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The adenovirus type 5 243R E1A protein induces p53-dependent apoptosis in the absence of the 19- and
55-kDa E1B polypeptides. This effect appears to result from an accumulation of p53 protein and is unrelated
to expression of E1B products. We now report that in the presence of the E1B 55-kDa polypeptide, the 289R
E1A protein does not induce such p53 accumulation and, in fact, is able to block that induced by E1A 243R.
This inhibition also requires the 289R-dependent transactivation of E4orf6 expression. E4orf6 is known to
form complexes with the E1B 55-kDa protein and to function both in the transport and stabilization of viral
mRNA and in shutoff of host cell protein synthesis. We demonstrated that the block in p53 accumulation is not
due to the generalized shutoff of host cell metabolism. Rather, it appears to result from a mechanism targeted
specifically to p53, most likely involving a decrease in the stability of p53 protein. The E1B 55-kDa protein is
known to interact with both E4orf6 and p53, and as demonstrated recently by others, we showed that E4orf6
also binds directly to p53. Thus, multiple interactions between all three proteins may regulate p53 stability,
resulting in the maintenance of low levels of p53 following virus infection.

The most common targets of human adenoviruses are ter-
minally differentiated epithelial cells of the bronchial tract.
Adenoviruses possess relatively small genomes, and thus in
order to produce progeny virus, they must first activate host
cell DNA synthetic machinery which is then utilized to repli-
cate viral DNA. This induction of DNA synthesis by the prod-
ucts of early region 1A (E1A) appears to underlie the onco-
genic potential of human adenoviruses in rodent cells in which
lytic infection fails to occur, and cells which exhibit unregu-
lated proliferative capacities sometimes survive. Although E1A
represents the major viral oncogene, products of early region
1B (E1B) are usually required to yield stable transformants
(reviewed in reference 4). Both E1A and E1B encode multiple
products due to alternative splicing. The two major adenovirus
type 5 (AdS) E1A proteins of 289 and 243 residues (289R and
243R, respectively) are identical apart from an internal region,
termed CR3, which transactivates expression of early viral
transcription units 3 and 4 (E3 and E4) and, to some extent,
early region 2 (E2) and some cellular genes (55). The 289R
and 243R E1A proteins can both induce DNA synthesis and
transform rodent cells through the formation of complexes
with two classes of cellular proteins, the retinoblastoma (RB)
family of growth suppressors and the transcriptional modulator
p300 and related proteins (reviewed in reference 4). However,
expression of these E1A proteins is toxic, and cells die rapidly
from apoptosis unless E1B products are also expressed. The
E1B 19-kDa protein is able to block apoptosis induced by a
wide variety of agents and seems to be functionally analogous
to the cellular Bcl-2 protein (5, 40, 46). The 55-kDa protein
binds to and inhibits p53 (28, 53, 64, 66), a cellular transcrip-
tional regulator which induces growth arrest and/or apoptosis
following the induction of unscheduled DNA synthesis or
DNA damage (reviewed in reference 29). We have shown
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recently that the 55-kDa protein is able to block p53-depen-
dent apoptosis induced by E1A (58) or by expression of p53 in
p53-null Saos-2 human osteosarcoma cells (34). Thus, one role
of E1B products in both productive infection and cell trans-
formation appears to be to prevent untimely E1A-induced cell
death, thus permitting production of high yields of progeny or
survival of transformants. In productively infected human cells,
the E1B 55-kDa polypeptide also interacts with the E4orf6
protein to form complexes which enhance accumulation and
transport of late viral mRNAs and induce shutoff of host cell
protein synthesis (1, 2, 8, 12, 21, 30, 43, 44, 50, 52, 63).

