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Multiple adenovirus (Ad) early proteins have been shown to inhibit transcription activation by p53 and
thereby to alter its normal biological functioning. Since these Ad proteins affect the activity of p53 via different
mechanisms, we examined whether this inhibition is target gene specific. In addition, we analyzed whether the
same Ad early proteins have a comparable effect on transcription activation by the recently identified p53
homologue p73. Our results show that the large E1B proteins very efficiently inhibited the activity of p53 on the
Bax, p21Waf1, cyclin G, and MDM2 reporter constructs but had no effect on the activation of the same reporter
constructs by p73, with the exception of some inhibition of the Bax promoter by Ad12 E1B. The repressive effect
of the E1A proteins on p53 activity is less than that seen with the large E1B proteins, but the E1A proteins
inhibit the activity of both p53 and p73. We could not detect significant inhibition of p53 functions by E4orf6,
but a clear repression of the transcription activation by p73 by this Ad early protein was observed. In addition,
we found that stable expression of the Ad5 E1A and that of the E1B protein both caused increased p73 protein
expression. The large E1B and the E4orf6 proteins together do not target the p73 protein for rapid degradation
after adenoviral infection, as has previously been found for the p53 protein, probably because the large E1B
protein does not interact with p73. Our results suggest that the p53 and p73 proteins are both inactivated after
Ad infection and transformation but via distinct mechanisms.

By regulating the expression of different target genes, p53
can affect important cellular processes like cell cycle progres-
sion and apoptosis. Multiple adenovirus early (Ad E) proteins
have been shown to inhibit the transcription activation poten-
tial of p53 via different mechanisms and thereby to impair its
normal biological functioning. The first Ad E protein identified
as inhibiting p53 activity was the large E1B protein (38). Yew
and colleagues have shown that in the presence of the large
E1B protein p53 can still bind to its consensus sequence but
that the transcription-repressive regions present in the large
E1B protein inhibit the transcription activation potential of
p53 (39). In addition, we and others have shown that the E1A
proteins also can inhibit transcription activation by p53 (27,
30). The E1A proteins can directly interact with the p300
protein, which not only serves as a cofactor for p53 transacti-
vation but also activates its sequence-specific DNA binding by
acetylation of the C terminus of p53 (6, 7, 12). The third Ad E
protein which has been reported to inhibit transcription acti-
vation by p53 is the E4orf6 protein. Dobner and coworkers
reported that E4orf6 inhibits the activity of p53 by a direct
interaction with the C terminus of p53 which inhibits binding of
TAF32 to the transcription activation domain of p53 (2). It is
currently unclear why Ads produce such a number of different
proteins all causing repression of the transcriptional activity of
p53. It suggests that inactivation of p53 is very important for
the Ad replicative cycle. However, since all these Ad E pro-

teins inhibit p53 via different mechanisms we hypothesized that
gene-specific effects might exist.

Recently, Kaghad and colleagues have identified the p73
gene, which has significant homology with p53 (10). Lack of
expression of the gene was observed in neuroblastoma cells,
indicating that dysregulation of this p53 homologue might con-
tribute to tumorigenesis. In addition, it was found that p73 can
activate p53-responsive genes (9, 10). In this study, we exam-
ined whether the transcriptional activity of p73 was inhibited
by the Ad E proteins in a way similar to that in which they
affect p53.

The Ad E proteins not only inhibit the activity of p53 but
also affect the half-life of the tumor suppressor protein. We
and others have shown that, after Ad infection, the complex of
the large E1B and the E4orf6 protein causes enhanced degra-
dation of the p53 protein (22, 23, 28). In contrast, when cells
are transformed by the Ad E1 region and no E4orf6 protein is
coexpressed, both the E1A (14) and the E1B (34) proteins
cause stabilization of p53. After transformation of rat cells with
the oncogenic adenovirus type 12 (Ad12), highly stabilized p53
was found in the nucleus (41), while after transformation by
the nononcogenic virus Ad5 or Ad2 the p53 protein is detected
mainly in the cytoplasm, and the appearance of specific cyto-
plasmic bodies containing the large E1B protein together with
the p53 protein has been reported (41).

In this study, we examined the effects of the Ad E proteins
on the activation of different responsive genes by p53 in tran-
sient transfections. We found a very strong repressive effect by
the large E1B proteins, while intermediate effects were found
for the E1A proteins. In contrast, the large E1B proteins had
no effect on the transcription activation by p73, with the ex-
ception of some inhibition of the Bax promoter by Ad12 E1B.
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The effects of E1A on p73 were comparable with the repres-
sion of p53. Furthermore, we found that the E4orf6 proteins
could significantly inhibit the activity of p73, while no effect on
p53 was detectable. In addition, we analyzed the effects of
these Ad E proteins on endogenous p73 expression levels and
found that the Ad5 E1A as well as the large E1B protein
causes increased levels of p73 protein. However, no interaction
between the large Ad5 E1B protein and p73 could be detected,
which might explain why no down-regulation of p73 was de-
tectable after Ad5 infection.

