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The p53 tumor suppressor protein represents a target for viral and cellular oncoproteins, including ade-
novirus gene products. Recently, it was discovered that several proteins with structural and functional
homologies to p53 exist in human cells. Two of them were termed p51 and p73. We have shown previously that
the E1B 55-kDa protein (E1B-55 kDa) of adenovirus type 5 (AdS) binds and inactivates p53 but not p73.
Further, p53 is rapidly degraded in the presence of E1B-55 kDa and the E4orf6 protein of this virus. Here, it
is demonstrated that p51 does not detectably associate with E1B-55 kDa. While p53 is relocalized to the
cytoplasm by E1B-55 kDa, p51’s location is unaffected. Finally, p51 retains its full transcriptional activity in
the presence of E1B-55 kDa. Apparently, p5S1 does not represent a target of Ad5 E1B-55 kDa, suggesting that
the functions of p51 are distinct from p53-like tumor suppression. E1B-55 kDa from highly oncogenic
adenovirus type 12 (Ad12) was previously shown to surpass the oncogenic activity of AdS E1B-55 kDa in various
assay systems, raising the possibility that Ad12 E1B-55 kDa might target a broader range of p53-like proteins.
However, we show here that Ad12 E1B-55 kDa also inhibits p53’s transcriptional activity without measurably
affecting p73 or p51. Moderate inhibition of p51’s transcriptional activity was observed in the presence of the
Ed4orf6 proteins from AdS5 and Adl2. p53 and Ad12-E1B-55 kDa colocalize in the nucleus and also in
cytoplasmic clusters when transiently coexpressed. Finally, E1B-55 kDa and E4orf6 of Ad12 mediate rapid
degradation of p53 with an efficiency comparable to that of the Ad5 proteins in human and rodent cells. Our
results suggest that E1B-55 kDa of either virus type has similar effects on p53 but does not affect p73 and p51.

The p53 gene is subject to the most common genetic alter-
ation in human malignancies, and it plays a central role in
tumor suppression, growth regulation, and apoptosis induction
(23). The p53 protein’s intracellular levels and activities are
upregulated by genotoxic stress, and p53 was therefore termed
“the guardian of the genome” (22). The p53 protein functions
as a transcription factor, binding the DNAs of various cellular
promoters and stimulating transcription. While p53’s proper-
ties were previously believed to be unique, it was recently
found that several p53 homologues are encoded by the human
genome (4, 6, 20, 32, 42, 43, 50, 59), as reviewed in reference
19. Two of these proteins were termed p73 (20) and p51 (32).
Gene products virtually identical to p51 were termed p63 (53)
and KET (42). These proteins not only contain strong se-
quence homologies to p53 but also activate transcription from
pS3-responsive promoters (18, 20, 32). While several splicing
variants of p73 (6, 20) and p51 (32, 50) exist, one of these forms
in each case (termed p73p [18, 37] and p51A [32], respectively)
was observed to stimulate transcription more actively than the
other splicing variants. Despite the functional and structural
similarities between p53 and its homologues, it remains an
open question whether pS3 homologues perform a role that
can fully substitute for p53. Genetic studies on tumor material
suggest that the gene encoding p73 does not necessarily display
the features of a bona fide tumor suppressor gene (27, 31, 47,
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48). In similar studies on p51, point mutations within the cod-
ing region of p51 were found in human epidermal tumors,
albeit with low frequency (32). Mice lacking the p51/p63 gene
have been developed. These mice are born alive but have
severe developmental defects (29, 54) and therefore may not
live until the formation of tumors, even if tumor development
was facilitated by the absence of p51. Therefore, the role of
pS1 in cancer needs to be evaluated by different approaches.
Another way to study the role of p53 homologues as tumor
suppressors consists of the assessment of their role in virus-
induced tumor formation. All known DNA tumor viruses have
devised a strategy to inhibit p53. However, most viral p53
antagonists did not turn out to target p73 in addition to p53 (8,
28, 33, 37). We and others therefore suggested that p53 is
central to tumor suppression, whereas p73 could act primarily
on different aspects of growth regulation, e.g., during embry-
onic development. In the case of p51, no data on its ability to
interact with oncoproteins have been reported so far. There-
fore, the question arises whether p51’s function is more closely
related to the role of p53 or of p73.

The adenovirus type 5 (AdS) E1B 55-kDa protein (E1B-55
kDa) forms a specific complex with p53 (39). Therefore, Ad5
E1B-55 kDa blocks p53-mediated transcription, an activity that
directly correlates with the transforming potential of E1B-55
kDa (55). Ad5 E1B-55 kDa binds to the amino-terminal por-
tion of p53 that is responsible for transcriptional activation
(26), and it sequesters p53 to characteristic cytoplasmic clus-
ters (5, 57). While none of these effects were observed when
p53 was replaced by p73 (28, 37), the question remained
whether Ad5 E1B-55 kDa and E4-34 kDa might affect p51.

Human adenoviruses were initially classified according to
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their abilities to induce malignant tumors in rodents (44). AdS
belongs to a group with low oncogenicity, whereas adenovirus
type 12 (Ad12) strongly induces tumors in animals. One im-
portant difference between the two viruses was found in the
E1B-55 kDa proteins: studies using chimeric viruses revealed
that the Ad12 E1B-55 kDa promoted tumor formation in athy-
mic mice more strongly than its Ad5 homologue (3). Ad12
E1B-55 kDa also delays senescence (13), and it induces chro-
mosomal fragile sites (1) in a p5S3-dependent fashion (24). The
properties of the E1B-55 kDa proteins from Ad5 and Ad12
differ in several important features. While Ad5 E1B-55 kDa
physically interacts with p53, attempts to copurify Ad12
E1B-55 kDa and p53 resulted in weak (15) or absent (58)
detectable association. Whereas E1B-55 kDa of Ad5 localizes
almost exclusively in cytoplasmic clusters within transformed
cells (57), Ad12 E1B-55 kDa is found predominantly in the
nuclei of these cells (58). Most importantly, however, the
E1B-55 kDa proteins from AdS and Ad12 were found to have
markedly different transforming properties when coexpressed
with other oncogenes. Based on these differences, it has been
proposed that Ad12 E1B-55 kDa might modulate p53 activity
in a manner that is fundamentally different from the interac-
tion between AdS E1B-55 kDa and p53 (51). Given the more
recent discovery of p53 homologues, an attractive possibility to
explain the stronger oncogenic potential of Ad12 E1B-55 kDa
is the hypothesis that Ad12 E1B-55 kDa might interact with a
broader spectrum of p53-like proteins than does Ad5 E1B-55
kDa.

