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ABSTRACT Recently, several proteins have been identi-
fied that are related in their sequence to the p53 tumor-
suppressor protein. One of these proteins, which is termed
p73, exhibits sequence homology to the p53 transcriptional
activation, DNA binding, and oligomerization domains. The
adenovirus E1B 55-kDa protein, the adenovirus E4orf6 pro-
tein, and SV40 T antigen each can bind to p53 and inhibit p53
function. Here we demonstrate that the adenovirus E4orf6
protein, but not the E1B 55-kDa protein or T antigen, interacts
with p73. The E4orf6 protein inhibits p73-mediated transcrip-
tional activation and cell killing in a manner similar to its
effect on p53. Thus, only a subset of viral oncoproteins that
antagonize p53 function also interacts with the related p73
protein.

The p53 tumor-suppressor protein binds to DNA and modu-
lates transcription (1). It is a key regulator of the cell cycle and
apoptosis, and loss of p53 function can promote unregulated
cell proliferation. As a consequence, the p53 gene is commonly
mutated in human cancers. Oncoproteins encoded by DNA
tumor viruses inhibit the function of p53 (2). The adenovirus
E1B 55-kDa protein and SV40 T antigen bind to p53 and
sequester it in an inactive complex. The human papillomavirus
E6 protein interacts with p53 and promotes its ubiquitin-
dependent degradation. Recently, we determined that a sec-
ond adenovirus protein, the E4orf6 protein, also binds to p53
(3). In contrast to the adenovirus E1B 55-kDa protein, which
binds to the amino-terminal transcriptional activation domain
of p53 (4-6), E4orf6 binds within its carboxyl-terminal region
(3). Nevertheless, like the E1B protein, E4orf6 inhibits the
ability of p53 to activate transcription. Consistent with its
ability to bind to p53 and antagonize its function, E4orf6
cooperates with the adenovirus E1A protein to transform rat
cells, and it enhances the tumorigenic potential of cells ex-
pressing both E1A and E1B oncoproteins (7-9). E4orf6 shut-
tles between the nucleus and cytoplasm in infected cells (10,
11). Shuttling is almost certainly essential for the mRNA
transport function of E4orf6 during adenovirus infection, but
it is not yet clear whether shuttling is important for its
oncogenic activity.

Recently, several proteins with sequence homology to p53
have been described (12-16). The p73 member of this protein
family (12, 13) exhibits striking sequence similarity to the
DNA-binding, transactivation, and oligomerization domains of
pS3. Like p53, p73 can bind to DNA and activate transcription.
When it is overexpressed, p73 can block cell proliferation and
induce apoptosis in a manner analogous to p53. Here we
demonstrate that the adenovirus E4orf6 protein can bind to
p73 and inhibit its function. The E4orf6 protein might con-
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tribute to adenovirus-mediated oncogenesis by antagonizing
p73 as well as p53 function.

MATERIALS AND METHODS

Plasmids and Cells. The mammalian expression vectors
pcDNA3-HA-p73a and pcDNA3-HA-p73 encode epitope-
tagged p73 proteins (12). The pcDNA3-HA-p73« derivatives,
p73TADB and p73TA, were made by amplifying segments of
the p73 coding region by using the primer 5'-CTTGGATC-
CAAGCTTATGGCCCAGTCCACCACC-3', together with
either of two second primers: 5'-TAAGAATTCTCAAT-
TCAAGGCCTGCTGCTCC-3" or 5'-TAAGAATTCT-
CAAGTGACCTCGAAGTGGTGG-3". The PCR-amplified
fragments were inserted into the EcoRI/HindIIIl site of
pcDNA3. To generate p73aOL and p73B0OL, EcoR1/Xbal
fragments from pcDNA3-HA-p73a or pcDNA3-HA-p73f
were cloned into EcoRI/Xbal-cleaved pcDNA3. Baby rat
kidney cells transformed with the adenovirus E1A and E1B
genes (XholC) or E1A, E1B, and E4orf6 genes (A2) have been
described (7). H1299 and Saos-2 cells, which do not express
endogenous p53 (17, 18), were obtained from the American
Type Culture Collection. To produce derivatives expressing
the E4orf6 protein (SaosE4#5 and SaosE4#11), Saos-2 cells
were transfected with pCMVE4orf6 (3), and plasmid-
containing clones were selected in medium containing 300
png/ml G418.