It is now clear that E1A induces apoptosis by two mecha-
nisms, one requiring p53 (13, 33) and the other operating via a
p53-independent pathway involving one or more viral E4 pro-
teins (35, 57, 60). It has been known for some time that ex-
pression of E1A induces p53 protein accumulation (6, 17, 19,
20, 32). Recently, we have found that such increases in p53
levels are induced by complex formation with p300 or, in the
case of human cells, with RB family members (45). The mo-
lecular basis of this p5S3 accumulation remains uncertain. One
possibility is that E1A products somehow increase the stability
of p53, which has a half-life of about 20 min or so in most
normal cells. In stable E1A-transformed cell lines, p53 half-
lives of over 2 h have been reported, especially in cells that also
express the E1B 55-kDa product (17, 19, 20, 32). p53 is usually
cytoplasmic in cells containing the E1B 55-kDa protein,
whereas it is largely nuclear in the absence of this E1B product
(61, 67). In some cell lines, two populations of p53 appear to
exist, one with a normal short half-life and another containing
more long-lived species (19, 20). In addition, the E1B 55-kDa
protein or the equivalent 54-kDa product in serotype 12
(Ad12) has been shown to stabilize p53 in the absence of E1A
(19, 61). However, transformants in which little change in p53
half-life is apparent also exist (18, 19). A second possibility is
that E1A products increase expression of p53 mRNA. Braith-
waite et al. have reported such an induction of p53 transcrip-
tion following adenovirus infection (6). More recently, it has
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also been suggested that pS3 expression may be regulated at
the translational level (15, 39).

In the present study, we report that although the E1A 243R
protein induces the accumulation p53, such is not the case with
E1A 289R. We show that this suppression of p53 accumulation
requires the E4orf6 protein, which we confirm is able to bind
directly to p53 in vitro. Furthermore, the E1B 55-kDa species
is also required, suggesting that multiple interactions involving
p53, the E1B 55-kDa protein, and E4orf6 might play a role in
preventing the E1A-induced accumulation of p53.

MATERIALS AND METHODS

Cells and viruses. Normal MRC-5 (ATCC CCL 175) and IMR-90 (ATCC
CCL 186) diploid human embryonic lung fibroblasts were cultured on 60-mm-
diameter dishes (Corning Glass Works, Corning, N.Y.) in a-modified minimal
essential medium («-MEM) supplemented with 10% fetal calf serum. The
MRC-5 cell line was shown to contain wild-type p53 and is not immortalized (11).
The cells used for the present studies were from passages 6 to 11. Human 293
cells were derived from human embryonic kidney cells and express Ad5 E1A and
E1B proteins (16). Human HeLa and KB cells, as well as mouse 10T1/2 cells
(47), were also cultured as described above. Cells were infected with wild-type
(wt) or mutant virus at a multiplicity of 35 PFU per cell, as was described
previously (48). For double infections, the viruses were premixed before infec-
tion at a multiplicity of 35 PFU per cell for each virus. The wt Ad5 used in most
of the present studies was described by Harrison et al. (24), although in some
cases, including for the preparation of all E1IA and E1B mutants, d/309 (27) was
used as wt. Some experiments required mutant pm975 (37), which expresses E1A
289R but not 243R, or mutant dI520 (22), which produces E1A 243R but not
289R. The mutant 12S/E1B™ (originally d/520T) produces only the E1A 243R
protein and no E1B products (56). The mutant E1B™ expresses both major E1A
products but no E1B species (60). Mutant E1B/55K™ (originally pm2019/2250)
fails to express the E1B 55-kDa protein, and mutant E1B/19K™ (originally
pm1716/2072) does not express the EIB 19-kDa polypeptide (36). Additional
E1B 55-kDa protein mutants included prm490/1A and pm490/1/5A, which contain
alanine residues in place of the Ser-490, Ser-491, and Thr-495 phosphorylation
sites, thus reducing transforming and transcriptional repression activities and the
ability to inhibit p53 activity but not affecting complex formation with p53 (58,
59), and mutants A262 and R309, which contain insertions next to residues 262
and 309 which block interactions with p53 (28, 65). E1A and E1B mutant viruses
were propagated on 293 cells. Figure 4 illustrates a series of Ad5 E4 deletion
mutant viruses used for mapping studies, including d/1010, d/1011, dl1013,
dl1014, dI1015, and dI1019, as described previously (8, 9). These viruses, which
express all E1A and E1B products, were propagated on W162 monkey cells, as
described previously (62). The AdLacZ adenovirus vector in which the E1A and
E1B regions have been replaced by the Escherichia coli lacZ gene under the
control of the cytomegalovirus (CMV) promoter (3) was provided by Frank
Graham. The AdHis55K vector, expressing the Ad5 E1B 55-kDa protein under
the CMV promoter in an adenovirus vector that lacks both E1A and E1B, was
described previously (34). The AdE4orf6 vector expressing adenovirus type 2
(Ad2) E4orf6 under the control of the CMV promoter was made by introducing
an appropriate cDNA (42) into the same adenovirus vector.