MATERIALS AND METHODS

Tissue culture and cell lines. Hep3B (21) and G401 (36) cells were grown in
Dulbecco’s modified Eagle’s medium plus 8% fetal bovine serum (FBS). The
stable G401 transfectants 21K-C1 and 21K-C8 (21C1 and 21C8, respectively);
21K/E1A-C3 and 21K/E1A-C24 (5/21C3 and 5/21C24, respectively); 5E1B-C2,
5E1B-C3, and 5E1B-C5 (G55C1, G55C3, and G55C5, respectively); 12E1B-C1,
12E1B-C3, and 12E1B-C7 (G54C1, G54C3, and G54C7, respectively); and
E4-C3 and E4-C7 (GE4C3 and GE4C7, respectively) have been described pre-
viously (28–30) and were grown on the same medium with addition of G418 (300
mg/ml). Primary HER (human embryonic retina), Ad5-transformed HER XC1
and HER XC2, and Ad12-transformed HER RC4 and HER RC6 cell lines have
been described previously (33) and were cultured on Eagle’s minimal essential
medium supplemented with vitamins, nonessential and essential amino acids,
glucose, and 10% FBS.

Plasmids, transient transfections, and luciferase assays. Hep3B cells were
transiently transfected by the calcium phosphate precipitation method (35) on
six-well plates. From the pGL2-NA(mdm2)-luc (MDM2Luc) (4), pGL3-Cy-
clinG-Luc (CyclinGLuc) (41), pGL3-Bax-luc (BaxLuc) (16), IGF-BP3-BoxB-luc
(IGF-BP3Luc) (1), and pGL3-p21-luc (p21Waf1Luc) (3) reporter constructs, 2.5
mg was used. The cotransfection experiments as presented in Fig. 1 were per-
formed with 10 ng of pCMV-p53 or 10 ng of pCMVneo together with 1.0 mg of
cytomegalovirus (CMV)-E1B21K (31), CMV-12E1B (34), pCMV-5E1B (34),
pRSV-E1A (18), pCMV-E4orf6 (2), or CMVneo. The same cotransfections were
performed for the experiments whose results are shown in Fig. 3 but now with
100 ng of pCMV-p73 (hemagglutinin [HA] tagged) or 100 ng of pCMVneo in
addition to 1.0 mg of pRSV-12SE1A, pRSV-12SE1A(111–123), or pRSV-
12SE1A(4–25) mutant. The titration experiments whose results are shown in Fig.
2 were performed with 2.5 mg of the reporter constructs. Increasing concentra-
tions of either pCMV-p53 or pCMV-p73 were used as described in the figure
legends. With the addition of pCMVneo, the total amount of CMV-containing
plasmid was adjusted to 1.0 mg in all precipitates. In all transfections, the total
amount of DNA was adjusted to 10 mg with salmon sperm DNA, and all
precipitates were made in triplicate. Exponentially growing cells were transfected
overnight. The next morning, cells were washed twice with phosphate-buffered
saline (PBS), and 24 to 28 h later, lysates were made in luciferase lysis buffer (0.1
M Tris-H2PO4 [pH 7.8], 1% Triton, 15% glycerol, 2 mM dithiothreitol, 8 mM
MgCl2). After a 15-min incubation at room temperature, cell debris was removed
by 1 min of centrifugation. The luciferase activity was measured with a Lu-
mac/3M luminometer (Biocounter) in 10 or 20 ml of the lysate after addition of
100 ml of luciferin (Boehringer Mannheim). The protein concentrations of the
lysates were determined by the Bradford (Bio-Rad) assay, and the luciferase
activity in 1 mg of protein lysate was calculated. A number of the transfections
were also performed with a pCMVLacZ internal control. The data obtained were
similar, but since both E1A and high concentrations of p53 affected the activity
of the internal control plasmid, corrections of the luciferase activity were made
based on the protein concentrations of the lysates. To check the expression of the
transfected constructs by Western immunoblotting, transfections were per-
formed exactly the same way as described above. At 24 h posttransfection, lysates
were made in E1A buffer (50 mM Tris-HCl [pH 7.4], 250 mM NaCl, 0.1% Triton,
5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride [PMSF], 1 mM orthovana-
date, 1 mM leupeptin, 0.5 mM trypsin inhibitor, and 0.1 mM aprotinin). Lysates
were cleared by centrifugation at 14,000 rpm (Eppendorf 5417R) for 10 min.
Protein concentrations of the lysates were measured by the Bradford assay
(Bio-Rad).

Virus techniques. The wild-type Ad5 was grown and purified as previously
described (28). The concentration of the virus was determined by plaque assay in
911 cells as described previously (28). For the infection experiments, the cells
were split 1 day prior to infection and seeded out on 5-cm-diameter petri dishes.
The next day, cells were infected with 100 PFU/cell diluted in a volume of 500 ml
of PBS–2% FBS. Afterwards, the virus was removed and normal tissue culture
medium was added to the cells. Twenty-four hours postinfection, the cells were
washed twice with ice-cold PBS and lysates were made in E1A buffer as described
in “Plasmids, transient transfections, and luciferase assays” above.