Within the AdS system, E1B-55 kDa is not the only factor
that inactivates p53. Instead, E1B-55 kDa and the E4orf6 pro-
tein cooperate to downregulate p53 activity. The two viral
proteins are known to form a complex with each other (38),
and the E4orf6 protein relocalizes E1B-55 kDa from the cyto-
plasm to the nucleus when the two proteins are coexpressed in
primate cells (14). However, colocalization of E1B-55 kDa
with E4orf6 was no longer observed in murine and most other
rodent cells, suggesting that primate cells might contain a fac-
tor required for the intracellular association of E1B-55 kDa
and E4orf6 (14). At least in human cells, the two Ad5 proteins
mediate the rapid intracellular degradation of p53 (34, 37, 45).
The destabilization of p53 is a feature that was also found for
other oncoproteins, such as the E6 proteins of oncogenic hu-
man papillomaviruses (41, 52) and the cellular mdm?2 protein
(16, 21, 36).

In this study, we asked (i) whether adenovirus oncoproteins
target p51 in addition to p53 and (ii) whether the features and
specificity of p53 inactivation, relocalization, and degradation
are maintained between the E1B-55 kDa and E4orf6 proteins
of weakly oncogenic Ad5 and highly oncogenic Ad12. Our re-
sults show that p51 is not targeted by E1B-55 kDa of either
virus. Further, despite the previously reported differences be-
tween the E1B-55 kDa proteins of the two viruses, Ad12 E1B-
55 kDa and E4orf6 inactivate and destabilize p53 with an ef-
ficiency and specificity comparable to those of the AdS proteins.

MATERIALS AND METHODS

Cell culture and transfections. All cells were maintained in Dulbecco’s mod-
ified Eagle medium (DMEM) containing 10% fetal bovine serum. Transfections
were carried out with FuGene 6 (Roche) according to the manufacturer’s in-
structions.

Plasmids. Expression plasmids for Ad5 E1B-55 kDa and E4orf6 were de-
scribed previously (10, 37). To generate FLAG-tagged Ad5 E1B-55 kDa, the
hemagglutinin (HA) tag within pCGNEI1B (37) was replaced by a FLAG tag by
using a PCR-based cloning strategy. Similarly, an expression vector for non-
tagged Ad5 E1B-55 kDa was generated in the same plasmid background. An
expression plasmid for Ad12 E1B-55 kDa was obtained from T. van Laar, A.
Zantema, and A. van der Eb (51). To express HA-tagged Ad12 E1B-55 kDa, the
corresponding coding sequence was amplified by using the primers CGCGGTA
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CCTGATGGAGCGAGAAATCCCACCTG and CGCGGATCCTCAGTTGT
CGTCTTCATCACTTG and cloned into the vector pCGN (49, 60) by using
Kpnl and BamHI. An expression plasmid for Ad12 E4orf6 was obtained by
amplifying the coding sequence from Ad12 genomic DNA (a gift from J. Schroer
and W. Doerfler) with the primers CGCGGATCCGTCGACACCATGCAGC
GCGACAGACGGTATCGC and CGCGGATCCTCAGTGTCCATCAGCCG
CCCAAGG (for nontagged E4orf6) and cloned into the vector pPCMVneoBam
(2) by using BamHI. To append an HA tag to the C terminus of E4orf6, the same
procedure was carried out with CGCGGATCCTCAGCTTGCGTAATCCG
GTACATCGTAAGGGTAGTGTCCATCAGCCGCCCAAGG as the second
primer. Plasmids that allow the intracellular expression as well as in vitro tran-
scription-translation of nontagged or carboxy-terminally tagged p73B were de-
scribed previously (37). An expression plasmid for pS1A was obtained from S.
Tkawa (32). To allow better expression, the coding sequence of pS1A was am-
plified by using the primers CGCGGATCCGCCACCATGTCCCAGAGCACA
CAGACAAATG and CGCTCTAGAGGGTCAGCTTGCGTAATCCGGTAC
ATCGTAAGGGTATGGGTACACTGATCGGTTTGGG (appending on HA
tag to the C terminus of p51A) and cloned into the vector pcDNA3 (Invitrogen)
by using BamHI and Xbal. The vector also contained the 5" untranslated region
of lamin to increase translational efficiency. All constructs were verified by
sequencing.

Coimmunoprecipitation. p53 and its homologues were generated and labeled
with [**S]methionine by transcription and translation in vitro (TNT T7-system;
Promega), and the amounts of the proteins were normalized after autoradio-
graphic quantitation. The proteins were assayed for association with Ad5 E1B-55
kDa as described previously (37, 55). Briefly, 293 cells that constitutively express
Ad5 E1B-55 kDa (10° per assay) were harvested in 100 .l of lysis buffer (50 mM
Tris [pH 7.5], 150 mM NaCl, 5 mM EDTA, 0.05% bovine serum albumin, 0.01%
NP-40) and mechanically disrupted with a syringe. The soluble fraction was
incubated with the normalized amount of reticulocyte lysate containing in vitro-
translated p53 or its homologues at 30°C for 30 min, followed by immunopre-
cipitation with the monoclonal anti-E1B-55 kDa antibody 2A6 (40) and four
washing steps with lysis buffer. p53 and its homologues coprecipitated along with
E1B-55 kDa were resolved by sodium dodecyl sulfate-polyacrylamide electro-
phoresis (SDS-PAGE) and detected by autoradiography with the Bioimager
detection system (Fuji).