Western blotting analysis. Cell extracts were prepared on ice in lysis buffer (50
mM HEPES, pH 7.9, containing 400 mM KCI; 0.1% [vol/vol] Nonidet P-40; 4
mM NaF; 4 mM NaVO,; 0.2 mM EDTA; 0.2 mM EGTA; 1 pg [each] of
aprotinin, leupeptin, and pepstatin per ml; 0.5 mM phenylmethylsulfonyl fluo-
ride; and 1 mM dithiothreitol). Total protein was measured by a Bio-Rad protein
assay according to the manufacturer’s specification, and 50 mg of total cell
protein was subjected to sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE), using either 10 or 12% polyacrylamide gels. The material
was transferred to nitrocellulose membranes for 1 h in a semidry transfer appa-
ratus, and the membranes were probed with primary antibodies which recognize
p53, E1A proteins, the E1B 55-kDa product, or certain E4 proteins. Anti-p53
mouse monoclonal antibody Ab1801 (Ab-2; Oncogene Science) was purified by
precipitation with ammonium sulfate from supernatants obtained from hybrid-
oma cell cultures grown in Dulbecco’s minimal essential medium (DMEM)
supplemented with 10% low immunoglobulin G fetal calf serum (BRL). Anti-
p53 mouse monoclonal antibody Ab421 was obtained from Oncogene Science or,
as in the cases of mouse monoclonal antibodies M73 against E1A proteins (23)
and 2A6 against the E1B 55-kDa protein (54), was collected as ascites fluid
generated in mice, using appropriate hybridoma cells. The M45 mouse mono-
clonal antibody against the amino-terminal portion of the Ad2 E4orf6 and
Edorf6/7 proteins (41) was generously provided by Pat Hearing. Binding patterns
were determined by addition of a secondary antibody, horseradish peroxidase-
conjugated goat anti-mouse immunoglobulin G (Jackson Immuno Research
Laboratories), and the signal was detected by an enhanced chemiluminescence
(ECL) reagent (Dupont NEN).

Measurement of p53 half-life. 293 cells were grown on 60-mm-diameter plates
and mock infected or infected with AdLacZ virus, and at 7.5 h postinfection
(hpi), the cells were labeled for 15 min with 100 p.Ci of [**S]methionine (1,175
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Ci/mmol; Dupont NEN) per plate and then incubated further for various times
with a-MEM supplemented with 15 mg of L-methionine (ICN Biochemicals) per
ml. The cells were then lysed in radioimmunoprecipitation assay (RIPA) buffer
(50 mM Tris-HCI, pH 7.2, containing 150 mM NaCl, 1% [vol/vol] Triton X-100,
0.1% SDS, 1% sodium deoxycholate, 1 mM EDTA, 500 mM sodium vanadate,
50 mM NaF, 1 mM B-glycerol phosphate, and 100 Kallikrein international units
of aprotinin) and immunoprecipitated with a mixture of Ab1801 and Ab421. The
labeled p53 was detected on a Fuji BAS-III imaging plate, and the amount of
radioactivity was quantified with a Fujix Bas 2000 phosphorimager.

Host cell shutoff and p53 translation. Cells were grown on 60-mm-diameter
plates and infected with wt or mutant AdS. At the indicated times following
infection, the cells were labeled for 1 h with 100 pnCi of [**S]methionine (1,175
Ci/mmol; Dupont NEN) per plate and harvested. To analyze host cell shutoff,
cell lysates were prepared in the same lysis buffer as that used for Western
blotting, and 50 pg of total cell protein, as determined by Bio-Rad assays, was
analyzed by SDS-PAGE (10% polyacrylamide). To analyze synthesis of p53, cell
lysates were prepared in RIPA buffer and immunoprecipitated with a mixture of
Ab1801 and Ab421 antibodies. In all cases, protein patterns were visualized by
autoradiography with Kodak X-Omat AR film. In addition, the labeled p53 was
detected as described above on a Fuji BAS-III imaging plate, and the radioac-
tivity was quantified with a Fujix Bas 2000 phosphorimager.