Western immunoblotting. For the analysis of the p73 and p53 expression in
primary and Ad-transformed HER cells, lysates were made in radioimmunopre-
cipitation assay buffer (20 mM triethanolamine [pH 7.4], 140 mM NaCl, 0.1%
deoxycholate, 0.1% sodium dodecyl sulfate [SDS], 0.1% Triton, 1 mM PMSF, 1
mM orthovanadate, 1 mM leupeptin, 0.5 mM trypsin inhibitor, and 0.1 mM

aprotinin). Protein concentrations of the lysates were measured by the Bradford
assay (Bio-Rad), and 40 mg of the lysates was examined by Western immuno-
blotting. For the analysis of the G401 cells and the stable transfectants, lysates
were made in E1A buffer as described in “Plasmids, transient transfections, and
luciferase assays,” and 25 mg of these lysates was examined by Western immu-
noblotting. The indicated amounts of lysate were boiled for 5 min in Laemmli
sample buffer and subsequently separated on SDS–10% polyacrylamide gels.
Subsequently, the proteins were blotted onto Protran nitrocellulose membranes
(Schleicher and Schuell). The membranes were incubated with the antibody
DO-1 (SanverTECH, p53 specific), RSA3 (E4orf6 specific), A1C6 (5E1B spe-
cific), T8A9 (12E1B specific), M73 (E1A specific), 1G11 (21K-E1B specific), or
anti-p73. After incubation with horseradish peroxidase-conjugated mouse, rab-
bit, or rat secondary antibodies, immune complexes were detected by enhanced
chemiluminescence (Amersham).

Cell cycle analysis. Exponentially growing G401, E4-C3, and E4-C7 cells were
mock irradiated or irradiated with X rays (5 Gy). Eighteen hours after treatment,
unirradiated and irradiated cells were labelled for 30 min with 20 mM bromode-
oxyuridine (BrdU). The cells were washed twice with PBS and harvested by
trypsinization. The cells were washed again with PBS and fixed in 70% ethanol
overnight. Subsequently, the cells were centrifuged and the pellet was resus-
pended in 2 N HCl. Cells were incubated for 12 min at 37°C and, after washing,
incubated with anti-BrdU (Becton Dickinson). Afterwards, cells were incubated
with propidium iodide and RNase, and 5,000 cells were analyzed on a FACScan
flow cytometer (Becton Dickinson) for DNA content and BrdU incorporation.
The fluorescence-activated cell sorting was used to determine the effects of p73
expression on the cell cycle. For the analysis of the cell cycle profile, an expres-
sion vector for green fluorescent protein (GFP)-tropomyosin fusion was added to
each transfection. Thirty-six hours after transfection, cells were washed once in
PBS and incubated with propidium iodide (2 mg of propidium iodide per ml,
0.6% Nonidet P-40, and 100 mg of RNase per ml). Five thousand transfected
GFP-positive cells were analyzed on a FACScan flow cytometer.

Immunofluorescence. Primary HER, HER RC6, and HER XC1 cells were
grown on coverslips. The cells were rinsed twice with PBS, fixed with 80%
acetone for 5 min at room temperature, and incubated for 1 h with T8A9
(anti-12E1B), 9C10 (anti-5E1B), rabbit polyclonal anti-p53 (SanverTECH), or a
mixture of anti-p53 monoclonal antibodies (Ab 122 and Ab 421) or anti-p73.
Subsequently, the cells were incubated for 1 h with anti-rabbit-rhodamine, anti-
mouse-fluorescein isothiocyanate, or anti-rat-fluorescein isothiocyanate antibod-
ies.

Metabolic labelling and immunoprecipitations. Exponentially growing cells
were rinsed twice with PBS and maintained for 0.5 h in methionine-cysteine-free
minimal essential medium supplemented with 2% FBS. [35S]methionine (100
mCi per dish) was then added directly to the medium, and cells were incubated
at 37°C for an additional 3 h. After labelling, the cells were washed twice with
ice-cold PBS and cell lysates were prepared in E1A buffer as modified by
Giordano (50 mM Tris HCl [pH 7.4], 0.25 M NaCl, 0.1% Triton X-100, 5 mM
EDTA), supplemented with protease inhibitor cocktail (Complete; Boehringer
Mannheim) and 0.5 M PMSF. Equal amounts of radioactivity were precleared
with protein A beads. Precleared lysates were precipitated with either 12CA5
(anti-HA) or A1C6 (Ad5 E1B/55K specific). Immunoprecipitations were per-
formed as described previously (29). Immunoprecipitated proteins were sepa-
rated on SDS–10% polyacrylamide gels, prepared for fluorography with Amplify
(Amersham Science), dried, and exposed to Kodak XAR-5 film at 280°C.