Immunofluorescence. Cells were transfected as described above (but all quan-
tities were reduced by a factor of 4), and the cells were seeded on plastic slides
(Nunc) suitable for microscopy. Transfected cells were fixed with paraformalde-
hyde (4% in phosphate-buffered saline [PBS]; 15 min), permeabilized with Tri-
ton X-100 (0.2% in PBS; 25 min), and incubated with antibody as described
previously (7). The FLAG tag was stained with a polyclonal rabbit antibody (D-8;
Santa Cruz). The HA tag was stained with a murine monoclonal antibody
(HA.11; Babco). To detect E1B-55 kDa, the murine monoclonal antibody 2A6
(40) was used. The p53 protein was stained with a polyclonal rabbit antibody
(FL-393; Santa Cruz). Primary mouse antibodies were visualized by use of sec-
ondary antibodies coupled to fluorescein isothiocyanate (Jackson). Primary rab-
bit antibodies were detected with a Texas Red-labeled secondary antibody (Jack-
son). Prior to mounting (Fluoprep; bioMérieux), the cell nuclei were briefly
stained with 4',6-diamidino-2-phenylindole (DAPT).

Immunoblots. Proteins were separated on SDS-10% polyacrylamide gels and
transferred to nitrocellulose, followed by incubation with antibodies diluted in
PBS containing 5% milk powder and 0.05% Tween 20 and chemiluminescence
detection (Pierce) of peroxidase-coupled secondary antibody (Jackson). Anti-
body Pab1801 to p53 was from Calbiochem. Antibody HA.11 against the HA tag
was from Babco. All antibodies were diluted 1:1,000, except for HA.11, which
was diluted 1:50,000.

Pulse-chase analysis. Pulse-chase analysis of p53 stability was carried out
essentially as described previously (37). H1299 cells (5 X 10° per lane) were
transfected with expression constructs for p53 and adenovirus oncoproteins and
starved for 30 min in starvation medium (DMEM lacking methionine and cys-
teine). The cells were then subjected to incubation with 3>S-labeled amino acids
(Promix; Amersham) diluted 1:30 in starvation medium. After 10 min, the me-
dium was changed to complete DMEM containing 10% fetal bovine serum. After
various chase times, the cells were lysed, and p53 was immunoprecipitated as
described previously (35) with the murine monoclonal antibody 421 (Calbio-
chem) against p53.

Luciferase assays. H1299 cells (2 X 10° per assay) were transfected. Luciferase
activities were determined 18 h later by using a premanufactured assay system
(Promega).

RESULTS

The Ad5 E1B-55 kDa protein binds p53 but not p51. First,
we determined whether p53 and its homologues bind to
E1B-55 kDa of AdS with different efficiencies. Among the
alternatively spliced forms of p73 and p51, the species p733
and p51A have the strongest transcriptional activities (refer-
ences 32 and 37 and our unpublished observations). This
prompted us to focus our studies on p73@ and pS1A. Wild-type
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FIG. 1. Association of p53 but not p51 with E1B-55 kDa from 293 cells. p53
and its homologues (as indicated) were generated and radioactively labeled by in
vitro transcription and translation (lanes 1 to 4). The proteins (10 times the
amount shown in lanes 1 to 4) were incubated with a lysate of 293 cells that
constitutively express E1B-55 kDa. This was followed by immunoprecipitation
with a monoclonal antibody against E1B-55 kDa (clone 2A6). The precipitated
material was resolved by SDS-PAGE and visualized by autoradiography (lanes 5
to 8). As a control, an analogous experiment was carried out with a lysate from
H1299 cells that do not contain adenovirus proteins (lanes 9 to 12). wt, wild type;
mt 22/23, 1.22Q/W23S mutant.

p53 (Fig. 1, lane 1), a mutant p53 protein with the mutations
L22Q and W23S (known to abolish E1B-binding) (26) (lane 2),
the beta form of p73 (lane 3), and p51A (lane 4) were gener-
ated by transcription and translation in vitro with rabbit reticu-
locyte lysate. The proteins were then incubated with cell lysate

p53-HA +
p51A-HA -
flag-Ad5 E1B-55 kDa -
flag-BAP
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from 293 cells (containing E1B-55 kDa) (lanes 5 to 8) or
H1299 cells (lacking E1B-55 kDa) (lanes 9 to 12). This was
followed by immunoprecipitation with a monoclonal antibody
against E1B-55 kDa, gel electrophoresis, and autoradiography.
Only p53 itself was specifically precipitated by this antibody in
the presence (Fig. 1, lane 5) but not in the absence (lane 9) of
E1B-55 kDa, and not when amino acids 22 and 23 were mu-
tated (lane 6). Neither p73 (lane 7) nor p51 (lane 8) detectably
coprecipitated with E1B-55 kDa. This suggests that E1B-55
kDa fails to associate efficiently with p51.