Immunoprecipitation and E4orf6 protein binding assays. For in vitro E4orf6
binding assays, cell extracts were prepared in 500 wl of RIPA buffer from 293
cells grown on 100-mm-diameter plates and harvested at 7 and 16 hpi with wt
AdS5. Edorf6 and E4orf6/7 proteins were immunoprecipitated with M45 antibody
in the presence of a mixture of protein A and protein G-Sepharose (Pharmacia).
Following extensive washing with RIPA buffer, the precipitates were incubated in
buffer G (20 mM Tris-HCI, pH 6.8, containing 137 mM NaCl; 0.1% [vol/vol]
Nonidet P-40; 1 mM EDTA; 2 mg of bovine serum albumin per ml; 1 pg [each]
of aprotinin, leupeptin, and pepstatin per ml; and 0.5 mM phenylmethylsulfonyl
fluoride) containing only nonionic detergent, in the presence of [*>S]methionine-
labeled proteins synthesized by an in vitro transcription-translation system. DNA
from expression plasmids P53pSP65 containing the murine p53 cDNA (28) and
pGEM-55K containing the Ad5 E1B 55-kDa protein open reading frame under
the T7 promoter (59) was linearized, and transcription was performed with 2 pg
of DNA and SP6 or T7 RNA polymerase (Pharmacia). Translation of the
resulting mRNAs was performed in a 50-pl translation reaction volume contain-
ing 35 pl of pretreated rabbit reticulocyte lysate (Promega) in the presence of 40
nCi of translation-grade [>*S]methionine (1,175 Ci/mmol; Dupont NEN). The
precipitates were incubated for 2 h in the presence of [>*S]methionine-labeled
p53 and E1B 55-kDa proteins before extensive washing in buffer G. Bands were
visualized by autoradiography after separation by SDS-PAGE on a 10% poly-
acrylamide gel.

RESULTS

Expression of the 243R but not the 289R E1A protein in-
duces an accumulation of p53. It has previously been reported
that expression of human adenovirus E1A protein results in
the accumulation of p53 (6, 10, 13, 17, 19, 20, 32, 49). Figure
1A shows the results of an experiment in which extracts of
human MRC-5 cells infected with various AdS viruses or mock
infected were analyzed following SDS-PAGE by Western blot-
ting with an anti-p53 antibody. After infection with mutant
dI520, which produces the E1A 243R protein but not E1A
289R, the level of p53 was seen to increase about 8- to 10-fold
relative to that in mock-infected cells (Fig. 1A, compare lanes
2 and 1, respectively). A similar increase was observed with
mutant 12S/E1B™, which produces only E1A 243R and no E1B
products (Fig. 1A, lane 3). Such was not the case in cells
infected with pm975, which produces the E1A 289R protein
but not 243R. In these cells, little increase in p53 was observed
(Fig. 1A, lane 4) and levels were similar to those in mock-
infected cells (Fig. 1A, lane 1). Analysis of the levels of E1A
proteins synthesized by these (and all other) mutants in Fig.
1D, by Western blotting with anti-E1A M73 monoclonal anti-
body, indicated that pm975 actually yielded slightly smaller
amounts than did dI520 (Fig. 1D, compare lanes 4 and 2).
Thus, the failure to accumulate p53 could possibly have been
due to the presence of smaller amounts of E1A protein; how-
ever, such did not appear to be the explanation, as in cells
doubly infected with pm975 and dI520, the accumulation of p53
induced by E1A-243R of dI520 was completely blocked by
expression of even lower levels of 289R by pm975 (Fig. 1A,
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FIG. 1. Effects of E1A and E1B products on the accumulation of p53. MRC-5 cells were infected with wt or mutant Ad5, and cell extracts were prepared at 24 hpi
and separated by SDS-PAGE. (A through C) Analysis of p53 levels. p53 levels were determined by Western blotting with Ab1801 antibodies, and binding patterns were
determined by ECL, as described in Materials and Methods. Lanes are as indicated. (D) Analysis of E1A protein levels. The amounts of E1A proteins present were
determined by immunoblotting, as described above, with E1A-specific M73 monoclonal antibody. Lanes are as indicated. (E) Analysis of E1B 55-kDa protein levels.
Levels of the 55-kDa protein were determined by immunoblotting, as described above, with 2A6 monoclonal antibody. Lanes are as indicated.