RESULTS

Distinct effects of E1B, E1A, and E4orf6 on the activation of
different p53-responsive genes. It has been reported that the
large E1B, E4orf6, and E1A proteins can inhibit transcription
activation by p53 but all via different mechanisms. To test the
hypothesis that this might lead to gene-specific regulation,
transient transfections were performed in p53-deficient Hep3B
cells. Cotransfection of 0.01 mg of CMV-p53 leads to signifi-
cant activation of the p21Waf1, Bax, cyclin G, and MDM2
reporter constructs in the presence of the CMVneo control
vector (Fig. 1A). On all four reporter genes, we found strong
repression of the p53-mediated transcription activation after
cotransfection of the oncogenic Ad12 and the nononcogenic
Ad5 large E1B proteins. Previous reports have shown that the
small E1B protein could not inhibit transcription activation by
p53 (24, 26, 31). Indeed, no effect of the E1B/21-kDa protein
was found on the activity of p53 on the p21Waf1, cyclin G, and
MDM2 reporter constructs, but a slight inhibition was mea-
sured on the activity of p53 on the Bax reporter construct.
Interestingly, gene-specific effects were found after cotransfec-
tion of E1A. On the p21Waf1 and Bax reporter constructs,
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inhibition of p53 activity by E1A was as strong as the effects of
the large E1B proteins. However, the activity of p53 on the
cyclin G and MDM2 reporter constructs was only partially
repressed by E1A. Expression of p53 and the cotransfected Ad
E proteins was checked by Western immunoblotting (Fig. 1B).
The cyclin G and MDM2 reporter constructs showed the stron-
gest activation by p53. It might be that, due to this strong
activation by p53, only a partial effect of E1A could be de-
tected. When the amount of p53 expression plasmid in the
cotransfections was reduced from 0.01 to 0.001 mg, a slightly
reduced activation of the MDM2Luc construct was observed,
but now the repressive effect due to cotransfection of E1A was

FIG. 1. Distinct effects of the Ad E1A, E1B, and E4orf6 proteins on the
regulation of different responsive genes by p53. (A) Transient transfections were
performed in Hep3B cells. Twenty-four hours posttransfection, lysates were
made and the luciferase activity was measured. Subsequently, the activation of
the reporter constructs by CMV-p53 (0.01 mg) in the presence or absence of the
different Ad E proteins (1.0 mg) was calculated. The cotransfection of the
MDM2Luc construct was performed with 0.01 mg and with a 10-fold-lower
amount of CMV-p53 (0.001 mg). The total amount of DNA in the precipitates
was adjusted to 10 mg with salmon sperm DNA. All transfections were performed
in triplicate at least twice, and the error bars in the figure represent the variations
between the independent experiments. (B) Expression of the transfected expres-
sion plasmids was verified by Western immunoblotting. (C) Cotransfection of
increasing concentrations of CMV-E4orf6 did not cause inhibition of the acti-
vation of the CyclinGLuc reporter construct by 0.01 mg of CMV-p53. (D) Pa-
rental G401 cells and stable transfectants expressing the E4orf6 protein were
either mock irradiated or irradiated with X rays (5 Gy). Eighteen hours postir-
radiation, cells were labelled with BrdU and analyzed by FACScan. A signifi-
cantly decreased number of cells in S phase was detected for the G401 cells as
well as for the E4orf6 stable transfectants.
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significantly stronger (Fig. 1A). Surprisingly, no significant in-
hibition of the transcription activation by p53 was observed by
cotransfection of E4orf6, although we could clearly detect
E4orf6 expression by Western immunoblotting (Fig. 1B). As
can be seen in Fig. 1C, even after cotransfection of 5 mg of the
CMV-E4orf6 plasmid, no repression of the activation of the
CyclinGLuc construct by p53 was found. We also tested the
effect of E4orf6 on Gal4-p53 fusion constructs in Saos-2 cells
and found no repression of the transcriptional activity of p53
by E4orf6 (data not shown). Finally, we examined whether
stable expression of the E4orf6 protein could inhibit the func-
tion of endogenous p53. Parental G401 cells and two indepen-
dent G401-E4orf6 stable transfectants were mock irradiated or
irradiated with X rays (5 Gy). We have previously shown that
the E4orf6 protein is highly expressed in these transfectants
and can cause enhanced degradation of the p53 protein to-
gether with the large E1B protein after infection with a DE4

Ad (28). Cells were labelled with BrdU at 18 h postirradiation
and analyzed by fluorescence-activated cell sorting. As can be
seen in Fig. 1D, in the presence of E4orf6, p53 can still perform
its cell cycle regulatory function as in the parental G401 cells.
This result indicates that the E4orf6 protein can inhibit neither
cotransfected nor endogenous p53. It is not clear why our
results are in contrast with the earlier reports (2, 17), but
possibly cell-type- and/or reporter-specific effects play a role.

Comparison of the effects of p73 and p53 on different p53-
responsive genes. We were interested to investigate whether
the Ad E proteins could also inhibit transcription activation by
the p53 homologue p73. Therefore, we first performed titra-
tions with CMV-p53 and CMV-p73 constructs to examine
which amount of the p73 expression vector is required in the
cotransfection experiments to be able to make a comparison
with the p53 effects. Increasing amounts of the two expression
vectors were cotransfected with the different reporter con-

FIG. 2. Comparison of the effects of p53 and p73 on different p53-responsive reporter constructs. Increasing concentrations of the CMV-p53 and CMV-p73
expression plasmids were cotransfected with the CyclinGLuc, p21Waf1Luc, BaxLuc, IGF-BP3Luc, and MDM2Luc reporter constructs. At 24 h posttransfection, lysates
were made and the luciferase activity was measured. All precipitates were made in triplicate, and the error bars represent the variations among three independent
precipitates.
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structs. As can be seen in Fig. 2, p73 could activate the pro-
moters of the cell-cycle-regulatory proteins p21Waf1 and cyclin
G, but not up to the same level as p53. In contrast, our results
show that p73 can activate the Bax and IGF-BP3 promoters up
to the same level as p53, although higher concentrations of p73
appear to be required. When the same titrations were carried
out with the MDM2Luc construct, we found that both proteins
can very efficiently activate the p53-responsive element in the
MDM2 gene, although the maximal activation by p73 remains
a fraction lower than that by p53. All the titration experiments
were repeated with independent batches of CMV-p53 and
CMV-p73 expression constructs, which resulted in similar ef-
fects (data not shown).