AdS E1B-55 kDa does not affect the nuclear location of p51.
Next, we assessed whether the lack of detectable in vitro asso-
ciation between Ad5 E1B-55 kDa and p51 also results in a
failure of E1B-55 kDa to relocalize p51 in vivo. Expression
constructs for p53 and pS1A that yielded carboxy-terminally
HA-tagged versions of each protein were generated, thus al-
lowing direct comparison of the signals obtained. These con-
structs were cotransfected with expression plasmids for a
FLAG-tagged control protein (bacterial alkaline phosphatase;
IBI Kodak) or FLAG-tagged E1B-55 kDa into H1299 cells, a
human lung adenocarcinoma-derived cell line lacking endog-
enous p53. At 18 h after transfection, the cells were fixed and
stained for the HA tag (Fig. 2a to d) and the flag-tag (Fig. 2e
to h). In addition, the nuclei of the cells were visualized by
using DAPI (Fig. 2i to 1). In the absence of Ad5 E1B-55 kDa,
both p53 and p51 were detected almost exclusively in the nuclei
of the transfected cells (Fig. 2a and b). When E1B-55 kDa was
coexpressed with these proteins (Fig. 2g and h), p53 colocal-

- + -
+ - +
- + +

FIG. 2. Relocalization of p53 but not p51 by Ad5 E1B-55 kDa. H1299 cells (a human cell line lacking p53) were transiently transfected with plasmids (100 ng)
expressing HA-tagged p53 or p5S1A. In addition, expression plasmids (400 ng) for FLAG-tagged AdS E1B-55 kDa or FLAG-tagged bacterial alkaline phosphatase
(BAP) were cotransfected as indicated. The cells were fixed and stained simultaneously with murine anti-HA antibody and rabbit anti-FLAG antibody, followed by
secondary antibodies labeled with different fluorescent dyes. The same areas were visualized for expression of HA-tagged (a to d) and FLAG-tagged (e to h) proteins.
In addition, the cells were stained with DAPI (i to 1) to show the location of cell nuclei.
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FIG. 3. Inhibitory effects of AdS oncoproteins on p53 and p51. H1299 cells
were transfected with expression plasmids for p53 (50 ng) or p5S1A (50 ng), along
with the luciferase reporter plasmid pBP100luc (100 ng) and expression plasmids
for Ad5 E1B-55 kDa (500 ng) and Ad5 E4orf6 (900 ng) as indicated. As controls,
the corresponding empty vector plasmids were transfected instead. The cells
were harvested 18 h after transfection, and the relative amount of expressed
luciferase was determined. The luciferase activities measured with p53 alone (bar
2) or p51A alone (bar 7) were set 100%, and the other values were normalized
accordingly. Error bars represent the standard errors that were calculated from
at least three independent experiments.

ized with E1B-55 kDa in cytoplasmic clusters (Fig. 2c). In
contrast, the nuclear localization of p51 remained unchanged
(Fig. 2d). This suggests that within transfected cells, E1B-55
kDa does not associate with p51 to an extent comparable to
that with p53.

Impact of Ad5 E1B-55 kDa and E4orf6 on the transcrip-
tional activities of p53 and p51. Finally, we asked whether
adenovirus oncoproteins can modulate the transcriptional ac-
tivities of p53 and p51. To determine this, H1299 cells were
transfected with expression plasmids for p5S3 and p51. A re-
porter construct containing a portion of the murine mdm?2
intron that confers transcriptional response to pS3 upstream of
the luciferase coding region (pBP100luc [12]) was cotrans-
fected. Along with these plasmids, expression constructs for
the Ad5-derived oncoproteins E1B-55 kDa and E4orf6 (or the
corresponding empty expression vectors) were transfected. Lu-
ciferase activity was determined 20 h later. Luciferase expres-
sion was markedly enhanced by p53 and also by p51 (Fig. 3,
compare bars 1 and 2 as well as bars 6 and 7, respectively). In
the case of p53, this activity was decreased by E1B-55 kDa (bar
3), was not decreased by Edorf6 (bar 4), but was more pro-
foundly increased by the combination of E1B-55 kDa and
Edorf6 (bar 5), as reported previously (37). In contrast, p51-
driven luciferase expression was not diminished in the pres-
ence of EIB-55 kDa (Fig. 3, bar 8). However, a moderate
reduction in p51’s activity was observed in the presence of
E4orf6, regardless of E1B-55 kDa expression (bars 9 and 10).
These results indicate that E1B-55 kDa does not significantly
affect p51, while Edorf6 might have some inhibitory effect on
pS1’s transcriptional activity.

Impact of Ad12 E1B-55 kDa and E4orf6 on the transcrip-
tional activities of pS3 and its homologues p73 and p51. The
oncogenic potential of adenovirus in animals strongly depends
on the virus type under study. While Ad5 induces tumors with
low efficiency or not at all, Ad12 is known to be highly onco-
genic (reference 44 and references therein). One possibility to
explain this difference is the hypothesis that a different spec-
trum of cellular growth-regulatory proteins can be targeted by
the viral oncoproteins. Therefore, we tested to what extent
E1B-55 kDa and E4orf6 from adenovirus type 12 may affect
the transcriptional activities of p53 in comparison to its homo-
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FIG. 4. Inhibitory effects of Ad12 oncoproteins on p53, p73, and p51. H1299
cells were transfected with expression plasmids for p53 (50 ng), p73B (20 ng), or
p51A (50 ng), along with the luciferase reporter plasmid pBP100luc (100 ng) and
expression plasmids for Ad12 E1B-55 kDa (500 ng) and Ad5 E4orf6 (900 ng) as
indicated. The cells were subjected to luciferase assays, and the results are
presented as described in the legend to Fig. 3. mt, mutant.

logues. Expression plasmids for Ad12 E1B-55 kDa and E4orf6
were coexpressed in H1299 cells along with expression plas-
mids for p53, p73, and p51 and a pS5S3-responsive reporter
plasmid. At 18 h after transfection, luciferase activity was de-
termined. p53-driven luciferase expression was inhibited by
Ad12 oncoproteins in a pattern very similar to that obtained
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Ad12 E1B-55 kDa