lane 5). Figure 1B shows that infection of MRC-5 cells by wt
AdS, which expresses both E1A 289R and 243R, also does not
result in any increase in p5S3 compared with the case for mock-
infected cells (Fig. 1B, compare lanes 7 and 6, respectively).
However, infection with mutant E1B~ (Fig. 1B, lane 8), which
produces both major E1A products but no E1B proteins, re-
sulted in the accumulation of p53, suggesting that one or more
E1B proteins were required for the inhibition of p53 accumu-
lation. To determine which E1B product was responsible for
this effect, cells were infected with mutants that expressed both
major E1A products but only one of the major E1B proteins.
Expression of the E1B 19-kDa protein but not the E1B 55-kDa
product, using mutant E1B/55K™, resulted in the accumulation
of p53 (Fig. 1B, lane 9), whereas in the presence of the 55-kDa
protein but not the 19-kDa polypeptide with mutant E1B/
19K™, this accumulation did not occur (Fig. 1B, lane 10).
Identical results were also obtained with the IMR-90 human
cell line (data not shown). Thus, these results indicated that
expression of E1A 289R prevented the accumulation of p53
induced by the E1A 243R protein alone and that this inhibition
required expression of the E1B 55-kDa protein.

Inhibition of E1A-induced accumulation of p53 requires a
functional E1B 55-kDa protein. The 55-kDa E1B product pos-
sesses intrinsic repression activity which is believed to block the
action of the p53 activation domain following complex forma-
tion with p53 (58, 66). To examine the role of this E1B protein

in the inhibition of E1A-induced accumulation of p53, the
levels of p53 protein were examined in extracts from E1B
mutant-infected cells by Western blotting. Figure 1C shows
again that in MRC-5 cells infected with wt Ad5 (lane 12), the
levels of p53 were similar to those in mock-infected cells (lane
11), whereas with mutants E1B™ and E1B/55K ™, which express
no E1B 55-kDa protein (lanes 13 and 14, respectively), in-
creased levels of p53 were evident. Studies were also con-
ducted with mutants pm490/1A and pm490/1/5A, which con-
tain Ala residues in place of the Ser-490, Ser-491, and Thr-495
phosphorylation sites of the E1B 55-kDa species. These alter-
ations have been found to diminish cell transformation depen-
dent on the 55-kDa protein, reduce its ability to inhibit p53
activation activity, and eliminate its transcriptional repression
activity without affecting the efficiency of binding to p53 or the
induction of host cell shutoff (58, 59). The precise role of
phosphorylation in the regulation of these functions has still
not been established. Figure 1C (lanes 15 and 16) shows that,
in both cases, significant increases in p53 levels were observed.
The increase was greater with pm490/1/5A, which encodes a
55-kDa protein that is also more defective than that produced
by pm490/1A, both in endogenous repression activity and in
cooperation with E1A in cell transformation (58). Thus, com-
plex formation with p53 is not sufficient for inhibition of accu-
mulation of p53, which appears to require a functional 55-kDa
protein repression domain. To analyze the role of the 55-kDa



VoL. 71, 1997

protein further, two additional mutants A262 and R309, which
contain insertions in the p53 binding region, thus blocking
complex formation with p53 but not affecting transcriptional
repression, were examined (28, 65). Figure 1C (lanes 17 and
18) shows that, with both of these mutants, accumulation of
p53 occurred at high levels, suggesting that binding to p53 may
be required. Levels of expression of 55-kDa proteins by all the
E1B 55-kDa mutants were measured by immunoblotting with
2A6 monoclonal antibody. Figure 1E shows that mutants
yielded qualities approaching those of the wt (lane 12), al-
though as shown previously (65), the levels with both A262 and
R309 (lanes 17 and 18) were somewhat lower, due possibly to
reduced protein stability. Thus, inhibition of E1A-induced ac-
cumulation of p53 requires an E1B 55-kDa protein that pos-
sesses intrinsic repression activity and, most likely, that can
bind to p53.