On all five reporter constructs, we found that activation by
p53 occurred at very low amounts of expression plasmids while
higher amounts of the p73 expression plasmid appeared to be
required. Since both genes are driven by a CMV promoter, it
suggests that the p53 protein is already active at lower concen-
trations, but it cannot be excluded that in the transfection
experiments the p53 protein is better expressed than the p73
protein. The results in Fig. 2 show strong activation of
p21Waf1Luc and CyclinGLuc with low concentrations of
CMV-p53, while cotransfection of high concentrations of the
expression plasmid resulted in a decreased activation of the
reporter constructs. We have previously reported this phenom-
enon for an artificial reporter construct (31), and this effect is
probably caused by the inhibition of transcription by p53,
which at a high concentration overrules its transcription-acti-
vating capacity. Further study is required to find out whether
p73 also can function as a repressor of transcription.

Effects of the Ad E proteins on the activation of transcrip-
tion by p73. To analyze the effects of the independent Ad E
proteins on p73, again transient transfections were performed
in Hep3B cells and the results are presented in Fig. 3A. Trans-
fection of 0.1 mg of p73 leads to a low but significant activation
of the p21Waf1 and cyclin G reporter constructs and to very
strong activation of the BaxLuc construct. To study the effects
on the activation of MDM2Luc, we used a 10-fold-lower p73
concentration as we did for p53 in Fig. 1A. In contrast to the
strong inhibition by the large E1B proteins on the activation of
all four reporter constructs by p53, no effects were found for
the Ad5 large E1B protein on the p73 activity on any of the
four reporter constructs. Also, the large E1B protein of Ad12
is unable to repress the transactivation by p73 of the p21Waf1,
cyclin G, and MDM2 reporter constructs. However, some re-
pression of the transactivation of the BaxLuc construct (2.6-
fold) by Ad12 E1B was found. The Ad12 E1B protein had no
effect on the basal level of the BaxLuc construct, suggesting
that the observed effect is, at least in part, via the inhibition of
p73 activity. E1A, however, appear to inhibit the transactiva-
tion by p73 as efficiently as the transactivation by p53 on all
these reporter constructs. To investigate whether the repres-
sion by E1A involves the binding of p300 to E1A as reported
for p53 (7, 12), we used two E1A mutants. The E1A(D111–
123) mutant, which is unable to bind pocket proteins, represses
transactivation by p73 as efficiently as does E1A. In contrast,
the E1A(D4–25) mutant, which cannot bind p300, is unable to
inhibit transactivation by p73, suggesting a role for p300 in the
regulation of transcription by p73 (Fig. 3C). Very interestingly,
we observed a significant repression of the p73 activity by
E4orf6, mainly on the BaxLuc and the MDM2Luc constructs,
in contrast to the effect on p53. Expression of p73 (Fig. 3B) and
all the cotransfected Ad E proteins (data not shown) has been
checked by Western immunoblotting. Relative inhibition by
Ad E proteins of transcription activation by p53 and p73 is
summarized in Fig. 3D.

p73 expression and localization in Ad12- and Ad5-trans-
formed human cells. Not only have the Ad E proteins been
found to regulate the activity of p53, but also the stability and
cellular localization of the tumor suppressor protein are sig-
nificantly altered by the same Ad proteins (14, 28, 34, 40). To
examine whether Ad transformation also leads to stabilization
of p73, lysates of untransformed and Ad5 E1- and Ad12 E1-
transformed HER were analyzed by Western immunoblotting.
As can be seen in Fig. 4A, in primary HER cells only very weak
expression of the p73 protein is detectable. However, in both
the Ad5-transformed (XC1 and XC2) and the Ad12-trans-
formed (RC4 and RC6) HER lysates, strongly increased levels
of p73 were found.

We subsequently examined the cellular localization of p73 in
the primary and transformed HER cells by immunofluores-
cence (Fig. 4B). In primary HER cells, we found low expres-
sion of p73 in the nucleus. High expression of p73 was found in
the Ad12-transformed cells, and as was previously reported for
p53, in these cells p73 was localized in the nucleus. Also,
expression of the Ad12 large E1B protein was mainly localized
in the nucleus. In the Ad5-transformed HER cells, the large
E1B protein was expressed in the nucleus and in the cytoplasm,
localized in speckles and in the membranes. In Ad5-trans-
formed human cells, the existence of the cytoplasmic bodies is
not as clear as has previously been described for Ad5-trans-
formed rat cells (40). In the Ad5 cells, the p73 protein is
localized in the nucleus, while p53 protein shows a nuclear and
cytoplasmic localization similar to that of the large Ad5 E1B
protein.