FIG. 5. Intracellular localization of Ad12 E1B-55 kDa. H1299 cells were transfected with expression plasmids for HA-tagged E1B-55 kDa from AdS5 (a) or Ad12
(b to d). The cells were immunostained with a mouse monoclonal antibody against the HA tag (clone HA.11), followed by a fluorescein isothiocyanate-labeled
secondary antibody. In the case of Ad12 E1B-55 kDa, cells expressing small (a), moderate (b), or large (c) amounts of the protein are shown. Note that a ca.

threefold-shorter exposure time was chosen for panel d.

with AdS proteins (Fig. 4, bars 1 to 5). While Ad12 E1B-55
kDa reduced p53-mediated transcription (compare bars 2 and
3), Ad12 E4orf6 did not show such an effect (bar 4). However,
in the presence of both E1B-55 kDa and E4orf6, p53 activity
was reduced more severely than it was by E1B-55 kDa alone.
In the AdS5 system, replacing five amino acids near the amino
terminus of p53 (residues 24 to 28) by its homologous sequence
from p73 (residues 20 to 24) rendered the protein resistant
against inhibition by adenovirus oncoproteins (37). The same
turned out to be true when Ad12 proteins were expressed, and
no significant inhibition of luciferase expression was observed
(Fig. 4, bars 6 to 10). Next, we tested whether the reporter
expression driven by p73@3 might be inhibited in the presence of
Ad12 oncoproteins. As shown in Fig. 4 (bars 11 to 15), there
was no reduction in activity that was comparable to the effects
observed with p53. However, when five amino acids from p53
(residues 24 to 28) were introduced into p73 near the amino
terminus of the protein (replacing residues 20 to 24), this
rendered the chimeric p73 protein’s activity highly sensitive to
Ad12 E1B-55 kDa (bar 18). However, this reduction was not
further enhanced by E4orf6, even when smaller amounts of
E1B-55 kDa expression plasmid were transfected (Fig. 4, bar
20, and data not shown). Finally, the transcriptional activity of
pS1A in the presence of Ad12 oncoproteins was quantitated.
As shown in Fig. 4 (bar 23), no effect of E1B-55 kDa on p51A’s
activity was observed. However, there was some reduction in
p51A’s activity when Ad12 Edorf6 was expressed (bars 24 and
25), an effect similar to that seen with Ad5 E4orf6 (Fig. 3, bars
9 and 10). In summary, the p53 homologues under study did
not respond to the expression of Ad12 oncoproteins to an
extent comparable to that for p53 itself, even though a mod-
erate reduction in activity was observed when p51A was coex-
pressed with E4orf6 from AdS or Ad12.

Ad12 E1B-55 kDa localizes to the cytoplasm when expressed
at high levels. To assess the possible intracellular association of
Ad12 E1B-55 kDa with p53 in vivo, the intracellular localiza-
tions of both proteins were monitored. As a first step to do this,
the Ad12 E1B-55 kDa was transiently expressed in H1299 cells
with an epitope tag attached to the amino terminus. The trans-
fected cells were immunostained with an antibody to the
epitope tag. For comparison, the same procedure was carried
out with an expression plasmid for epitope-tagged AdS E1B-55
kDa (9). As shown in Fig. 5a, Ad5 E1B-55 kDa is found in
cytoplasmic clusters that have been previously described (40).
In addition, a small proportion of the protein was frequently

detected in the nucleoplasm of the transfected cells (Fig. 5a).
When the experiment was performed with Ad12 E1B-55 kDa,
the protein was found in the nuclei of cells that stained weakly
positive for the epitope tag (Fig. 5b). This was the expected
pattern based on previously reported observations (58). How-
ever, in cells that strongly expressed the protein, cytoplasmic
clusters containing Ad12 E1B-55 kDa were consistently ob-
served (Fig. 5¢), and the cytoplasmic staining sometimes even
exceeded the nuclear signal (Fig. 6¢c and e). Similar results
were obtained when nontagged Ad12 E1B-55 kDa was ex-
pressed and the detection was performed with a monoclonal
antibody (8A9B9Y; a generous gift from T. van Laar) against
this protein (data not shown).

Ad12 E1B-55 kDa relocalizes p53. Based on the fact that
Ad12 E1B-55 kDa can localize in cytoplasmic clusters, we
asked whether Ad12 E1B-55 kDa, like its homologue from
Ad5, might relocalize p53. To test this, p53 was expressed
either along with an empty expression plasmid (Fig. 6a and b)
or together with epitope-tagged Ad12 E1B-55 kDa. This was
followed by double immunostaining for p53 and the epitope
tag. When expressed in the absence of viral proteins, p53
remained predominantly nuclear (Fig. 6b). However, in those
cells that contained Ad12 E1B-55 kDa in cytoplasmic clusters,
p53 was found to colocalize with it (compare Fig. 6¢c and d).
The same experiment was performed with the L22Q/W23S
mutant of p53, which is known not to interact with Ad5 E1B-55
kDa (26) (Fig. 1, compare lanes 2 and 6). In the cells where
Ad12 E1B-55 kDa was found in the cytoplasm, this mutant of
p53 remained in the nucleus and no colocalization was evident
(Fig. 6e and f). These results argue that Ad12 E1B-55 kDa
colocalizes with p53 in cytoplasmic clusters and may directly
associate with an amino-terminal sequence element of p53 that
is also required for the direct interaction of Ad5 E1B-55 kDa
with p53.