Inhibition of E1A-induced accumulation of p53 requires an
additional viral protein and a shortening of the half-life of
p53. The data just presented indicated that expression of the
E1A 289R protein and the E1B 55-kDa product resulted in the
inhibition of E1A-induced accumulation of p53. Of some in-
terest in this context are 293 cells which express Ad5 E1A
289R and 243R proteins and E1B products yet accumulate
very high endogenous levels of p53 protein (18). It was possible
that this accumulation in the presence of E1A 289R (and that
found in other E1A-E1B transformed cells) could occur either
because 293 cells lack a cellular protein required for the inhi-
bition of E1A-induced p53 accumulation or because such in-
hibition requires an additional viral protein encoded by a re-
gion other than E1A and E1B. To address this question, 293
cells were infected with the adenovirus vector AdLacZ, which
contains the B-galactosidase gene in place of E1A and E1B,
and the levels of p53 were determined by Western blotting with
extracts prepared at various times following infection. Figure
2A shows that high levels of p53 were evident in uninfected 293
cells; however, following infection, the amount began to dimin-
ish by as early as 10 hpi (lane 3) and continued to decrease up
to 25 hpi (lane 6). Thus, a reduction in the accumulation of p53
occurred in 293 cells after introduction of the viral genome,
suggesting that diminished levels of p53 resulted from the
expression of one or more viral proteins in addition to E1A
and E1B products.

It was possible that infection of 293 cells by AdLacZ pro-
vided some factor that rendered p53 proteins less stable, thus
reducing p53 levels. Figure 2C shows the results of a represen-
tative pulse-chase experiment in which the half-life of p53 was
determined in both AdLacZ-infected and mock-infected 293
cells. p53 half-life in mock-infected 293 cells was found to be
about 2.5 h, while in AdLacZ-infected cells, the half-life, as
measured at 7.5 hpi was about 20 min. Thus, expression of
additional viral genes is responsible for a decrease in the sta-
bility of the p53 protein. This decreased stability could there-
fore account for some or all of the reduction in p53 levels. It
was also possible that some of the decrease in p53 levels fol-
lowing infection with AdLacZ could be linked to generalized
host cell shutoff, a process requiring both the E1B 55-kDa
protein and E4orf6. To examine the relationship between host
cell shutoff and the observed decreases in p53 levels, whole-cell
extracts from 293 cells which had been labeled for 1 h with
[*>°S]methionine at various times after infection with AdLacZ
were analyzed by SDS-PAGE. Figure 3A shows that shutoff of
host protein synthesis began between 12.5 and 15 hpi, as was
evident by the decrease in labeling of most cellular proteins
(see lanes 5 to 7). Thus, this effect did not correlate with
decreases in p53 levels which, as shown previously in Fig. 2A,
began several hours earlier, between 5 and 10 hpi. In addition
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FIG. 2. Analysis of p53 and E4orf6 levels in 293 cells infected by AdLacZ
vector. Human 293 cells were infected with AdLacZ. In some cases, cells were
harvested at various times after infection and whole-cell extracts were separated
by SDS-PAGE. Following transfer to nitrocellulose, the levels of p53 and E4orf6
were determined by Western blotting. In other cases, cells were labeled at 7.5 hpi
for 15 min with [**S]methionine, and the half-life of p53 proteins was measured
in pulse-chase experiments, as described in Materials and Methods. (A) Analysis
of p53 levels. Amounts of p53 were determined by Western blotting with anti-p53
antibody Ab1801 and ECL. The position of migration of p53 is shown on the left.
(B) Analysis of E4orf6 levels. Amounts of E4orf6 were determined by Western
blotting with M45 antibody and ECL. The positions of migration of E4orf6 and
E4orf6/7 are shown on the left. (C) Determination of p53 half-life. Mock- and
AdLacZ-infected 293 cells were analyzed in a pulse-chase experiment commenc-
ing at 7.5 hpi. Labeled p53 was immunoprecipitated with a mixture of Ab1801
and Ab421, and the amount of labeled p53 was measured with a phosphorimager
and was plotted as a percentage of the value at time zero, as described in
Materials and Methods. The data presented are from one representative exper-
iment of four independent analyses.