Both E1A and large E1B proteins cause increased p73 pro-
tein expression. To analyze whether the enhanced p73 expres-
sion in the Ad-transformed cells was caused by the E1A or the
E1B protein, a panel of independent stable transfectants de-
rived from G401 cells, which are from a rhabdoid tumor of the
kidney expressing wild-type p53, were examined by Western
immunoblotting. As can be seen in Fig. 5A, expression of the
small E1B or the E4orf6 protein does not significantly alter the
expression level of p73. However, in the transfectants express-
ing the E1A or the Ad5 large E1B protein, increased levels of
p73 were found, indicating that these Ad E proteins have an
effect on the expression of p73 similar to that on p53. In two of
the three stable transfectants expressing the Ad12 large E1B
protein, no increase in the p73 expression could be detected. In
the Ad12 E1B-expressing transfectant (12E1B-C1) showing
elevated levels of the p73 protein, besides the full-length pro-
tein other bands were found. The nature of these alternative
proteins is not clear, but they might represent products of
alternative splice variants. Further study is required to deter-
mine the exact effect of the Ad12 large E1B protein on the
stability of p73.

No association between p73 and the Ad5 large E1B protein.
To investigate whether p73 and the Ad5 large E1B protein
could form a complex in vivo, we cotransfected the HA-tagged
p73 expression vector and CMV-5E1B/55K into Hep3B cells.
After metabolic labelling, lysates were immunoprecipitated
with anti-HA and anti-E1B/55K antibodies (Materials and
Methods). As can be seen in Fig. 5B, both the p73 and the
E1B/55K protein are well expressed, but no coprecipitation of
p73 with Ad5 E1B/55K or vice versa could be detected, indi-
cating that under these conditions no association of p73 and
E1B/55K takes place. Under the same conditions, the interac-
tion between p53 and Ad5 E1B/55K can be easily detected, as
we and others have shown repeatedly. The same conclusions
can be drawn from immunoprecipitation-Western blot studies
on stable transfectants of the G401 cells expressing the Ad5
E1B/55K protein (data not shown). The lack of association
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FIG. 3. (A) The effects of E1A, E1B, and E4orf6 on regulation of different p53-responsive constructs by p73. The p21Waf1Luc, BaxLuc, CyclinGLuc, and
MDM2Luc reporter constructs were transiently transfected in Hep3B cells. Activation of the reporter constructs by CMV-p73 (0.1 mg) was measured after
cotransfection of the control CMVneo vector (1.0 mg) or after cotransfection of the indicated Ad expression plasmids (1.0 mg). In the case of the MDM2Luc reporter
construct, only 0.01 mg of CMV-p73 was used. Twenty-four hours posttransfection, lysates were made and the luciferase activity was measured. All transfections were
performed at least two times in triplicate. The given data represent the mean values of these experiments, and the error bars indicate the variations between the
independent experiments. (B) Expression of p73 in the cotransfections was verified by Western immunoblotting. (C) The effects of 12SE1A and E1A mutants
[12S(D4–25) lacking p300 binding domain and 12S(D111–123) lacking pocket protein binding domain] on regulation of the BaxLuc reporter construct by p73. (D) A
side-by-side comparison of the effects of the Ad proteins on the transcription activation by p53 and p73 on the various reporter constructs.
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FIG. 4. p73 expression and localization in Ad-transformed cells. (A) The p73
protein level in two independent lysates of primary HER cells, Ad5-transformed
HER cells (HER XC1 and HER XC2) and Ad12-transformed HER cells (HER
RC4 and HER RC6), was examined by Western immunoblotting (see Materials
and Methods) and compared with the p53 expression in the same lysates. For all
lysates, 40 mg of protein was loaded on an SDS–10% polyacrylamide gel. As a
positive control, in vitro-translated p73 was loaded. (B) The localization of p73
in primary and Ad5- and Ad12-transformed HER cells was examined by immu-
nofluorescence. Low p73 expression was observed in primary HER cells, while in
the Ad12-transformed HER RC6 cells high p73 expression is detectable in the
nucleus. In the Ad5-transformed HER XC1 cells, high p73 expression is detect-
able in the nucleus while both p53 and Ad5 E1B/55K are also found in the
cytoplasm. DAPI, 49,6-diamidino-2-phenylindole.
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between p73 and E1B/55K has recently been shown by others
as well (15, 23).

It has previously been shown that after Ad infection the
large Ad5 E1B protein together with the E4orf6 protein can
target p53 for active degradation. Since we did not detect an
association between the Ad5 large E1B protein and p73, we
expected that no down-regulation of p73 protein level would
take place in cells after Ad infection. Indeed, as can be seen in
Fig. 5C, neither for the parental G401 cells nor for any of the
stable transfectants expressing either high or low levels of p73
nor for Ad5-transformed HER cells was a decrease in p73
levels observed after Ad infection.