Ad12 E1B-55 kDa and E4orf6 cooperate to reduce p53 lev-
els. It was previously proposed that Ad12 E1B-55 kDa might
not directly contact p53 and interfere with p53’s activity by a
mechanism that is distinct from the effect of Ad5 E1B-55 kDa
(51). On the other hand, the intracellular colocalization of
Ad12 E1B-55 kDa (Fig. 6) suggests that the mechanisms of p53
inactivation might be more closely related in the two virus
types than previously anticipated. To investigate this in further
detail, we determined whether Ad12 E1B-55 kDa and E4orf6
might induce the intracellular destabilization of p53, like the
corresponding AdS oncoproteins. First, we coexpressed p53
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FIG. 6. Intracellular colocalization of p53 and Ad12 E1B-55 kDa. H1299 cells were transiently transfected with plasmids (400 ng) expressing HA-tagged Ad12
E1B-55 kDa. In addition, expression plasmids (100 ng) for wild-type or mutant (mt) (L22Q/W23S) p53 were cotransfected as indicated. As a control, the corresponding
empty vector was transfected instead of the E1B expression plasmid (a and b). The cells were fixed and stained simultaneously with murine anti-HA antibody and rabbit
anti-p53 antibody, followed by secondary antibodies labeled with different fluorescent dyes. Cells with strong expression of Ad12 E1B-55 kDa were monitored. The same
areas were visualized for expression of E1B-55 kDa (a, ¢, and e) and p53 (b, d, and f). Note that in panel e, a cell that expressed Ad12 E1B-55 kDa almost exclusively
in the cytoplasm was chosen. This pattern was not always observed (compare Fig. 5) but is shown here to facilitate the observation of any colocalization with p53.

with Ad12 E1B-55 kDa and E4orf6, followed by Western blot
detection of p53. While p53 levels were comparable when no
adenovirus protein (Fig. 7A, lane 2), Ad12 E1B-55 kDa (lane
3), or Ad12 E4orf6 (lane 4) was coexpressed individually, the
amount of p53 was drastically reduced in the presence of both
E1B-55 kDa and E4orf6 (lane 5) and was detected only on
longer exposures (Fig. 7B, lane 2). This is in perfect analogy to
the results previously obtained with the Ad5 oncoproteins (37).
Indeed, when p53 was coexpressed along with Ad12 E1B-55
kDa and Ad5 E4orf6, a similar reduction in p53 amounts was
found (data not shown), further arguing that the mechanism of
cooperation between the two proteins is conserved between
the highly oncogenic virus and the nononcogenic virus. When
the experiment was carried out with the L22Q/W23S mutant of
pS3, no significant reduction of the p53 levels was observed
(Fig. 7B, lanes 3 to 6). This argues that the intracellular asso-
ciation of p53 with Ad12 E1B-55 kDa is a requirement for the
suppression of p53 levels in the presence of Ad12 E1B-55 kDa

and Ad12 E4orf6, a situation that again parallels the effects
observed with Ad5 oncoproteins (37).

E1B-55 kDa and E4orf6 of Ad12 destabilize p53. We spec-
ulated that the reduction of p53 levels in the presence of Ad12
E1B-55 kDa and Ad12 E4orf6 was due to destabilization of
pS3. To test this, p53 was coexpressed with the Ad12 oncop-
roteins (Fig. 8, lanes 5 to 8) or with the corresponding empty
vector constructs (lanes 1 to 4), followed by a short (10-min)
pulse of radioactive protein labeling. The cells were harvested
either immediately (Fig. 8, lanes 1, 5, and 9) or after further
incubation in complete medium without radioactively labeled
amino acids for various periods of time. After harvesting, p53
was immunoprecipitated and visualized on an SDS-polyacryl-
amide gel by autoradiography. While p53 remained relatively
stable when expressed alone (Fig. 8, lanes 1 to 4), it was rapidly
degraded in the presence of Ad12 E1B-55 kDa and E4orf6
(lanes 5 to 8). Thus, Ad12 E1B-55 kDa and E4orf6 reduce p53
levels by triggering p53’s intracellular degradation.
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FIG. 7. Reduction of p53 levels by Ad12 oncoproteins. H1299 cells were
transfected with expression plasmids for p53 (wild type or mutant [mt] L22Q/
W23S; 300 ng), Ad12 E1B-55 kDa (300 ng), and Ad12 E4orf6 (900 ng) or the
corresponding vector constructs, as indicated below the lanes. At 24 h after
transfection, the cells were harvested and subjected to SDS-PAGE and Western
blotting. p53 was visualized with a monoclonal antibody (clone 1801), followed by
a peroxidase-coupled secondary antibody and chemiluminescence detection.
Panel B shows a longer exposure than panel A, allowing the detection of residual
p53 in the presence of both adenovirus oncoproteins.

Reduction of p53 levels by Ad5 and Ad12 E1B-55 kDa and
E4orf6 occurs in rodent cells. The differences in oncogenicity
between AdS5 and Ad12 were determined mainly in rodents
and rodent cells (44). In most rodent cells, E1B-55 kDa and
Edorf6 of AdS were reported not to colocalize (14) while both
of the homologous Ad12 proteins are found in the nucleus
when expressed in small to moderate amounts (30, 51). There-
fore, we considered the possibility that oncoproteins from the
two viruses might differ in their ability to cooperatively de-
stabilize p53 in rodent cells. To test this, we cotransfected
epitope-tagged p53 (to distinguish it from endogenous p53)
with E1B-55 kDa and E4orf6 of Ad5 and Ad12 into murine
NIH 3T3 cells. Subsequently, p53 levels were determined by
Western blot analysis. The pattern of p53 levels did not signif-
icantly differ from the situation found in human cells: in the
presence of Ad12 or Ad5 E1B-55 kDa and E4orf6 in combi-
nation, the amount of p53 was suppressed below detectability
(Fig. 9). The same pattern was observed when hamster BHK
cells were used (data not shown). We conclude that E1B-55
kDa and E4orf6 from each virus still cooperate to destabilize
pS3 in rodent cells, even though in these cells, the AdS proteins
did not detectably colocalize in previous studies (14).