Protein Interaction Assays. To search for proteins that
interact with E4orf6, transformed rat cells (7) were labeled
with [33S] methionine and lysed in buffer (19) containing 250
mM NaCl/50 mM Hepes, pH 7.0/0.1% Nonidet P-40/10
pg/ml aprotinin/10 pg/ml leupeptin/1 pg/ml pepstatin/0.1
mM phenylmethylsulfonyl fluoride/5 mM EDTA. After pre-
clearing, proteins were immunoprecipitated with the E4orf6-
specific RSA3 monoclonal antibody (20) and subjected to
electrophoresis in an SDS-containing polyacrylamide gel. To
test for interactions between E4orf6 and selected viral onco-
proteins, H1299 cells were transfected with various expression
plasmids (15 ug) by using lipofectamine (GIBCO/BRL). After
48 h, the cells were lysed as described above, proteins were
immunoprecipitated with E4orf6-specific RSA3 (17), E1B
55-kDa-specific 2A6 (21), or SV40 T antigen-specific PAb416
(22) monoclonal antibody and subjected to electrophoresis in
an SDS-containing polyacrylamide gel. Proteins carrying an
HA tag were detected by Western blot by using the 12CAS
antibody and a chemiluminescence detection system (New
England Nuclear). To test for the interaction of E4orf6 with
p73 and p73 derivatives, in vitro-translated products (TNT
reticulocyte system, Promega) were mixed at 4°C for 30 min,
the proteins were immunoprecipitated by using RSA3 mono-
clonal antibody or normal rabbit serum, subjected to electro-
phoresis in an SDS-containing polyacrylamide gel, and protein
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bands were visualized by fluorography. In similar experiments,
in vitro-translated E1B 55-kDa protein or T antigen produced
in baculovirus-infected cells and immunoaffinity purified (23)
was mixed with in vitro-translated p73, and proteins were
precipitated with E1B-specific 2A6 antibody or T antigen-
specific PAb416 antibody, respectively.

Luciferase Assay. H1299 (1 X 10°) cells received a total of
7 ng DNA (2 pg of reporter plasmid and various amounts of
effector plasmids plus pUC118, which was used as carrier
DNA) by transfection by using lipofectamine (GIBCO/BRL),
and luciferase assays were performed 24 h later.

Growth Suppression Assay. Effector plasmids (2.5 ug) plus
pBabe-puro (0.5 ug) were introduced into Saos-2, SaosE4#5,
and SaosE4#11 cells by using the FuGENEG6 transfection
reagent (Boehringer Mannheim). After 48 h, the cell growth
medium was supplemented with 0.5 ug/ml puromycin (Sigma)
and, 2 weeks later, the cells were fixed, stained with crystal
violet, and puromycin-resistant colonies were counted (24).

RESULTS

We first suspected that the adenovirus E4orf6 protein might
bind to p73 when we immunoprecipitated the viral protein
from 33S-labeled extracts of transformed rat cells. Immuno-
precipitates from baby rat kidney A2 cells transformed with
adenovirus E1A, E1B, and E4orf6 contained several proteins
that were not detected in extracts of baby rat kidney XhaoIC
cells transformed with E1A and E1B alone (Fig. 14). The
proteins migrating at 73, 65, 18, and 13 kDa relative to markers
failed to coprecipitate with antibody to E4orf6 after disruption
of protein interactions with SDS (data not shown), identifying
them as candidates for proteins that might be coprecipitated as
part of a complex with E4orf6.

The size of the 73-kDa band and our earlier demonstration
that E4orf6 binds to p53 (3) led us to test whether E4orf6 can
interact with the p53 relative, p73. H1299 cells, which do not
express endogenous p53 (17), were transfected with plasmids
expressing E4orf6, p73a, and p73B. The two forms of p73 arise
from alternative splicing, and they differ at their carboxy
termini (12). Extracts were prepared 48 h after transfection,
proteins were immunoprecipitated with a monoclonal anti-
body to E4orf6, and coprecipitated p73 proteins were detected
by Western blot by using an antibody to the epitope (flu) tag
appended to their amino termini. A band corresponding to
p73a was precipitated from an extract of cells transfected with
plasmids expressing E4orf6 plus p73«, but not from an extract
of cells that received the p73« expression plasmid alone (Fig.
1B, lanes 1, 2). Much less p73 3 was coprecipitated with E4orf6
in a similar experiment (Fig. 1B, lanes 3, 4), even though the
two p73 variants accumulated to similar levels within trans-
fected cells (data not shown). E4orf6 and p73 are present in the
same complex, and it is likely that E4orf6 binds directly to p73«
and p73B because both contain a carboxyl-terminal domain
homologous to the domain in p53 that binds to the viral
protein.

