viruses lacking
E1B-55-kDa can replicate almost exclusively when infecting
the cells during S phase (15). For these reasons, it is conceiv-
able that the virus replicates more efficiently by tightly limiting
the activity of p53 by expressing E4orf6 in addition to E1B-55-
kDa later during infection.

Several gene products within adenovirus are known to reg-
ulate p53 directly or indirectly. First, E1A proteins are known
to enhance p53 expression (8, 21). E1B-55-kDa directly binds
and inactivates p53 (32, 42). The E1B-19-kDa gene product
was reported to act as an inhibitor of p53-induced transcrip-
tional repression and apoptosis (34). The E4orf3 protein abol-
ishes E1B-55-kDa-mediated inhibition of p53 (this study). In
contrast, E4orf6 enhances p53 inhibition, and it acts in concert
with E1B-55-kDa to destabilize the p53 protein (29, 35). Some
of these viral gene products regulate p53 activity and abun-
dance in opposite directions. This argues that the virus evolved
to adjust p53 activity in infected cells as a function of time after
infection, by the differential expression of several virus pro-
teins. According to this model, the adenovirus E4orf3 protein
is a novel internal regulator of p53 activity.
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