Destabilization by Ad12 E1B-55 kDa and E4orf6 does not
affect p73. Finally, we asked whether destabilization by Ad12
oncoproteins is limited to p53. H1299 cells were transfected
with expression plasmids for Ad12 oncoproteins and p73 or
pS3. All pS3 family members were carboxy-terminally HA
tagged to allow direct comparison of protein levels. The intra-
cellular p73 levels were not affected by Ad12 E1B-55 kDa and
E4orf6 (Fig. 10, compare lanes 1 and 2). When amino acids 20
to 24 of p73 were replaced by the homologous p53 sequence,
this rendered p73-mediated transcription inhibitable by Ad12
E1B-55 kDa (Fig. 4, bars 16 to 20). Nonetheless, this chimera
was resistant to destabilization mediated by Ad12 oncoproteins
(Fig. 10, lanes 3 and 4). In contrast, p53 levels were strongly
suppressed by Ad12 E1B-55 kDa and E4orf6 (compare lanes 5
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FIG. 8. Destabilization of p53 by Ad12 oncoproteins. Expression plasmids
for the p53 (600 ng), Ad12 E1B-55 kDa (300 ng), and Ad12 E4orf6 (600 ng) or
empty vector constructs were transfected into H1299 cells as indicated. After
24 h, the cells were labeled with [**S]methionine and [3*S]cysteine for 10 min and
then incubated in nonradioactive medium (chase). After the time points indi-
cated (minutes), the cells were harvested and subjected to immunoprecipitation
with monoclonal antibody Pab421 directed against p53, followed by SDS-PAGE
and autoradiography. Note that the signal intensities obtained with p53 alone
initially increase, possibly reflecting the incorporation of radioactively labeled
amino acids that were internalized into the cells but not yet assembled into
protein at the start of the chase.

and 6). Thus, destabilization by Ad12 oncoproteins is specific
for p53 and apparently requires different portions of p53 in
addition to the amino-terminal putative E1B-binding domain.

DISCUSSION

Our results strongly suggest that p51, like p73, does not
represent a target of the adenovirus E1B-55 kDa oncoprotein.
The E1B proteins of differentially oncogenic adenoviruses re-
veal the same preference for p53 while “neglecting” its homo-
logues. Further, the cooperation between E1B-55 kDa and
E4orf6 to destabilize p53 is observed with adenoviruses of
different oncogenicities, despite the previously reported differ-
ences in the mechanisms of p53 inactivation by AdS and Ad12
E1B-55 kDa.

There was a moderate but significant reduction of p51 ac-
tivity in the presence of E4orf6 from either virus type. Such an
inhibition by E4orf6 alone has previously reported for p53 (10)
and p73 (17). Another group has described inhibition of p73
but not p53 by E4orf6 (46). In our hands, the transcriptional
activities of p53 and p73 were not compromised by E4orf6
alone (this report and reference 37), while p51 is inhibited to
some extent by Edorf6. It remains to be determined what
factor(s) in the experimental systems used by the different
research groups results in the observed discrepancies in tran-
scriptional inhibition and whether this inhibition is of physio-
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FIG. 9. Reduction of p53 levels by adenovirus oncoproteins in murine cells.
NIH 3T3 cells were transfected with expression plasmids for HA-tagged p53,
Ad12 (A) or Ad5 (B) E1B-55 kDa (300 ng), and E4orf6 (900 ng) or the corre-
sponding vector constructs, as indicated below the lanes. At 24 h after transfec-
tion, the cells were harvested, and p53 was detected by Western blotting with an
antibody to the HA tag.

logical relevance during virus infection and virus-mediated on-
cogenesis. In these natural settings, E4orf6 is coexpressed with
E1B-55 kDa, with the latter reaching its peak levels earlier
than the former (44). Further, stably transfected cells express-
ing Edorf6 are not viable unless they are expressing E1B-55
kDa in addition (our unpublished observations). The cooper-
ation between the two viral oncoproteins reduces p53-medi-
ated transcription to a far greater extent than E4orf6 reduces
any p53 family member’s activity. This cooperative effect of
both proteins, however, was shown to be strictly limited to p53,
sparing p73 and p51. Hence, it still appears that adenoviruses
evolved to target p53 with strong preference over its homo-
logues p73 and p51. Similar results were obtained with the
large T antigen of simian virus 40. This protein also interacts
with and inhibits pS3 but not p73 or p51 (reference 8 and our
unpublished observations).

E1B-55 kDa and E4orf6 of Ad5 have been shown to colo-
calize in the nuclei of primate cells. While E4orf6 relocalizes
E1B-55 kDa from the cytoplasm to the nucleus (14), E1B-55
kDa enables E4orf6 to shuttle between the nucleus and cyto-
plasm (9). In contrast, the two proteins fail to colocalize de-
tectably in murine cells and most other rodent cells (14). Since
colocalization in these cells can be achieved by fusing the
transfected rodent cells to primate cells, it was hypothesized
that a cellular factor that mediates the association of E1B-55
kDa with E4orf6 might exist in primate but not rodent cells.
This factor is apparently not p53, since the viral proteins were
found to colocalize in primate cells that contain very low levels
of p53 (HeLa cells [14]) or lack p53 entirely (H1299 cells [our
unpublished observations]). Nonetheless, we show here that
the two viral proteins cooperate in rodent cells to reduce p53
levels. Possibly, only small fractions of the two proteins asso-
ciate in these cells, and this minor population, albeit insuffi-
cient for detection by immunostaining, might be sufficient for
p53 degradation. Alternatively or in addition, the two viral
proteins could transiently associate and form a trimeric com-
plex with p53 which is disrupted rapidly upon degradation of
pS3.