In contrast to E4orf6, two additional viral oncoproteins that
bind to p53, the adenovirus E1B 55-kDa protein (25) and SV40
T antigen (26, 27), did not interact with the p73 variants in our
assay. Although the two viral oncoproteins were efficiently
expressed within transfected cells (Fig. 1C), antibodies to E1B
55-kDa (Fig. 1B, lanes 5, 6) or SV40 T antigen (Fig. 1B, lanes
7, 8) failed to coimmunoprecipitate detectable quantities of
p73a or p73B from extracts of cells cotransfected with a p73
variant plus an oncoprotein.

We confirmed the interaction of E4orf6 with p73 using
proteins that were translated in vitro. When unlabeled E4orf6
was mixed with 33S-labeled p73a or p73B, the p73 proteins
were coimmunoprecipitated with antibody to E4orf6 but not
with normal rabbit serum (Fig. 24 Top). In contrast, p73 did
not interact at a detectable level with either E1B 55-kDa or T
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FiG. 1. Coimmunoprecipitation of p73« and p738 with E4orf6
from extracts of transformed baby rat kidney cells and transfected
H1299 cells. (4) Coimmunoprecipitation of rat cell proteins with
Edorf6. 33S-labeled extracts of baby rat kidney A2 cells expressing
E1A, E1B, and E4orf6 or XholIC cells expressing E1A and E1B were
subjected to immunoprecipitation by using antibody to E4orf6. The
positions at which marker proteins migrated are indicated by their
molecular weights, the E4orf6 band is identified, and arrowheads mark
bands corresponding to proteins that are evident in the precipitate
from A2 but not XholC extracts, and, therefore, might associate with
E4orf6. (B) Coimmunoprecipitation of p73 with E4orf6 but not with
E1B 55-kDa or T antigen. H1299 cells were transfected with plasmids
expressing the viral oncoproteins (E4, E1B, or TAg) plus p73 variants
(a or B) indicated above the autoradiogram, and extracts were
prepared and immunoprecipitated with antibodies to viral oncopro-
teins (aE4, oE1B, oTAg). Epitope-tagged p73a and p73p proteins
were identified in the immunoprecipitates by Western blot by using
antibody to the flu epitope. Arrows identify p73 variants and IgG,
which interacts with the secondary antibody in the western blot. (C)
Western blot demonstrating expression of E1B 55 kDa in transfected
H1299 cells and in 293 cells, which constitutively express the protein,
and SV40 large T antigen in transfected H1299 cells and in COS1 cells,
which constitutively express the protein. The proteins were detected by
using antibodies to the viral oncoproteins and the E1B 55-kDa (E1B)
and T antigen (TAg)-specific bands are identified.

antigen (Fig. 24 Middle and Bottom), although both of these
viral proteins interacted with p53 in this assay (data not
shown). This experiment was repeated by using deleted deriv-
atives of the p73 proteins (Fig. 2B) that were efficiently
synthesized in the in vitro reaction (Fig. 2C Upper). Antibody
to E4orf6 coimmunoprecipitated carboxyl-terminal segments
of p73«a and p73B with E4orf6 (Fig. 2C Lower, lanes 5, 6). An
amino-terminal segment of p73 containing the domain homol-
ogous to the p53 transactivation domain was not coprecipi-
tated, whereas an amino-terminal segment including the do-
main homologous to the p53 DNA-binding domain was co-
precipitated to a limited extent with E4orf 6 (Fig. 2C Lower,
lanes 3, 4). It appears that the E4orf6-p73 interaction occurs
primarily through the carboxyl-terminal domain of p73, con-
sistent with our earlier work showing that E4orf6 binds to
amino acids 318-360 within the carboxyl-terminal domain of
p53 (3).