Distinct effects of Ad E proteins on p73-induced G1 arrest.
To investigate the effect of the Ad proteins on a G1 arrest
imposed by p73, we transfected Saos-2 cells with p73 in the
absence or presence of the Ad E proteins and analyzed the cell
cycle profile by FACScan analysis. p73 expression was found to
result in a moderate increase in G1-phase cells, with an in-
crease in the percentage of G1-phase cells between 8 and 20%,
depending on the experiment. To be able to compare the
effects of the Ad E proteins between different experiments, in
each experiment the increase in G1-phase cells caused by p73
compared to vector-only-transfected cells was set at 100%. It
was found that in the presence of E1A the p73 effect is com-
pletely abolished. Even in the presence of p73, E1A was actu-
ally able to stimulate S-phase entry. Coexpression of the Ad5
large E1B protein showed no significant effect, which is in
concordance with the results described above. In the presence
of E4orf6, the G1 arrest by p73 was only partly rescued (40%
reduction). This limited effect can be explained by the obser-
vation that E4orf6 inhibits the induction of the p21Waf1 pro-
moter in transient expression assays only about twofold (Fig.
3A). The effect of p73 expression on the cell cycle corresponds
quite well with the regulation of the endogenous levels of
p21Waf1 protein after transfection of p73. Coexpression of Ad5
E1A almost completely abolishes the p73-mediated increase in
p21Waf1 (Fig. 6B). The E4orf6 protein results in only a limited
reduction of p21Waf1. Also, the large Ad5 E1B protein appears
to have some effect on the p73-mediated induction of p21Waf1

expression, but this effect can mainly be attributed to an effect
of 5E1B on the basal level of p21Waf1.

DISCUSSION

In the early phase of Ad infection, multiple proteins which
abolish the activity of p53 are expressed. The E1A and E1B
proteins both inhibit the transcription activation by p53, the
small E1B protein inhibits p53-mediated apoptosis, and the
large E1B and the E4orf6 proteins together target p53 for
active degradation. The fact that such a number of Ad E
proteins are involved in the inactivation of p53 suggests that
inactivation of the p53 protein is very important for Ad infec-
tion. The recently identified p73 protein has significant homol-
ogy with p53 (10). In addition, it has been shown that p73 can
activate the p53-responsive p21Waf1 promoter, suggesting that
p73 might control cell cycle progression like p53, and more-
over, p73-induced apoptosis has also been observed previously
(9, 10). Since the p53 and p73 proteins not only have sequence
homology but also seem to perform the same functions, we

immunoprecipitations on labelled lysates were performed with the indicated
antibodies. The precipitates were separated by SDS-polyacrylamide gel electro-
phoresis, followed by autoradiography. (C) Expression of p53 and p73 in various
G401 stable transfectants expressing the viral E proteins and HER XC1 cells
after infection with wild-type Ad5. Twenty-four hours postinfection, lysates were
made and p53 and p73 expression was analyzed by Western immunoblotting.

FIG. 5. The Ad5 E1A and large E1B proteins cause increased p73 expression
in stable transfectants. (A) Lysates were made of exponentially growing parental
G401 cells and the stable transfectants expressing the indicated Ad E proteins.
Twenty-five micrograms of the lysates was loaded on an SDS-polyacrylamide gel
and examined by Western immunoblotting for expression of p73 and the expres-
sion of the Ad E proteins. (B) No association between Ad5 large E1B and p73.
Hep3B cells, transiently transfected with CMVneo or CMV-p73 alone or in
the presence of CMV-5E1B, were labelled with 35S-methionine, and
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were interested to investigate whether the Ad E proteins would
have a similar effect on the features of p73 and p53. We first
compared the effects of CMV-p53 and CMV-p73 on different
reporter constructs and found that both p53 and p73 could very
efficiently activate the Bax and IGF-BP3 reporter constructs,
while the activation of the p21Waf1 and cyclin G reporter con-
structs by p73 was significantly lower than that by p53. These
results suggest that both proteins efficiently activate the apo-
ptotic pathway but that the expression of cell-cycle-regulatory
proteins is more strongly induced by p53 than by p73.

We subsequently examined the effects of the Ad E proteins
on the activation of the different reporter constructs by p73.
Our results show that the large E1B proteins, the strongest
inhibitors of p53, in general do not alter the activity of p73.
Mutation analysis performed by Lin and coworkers has previ-
ously identified a number of amino acids in the N terminus of
p53 which are crucial for large Ad5 E1B binding (13). Some of
these amino acids are not conserved in p73, already suggesting
that the large Ad5 E1B protein might not directly interact with
p73. Indeed, we could not detect a direct association between
the Ad5 large E1B protein and p73. The lack of interaction
between p73 and E1B was recently reported by others as well
(15, 23). Surprisingly, the induction of the Bax promoter was
partly inhibited by the large Ad12 E1B protein. The mecha-
nism by which this occurs is not clear yet. It is possible that the

induction of the Bax promoter by p73 is via a synergism be-
tween p73 and another putative transcription factor also bind-
ing to the Bax promoter, which also might explain the strong
induction of the Bax promoter by p73. The Ad12 E1B protein
then somehow prevents this synergism, resulting in the activa-
tion of the Bax promoter by p73 itself.