The hypothesis that viruses of different oncogenic potential
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might target different spectra of p53 family members seemed
attractive. However, both viruses evolved inhibitory mecha-
nisms that are highly specific for p53. Why did the viruses not
adopt similar mechanisms to downregulate the transcriptional
activities of p51 and p73? Despite their lack of ability to inhibit
pS1 and p73, the E1B-55 kDa from either virus, along with
E1A, has considerable transforming activity. This phenomenon
can be explained in two different, but not mutually exclusive,
ways. One possibility is that p73 and p51 lack a function re-
tained in p53 that is crucial for tumor suppression. For in-
stance, it has been reported that p73 shows somewhat different
preferences for certain promoters compared to p53 (61). Al-
ternatively, it is possible that while p53 and its homologues
could largely substitute for each other, only the levels of p53
are upregulated during virus infection and/or genotoxic stress.
In any case, the specificity of viral oncoproteins for p53 strong-
ly suggests a unique role of p53 as a “guardian of the genome”
(22).

In the case that the principal functions of p51, p73, and
possibly other p53 homologues do not consist of genome sta-
bilization and tumor suppression, what else might be the rea-
son for their evolutionary conservation? Possibly, the proteins
may act as regulators of cell differentiation and/or apoptosis
during embryonic development. Their activities might be reg-
ulated not only by expression levels but also by the proportions
of different splicing variants (6, 53), some of which are appar-
ently not transcriptionally active. An important role of p51/p63
was recently shown by gene targeting in mice (29, 54). p51 '~
mice show severe defects in limb development, while the
P53~/ genotype does not grossly affect embryonic develop-
ment (11).

The specificity for p53 family members does not detectably
differ between the E1B-55 kDa proteins of Ad5 and Ad12.
Nonetheless, these proteins were shown to behave differently
during tumor formation in animals (3) and during transforma-
tion of cells in tissue culture (51). Another explanation for this
difference might be that the E1B-55 kDa proteins of both
viruses target p53 but that Ad12 E1B does so by a different and
possibly more efficient mechanism. This hypothesis was previ-
ously proposed (51) and was based on the following observa-
tions: (i) the E1B-55 kDa proteins from the two viruses differ
in their transforming efficiencies when combined with various

e
1 2 3 4 5 6
p73 + + - - - -
p73 mt 20-24 - s + + - _
p53 - - - - + +
Ad12 E1B-556kDa - + - + - +
Ad12 E4orf6 = + - + - +

FIG. 10. Reduction of p53 levels but not p73 levels by Ad12 oncoproteins.
H1299 cells were transfected with expression plasmids for HA-tagged p53, HA-
tagged p73p (wild type or with amino acids 20 to 24 replaced by the correspond-
ing p53 sequence [mt 20-24]; 300 ng), nontagged Ad12 E1B-55 kDa (300 ng), and
non-tagged Ad12 E4orf6 (900 ng) or the corresponding vector constructs, as
indicated below the lanes. At 24 h after transfection, the cells were harvested and
subjected to SDS-PAGE and Western blotting. p53 and p73 were visualized with
a monoclonal antibody against the HA tag (clone HA.11), followed by a perox-
idase-coupled secondary antibody and chemiluminescence detection.
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other oncoproteins; (ii) Ad5 E1B-55 kDa is largely cytoplas-
mic, whereas Ad12 E1B-55 kDa resides predominantly in the
nucleus; and (iii) the interaction between p53 and Ad5 E1B-55
kDa is readily detectable, while p53 coprecipitates with Ad12
E1B-55 kDa weakly or not at all. Despite these differences,
many features of p53 inactivation are conserved between the
two viruses’ oncoproteins: (i) p53 is stabilized when coex-
pressed with E1B-55 kDa from either virus for extended peri-
ods of time (58); (ii) E1B-55 kDa from either virus colocalizes
with p53 in cytoplasmic clusters, at least when expressed to
high levels; (iii) mutational analysis shows that E1B-55 kDa
from each virus requires a region near the amino terminus of
p53 for this colocalization; and (iv) E1B-55 kDa and E4orf6
from each virus cooperate to destabilize p53, and this destabi-
lization again requires the intact amino-terminal domain of
p53. Taken together, these findings suggest that Ad12 E1B-55
kDa, like Ad5 E1B-55 kDa, directly associates with the amino
terminus of p53. This association, along with the presence of a
repression domain within E1B-55 kDa (56), would be sufficient
to explain the inhibition of p53’s transcriptional activity.

Thus, there are two open questions concerning oncogenic
transformation by Ad12 E1B-55 kDa. First, it is unclear why
this protein apparently associates with p53 in vivo but does so
only poorly, if at all, in vitro. Possibly, the putative complex of
Ad12 E1B-55 kDa and p53 contains other cellular components
that cannot be solubilized during cell lysis. Thus, the complex
might fall apart when trying to coprecipitate the proteins. The
second question that remains is why the transforming proper-
ties of the Ad5 and Ad12 E1B-55 kDa proteins are different
when assayed together with other oncogene products (51). The
answer may be that these proteins have additional transform-
ing activities not directly related to transcriptional inactivation
of p53. Such activities might involve the alteration of genomic
stability, as has been reported for Ad12 E1B-55 kDa (24, 25).
In the case of tumorigenesis in animals, another layer of com-
plexity is represented by the immune response to the virus-
transformed cells. This could be affected by any sequence el-
ement divergent between the two virus types, depending on the
animal’s major histocompatibility complex haplotypes.

Viruses have adopted and refined strategies to manipulate
the cell’s growth and survival over an extensive period of evo-
lution. Viral oncoproteins thus continue to represent valuable
tools in defining the cell’s growth-regulatory mechanisms. The
exact definition of their cellular targets constitutes an impor-
tant step in the evaluation of cellular growth regulators. In the
case of p53 and its homologues, future studies are required to
elucidate the regulation of other p53 family members by viral
oncoproteins. The differential interaction of p53, p73, and p51
with adenovirus proteins strongly suggests a superior role of
p53 in tumor suppression.
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