Because p73 can activate the transcription of p53-responsive
genes (12, 13), we tested whether E4orf6 can antagonize
p73-mediated activation, as it does for p53 (3). A luciferase
reporter construct whose promoter includes the p53 binding
site from the p21¥# gene (28) was activated by a factor of 6 to
7 when it was cotransfected into H1299 cells with effector
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FiG. 2. Coimmunoprecipitation of in vitro-translated p73 and p73 fragments with E4orf6. (4) Coimmunoprecipitation of p73« and p733 with
E4orf6-specific antibody. 33S-labeled p73a or p738 variants were mixed with unlabeled E4orf6 protein (E4) (Top), E1B 55-kDa protein (E1B)
(Middle) or T antigen (TAg) (Lower) and then subjected to immunoprecipitation by using antibody to the unlabeled protein («E4, «E1B, «TAg)
or normal rabbit serum (NS). Lanes marked “input” received 20% of the amount of in vitro-translated p73a or p73p that was added to binding
reactions. The position of bands corresponding to p73 variants is indicated. (B) Diagrammatic representation of p73«, p73f3, and deleted derivatives
of the proteins. TA, DB, and OL designate domains in the p73 proteins that correspond to the transcriptional activation, DNA-binding, and
oligomerization domains of p53, respectively. (C) Coimmunoprecipitation of p73 and deleted p73 derivatives with E4orf6. (Upper) (input) In
vitro-translated, 33S-labeled p73 variants (5% of amount added to binding reactions). (Lower) (coprecipitated) Immunoprecipitation by antibody

to E4orf6 after p73 variants were mixed with unlabeled E4orf6.

plasmids expressing p73a or p73B (Fig. 34). Inclusion of a
second effector plasmid expressing E4orf6 protein completely
blocked the induction of the reporter by p73« and reduced the
p73B-mediated induction by a factor of 4, whereas the parental
effector plasmid without an E4orf6-specific insert had no
effect (Fig. 34). The magnitude of the inhibition correlated
with the amount of the Edorf6-expressing plasmid added to
cells (Fig. 3B).

Like p53, p73 has been shown to induce apoptosis when
overexpressed (12). To evaluate the effect of Edorf6 on
p73-mediated cell killing, we tested the effect of p73a and p733
on colony formation using Saos-2 cells, which lack the p53 gene
(18) and fail to express detectable levels of p73 (13), and on
derivatives of Saos-2 cells expressing the E4orf6 protein (Fig.
4C). Cells were transfected with a plasmid encoding a puro-
mycin-resistance marker plus the vector expressing p73a or
p73B or, as a control, the vector used to express p73 with no
insert. Expression of p73« or p733 almost completely inhibited
the formation of drug-resistant colonies in Saos-2 cells (Fig.
4A4, B). In contrast, two independently derived derivatives of
Saos-2 cells expressing E4orf6 protein were partially resistant
to p73-mediated killing, producing 19-32% of the total num-
ber of colonies that were generated by transfection with the
drug-resistance marker plus the empty expression vector (Fig.
44, B). We conclude that the E4orf6 protein can protect cells
from p73-mediated toxicity. We assume that it is blocking
p73-mediated apoptosis, because overexpression of p73 has
been shown previously to induce apoptosis in Saos-2 cells (12).

DISCUSSION

The 73-kDa protein band that coimmunoprecipitates with
E4orf6 protein from extracts of transformed baby rat kidney

cells (Fig. 1A4) is comprised, at least in part, of p73. E4orf6
protein can form a complex with p73« and p73B (Fig. 1B and
Fig. 2 A, C), and inhibit p73-mediated transcriptional activa-
tion (Fig. 3) and toxicity (Fig. 4). Roth et al. (29) have recently
reported that E4orf6 protein does not influence transcrip-
tional activation by p73B. E4orf6 appears to bind and inhibit
p73a more efficiently than p738 (Figs. 1-3), and Roth et al.
(29) tested p73B. Nevertheless, we observe both a physical and
a functional interaction between E4orf6 and p738. As yet, we
cannot explain our different results.

The inactivation of p73 function by the E4orf6 protein
suggests that its inhibition might facilitate adenovirus replica-
tion. Perhaps a block to the function of p73 in addition to p53
prevents activation of p53/p73-responsive genes that could
interfere with viral replication. For example, the failure to
activate p73-responsive genes might help to protect infected
cells from undergoing apoptosis, preventing premature cell
death and facilitating the production of an optimal yield of
progeny virus. Alternatively, the E4orf6 protein might mod-
ulate p73 function, modifying its activity to benefit the virus.