We previously showed that, for the active degradation of p53
by the large E1B and E4orf6 proteins, direct interaction be-
tween the large E1B protein and p53 was essential. Based on
these observations, we predicted that p73 would not be tar-
geted for active degradation after wild-type Ad infection,
which was what we found. Furthermore, p73 was found to be
resistant to degradation after cotransfection of Ad5 E1B and
E4orf6 expression plasmids (23). Interestingly, p73 is also re-
sistant to human papillomavirus E6-mediated degradation, in
contrast to the effect on p53 (20).

In contrast to the large E1B, the E1A proteins cause signif-
icant repression of the transcription activation by p73. Since an
E1A mutant defective in p300 binding did not effectively in-
hibit the transcription activation by p73, it is proposed that the
p300/CREB-binding proteins are also involved in the regula-
tion of transcription by the p73 protein.

Unexpectedly, we did not observe inhibition of the p53-medi-
ated transcription activation by the E4orf6 protein. This result,
however, is in line with a recent publication which also described
a lack of effect of E4orf6 on p53 activity (23). It has previously
been reported that inhibition of the transcriptional activity of p53
by E4orf6 is mediated by inhibited binding of TAF32 to the
transcription activation domain of p53 (2). Possibly, in our assay
system TAF32 does not play an essential role, so that coexpres-
sion of E4orf6 does not result in inactivation of the transcriptional
activity of p53. Interestingly, the E4orf6 protein could partly in-
hibit the transcriptional activity of p73 on the reporter constructs
tested, with a strong effect seen only on the Bax promoter. The
mechanism of this effect is unclear as yet. Further study is re-
quired to determine whether E4orf6 can directly associate with
p73 or whether this is an indirect effect.

All in all, it can be hypothesized that, in the early phase of
Ad infection, when those early proteins are expressed, distinct
Ad E proteins are involved in inhibition of the transcription
activation by both p53 and p73, although an effect on p73
activity during Ad infection has not been proven directly.

Increased p73 protein level could be detected in Ad-trans-
formed cells, and in a more detailed analysis, we found that
Ad5 E1A and the large E1B proteins might independently
cause an increased p73 protein level. The mechanism by which
the large E1B proteins can stabilize p53 has not yet been
determined, but it can be hypothesized that in this process the
MDM2 protein plays a crucial role. The MDM2 protein has
been shown to be an important regulator of the half-life of p53
(8, 11), and stabilization of p53 in tumor cells might be due to
the fact that mutant p53 cannot induce MDM2 expression. Not
only might the large E1B protein inhibit the expression of the
MDM2 protein by repressing the p53 transcriptional activity,
but it has also been shown that the Ad5 large E1B protein
binds to the same domain of p53 as the MDM2 protein and
might prevent binding of the MDM2 protein to p53 (13). A
similar mechanism does not explain the increased expression
of the p73 protein, since first we did not observe inhibition of
the transcriptional activity of p73 by the large E1B proteins
and second no direct interaction between p73 and the Ad5
large E1B proteins could be detected. Further study is required
to clarify the mechanisms by which the large E1B proteins
increase the p73 expression levels.

It has previously been reported that the E1A proteins can
stabilize the p53 protein (14). Since the E1A protein can also

FIG. 6. Effects of Ad E proteins on p73-induced G1 arrest and p73-induced
endogenous p21Waf1 expression. (A) pCMV-p73 was transfected either alone or
together with the indicated plasmids in the presence of GFP-tropomyosin into
Saos-2 cells. Forty-eight hours after transfection, cells were collected and the cell
cycle profile of GFP-positive cells was analyzed by FACScan. The effects of the
adenoviral proteins on G1 increase by p73 are shown relative to the increase in
G1 caused by the expression of p73 alone, which was set to 100%. The given data
represent the mean values of four different experiments, and the error bars
indicate the variations between the independent experiments. (B) Expression of
endogenous p21Waf1 after transient transfection of Saos-2 cells by p73 alone or
in the presence of the indicated plasmids. Forty-eight hours after transfection,
lysates were made and the p21Waf1 expression was analyzed by Western blot
analysis.
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inhibit the p53-mediated expression of MDM2, the increased
levels of p53 might be due to decreased MDM2 expression. If this
is indeed the mechanism by which E1A can enhance the p53
levels, then p73 will probably be regulated in the same way since
p73-induced MDM2 expression is also inhibited by the E1A pro-
teins. Recently, it has also been shown that p300 might have a
function in the MDM2-mediated degradation of p53 (5). Inhibi-
tion of p300 by E1A might thus also repress this degradation
pathway, resulting in stabilized p53 and possibly also p73.

In summary, we can conclude that the E1A proteins seem to
have a similar effect on p53 and on p73, but these proteins are
differently affected by the large E1B and E4orf6 proteins.
However, the final effect is that both the p53 and the p73
proteins are functionally inactivated as a result of both infec-
tion and transformation by Ad. Apart from the p73 gene, the
p53 family contains at least one other member: the KET/p51/
p40/p63 protein (19, 25, 32, 37). It will be interesting to inves-
tigate whether the different forms of this p53 homologue can
be inactivated by the Ad E proteins as well.
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