The adenovirus E1B 55-kDa protein and SV40 T antigen
failed to interact at a detectable level with p73 (Fig. 1B and Fig.
2A). The E1B 55-kDa protein binds to the amino-terminal
transcriptional activation domain of p53 (4-6) and T antigen
interacts with its DNA-binding domain (30-32). Apparently,
their binding sites are not conserved or are not accessible
within the corresponding domains on p73, as is the case for the
carboxyl-terminal site on p73 through which E4orf6 interacts
to form a complex. Indeed, two residues in the amino-terminal
domain of p53 that have been shown to be important for its
interaction with E1B 55 kDa, Lys-24, and Pro-27 (6), are not
conserved in p73. Consistent with our result, two recent
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Fic. 3. Effect of viral oncoproteins on p73-mediated transcrip-
tional activation. H1299 cells were transfected with the indicated
plasmids and luciferase activity was assayed 24 h later. The bar graphs
report the fold activation of the luciferase reporter, pWWP-GL2 (2 ug
per transfection), by various effector plasmids relative to its basal
expression. The amount of DNA (ug) added to transfection mixtures
is indicated below the bars. Two plasmids were included to control for
nonspecific effects of the expression vectors: pcDNA3 is the vector
used to express p73 variants and pCMVneo carries the neomycin-
resistance gene in the same expression vector as pCMVE4orf6. The
mean and standard deviation for three independent determinations
are reported. (A4) Inhibition of p73-mediated activation by E4orf6. (B)
Dose-dependent inhibition of p73-mediated activation by E4orf6.

reports failed to detect an interaction of the adenovirus E1B
55-kDa protein (29, 33), T antigen (33), or human papilloma-
virus E6 protein (33) with p73. Thus, in contrast to the
precedent set by the interaction of the adenovirus E1A pro-
tein, SV40 T antigen and papillomavirus E7 protein with all
members of the retinoblastoma protein family, DNA tumor
virus oncoproteins do not appear to recognize all members of
the p53 family.

It is noteworthy that the adenovirus E4 transcription unit
encodes a variety of proteins with oncogenic potential. The
E4orfl protein induces estrogen-dependent mammary tumors
in female rats and transforms rat cells (34), and its transform-
ing domain binds to a cytoplasmic PDZ-domain-containing
protein (35, 36). The Edorf3 protein cooperates with E1A to
transform rodent cells (37), and it localizes within POD /ND10
nuclear structures (38). The E4orf6/7 protein competes with
the retinoblastoma protein for binding to E2F family members
(39), and E2F stimulates progression into the S phase of the
cell cycle once freed of its association with the retinoblastoma
protein (40). Edorf6 not only cooperates with E1A to trans-
form cells (7, 8) but also modifies the phenotype of cells
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F1G. 4. Inhibition of p73-mediated cell killing by E4dorf6. (4, B)
Saos-2 cells and derivatives of Saos-2 cells expressing E4orf6 protein
(SaosE4#5 and SaosE4#11) were cotransfected with a plasmid ex-
pressing the puromycin-resistance marker plus a plasmid expressing
p73a, p73B, or the expression plasmid with no insert. Puromycin-
resistant colonies were counted 14 days later. Photographs of colonies
(A) and the percentage of cells giving rise to colonies (B) are
presented. (C) Western blot assay using antibody to E4orf6 protein
(«E4) demonstrating expression of the E4orf6 protein (E4) in deriv-
atives of Saos-2 cells that contain the E4orf6 gene.

transformed by the adenovirus E1A and E1B proteins (7, 9).
Inclusion of E4orf6 markedly enhanced the ability of trans-
formed rat and human cells to form tumors in nude mice (7).
Although the difference in growth potential could result from
its effects on p53, the E1B 55-kDa and E1B 19-kDa proteins,
which are also present in the transformed cells, both antago-
nize p53 functions. Perhaps, then, the additional effect of
E4orf6 on p73 or, conceivably, on other p5S3 family members
is responsible for the enhanced tumorigenic potential observed
for cells expressing the oncoprotein.
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