to examining the whole-cell protein pattern (Fig. 3A), extracts
from these [**S]-labeled AdLacZ-infected 293 cells were im-
munoprecipitated with a mixture of Ab1801 and Ab421 anti-
p53 antibodies, and the precipitates were analyzed by SDS-
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FIG. 3. Time course of host cell shutoff and p53 synthesis. 293 cells were
infected with AdLacZ, and at various times they were labeled for 1 h with
[**S]methionine and cell extracts were prepared. (A) Analysis of whole-cell
protein synthesis. Fifty micrograms of total cell protein of each sample was
analyzed by SDS-PAGE followed by autoradiography. The positions of '“C-
labeled molecular mass markers are shown on the right. (B) Analysis of p53
synthesis. Equal aliquots of the cell extracts shown in panel A were immunopre-
cipitated with a mixture of Ab1801 and Ab421 anti-p53 antibodies, and the
precipitates were examined by SDS-PAGE. The position of migration of p53 is
shown on the left. (C) Quantitative analysis of p53 synthesis. The amount of
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PAGE. Fig. 3B and C show that synthesis and accumulation of
p53 during the various 1-h intervals were reduced to approxi-
mately 50% of initial levels by about 5 to 6 hpi and continued
to decrease up to about 15 to 20 hpi. Thus, following infection
of 293 cells with AdLacZ, a specific decrease in the production
of p53 appeared to take place, commencing several hours be-
fore the generalized shutoff of host cell protein synthesis in
these productively infected cells. It remains possible, however,
that host cell shutoff affects synthesis of p53 more acutely than
that of other proteins. This possibility will be readdressed in
separate experiments described below (see Fig. 9). Thus, while
a decrease in the rate of translation of p53 could account for
some of the drop in p53 production, it is quite possible that the
seven- to eightfold reduction in p53 half-life reported above in
Fig. 2C could account for all or most of this effect.

The E4orf6 protein is required to inhibit the E1A-induced
accumulation of p53. Although it was possible that any of a
number of proteins encoded by the E2, E3, and E4 regions, or
even late viral products, could function in the prevention of
accumulation of p53, the Edorf6 protein was a prime candi-
date, because it was already known to interact with the E1B
55-kDa protein and to play a cooperative role in host cell
shutoff (7-9, 50, 51, 63). In addition, recent studies had argued
that E4orf6-dependent host cell shutoff may be involved in the
regulation of p53 levels (20). To analyze this possibility, we
used a series of Ad5 deletion mutants which are defective in
expression of various combinations of the seven E4 products.
Figure 4 shows that d/1011 and d/1019 fail to produce any E4
products, whereas dl1013 produces E4orf4 and E4orf6, d/1014
yields Ed4orf4 alone, dl1015 synthesizes only Ed4orf3 and
E4orf4, and dl1010 expresses all E4 products except E4orf6 (8,
9). Studies similar to those whose results are shown in Fig. 1
and 2 were conducted with human MRC-5 and 293 cells which
were infected by wt AdS or various E4 deletion mutants. Cell
extracts were analyzed for the amounts of p53 and E4orf6
proteins by Western blotting with anti-p53 monoclonal anti-
bodies or a mouse monoclonal antibody M45 which recognizes
the amino termini of the E4orf6 and E4orf6/7 proteins (41).
The levels of E1A products were determined by Western blot-
ting with M73 anti-E1A monoclonal antibody and were found
to be comparable in all cases (data not shown). Figure 5A
shows that no accumulation of pS3 occurred following expres-
sion of wt AdS5 (lane 2) and that the amounts of p53 were small
and similar to those in mock-infected cells (lane 1). The levels
of p53 were similarly low in cells infected with mutant d/1013
(Fig. 5A, lane 4), which produces only E4orf4 and E4orf6.
However, with all other E4 mutants, the accumulation of p53
to high levels was evident. This effect was also observed with
dl1010 (Fig. 5A, lane 5), which produces all viral proteins with
the exception of E4orf6.

These results indicated that E4orf6 is required for the inhi-
bition of p53 accumulation. This conclusion was confirmed in
experiments involving 293 cells infected by these E4 mutant
viruses. Figure 5B shows that the high levels of p53 observed in
mock-infected 293 cells (lane 1) were greatly reduced by in-
fection with wt Ad5 (lane 2) and mutant d/1013 (lane 4) but not
with the other mutants (lane 3 and 5 to 8). Figure 5C shows the
pattern of expression of the E4orf6 and E4orf6/7 proteins,
which share common amino-terminal sequences recognized by
the M45 monoclonal antibody employed in this analysis. Re-
duction of p53 levels occurred only following infection with

labeled p53 was measured with a PhosphorImager and was plotted as a percent-
age of the value at time zero (uninfected cells).
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FIG. 4. E4 open reading frames and deletion mutants. The E4 region occupies about 3,000 bp at the right end of the adenovirus genome and contains open reading
frames (Orfs) for at least seven proteins (12, 21). The Ad5 E4 deletion mutant viruses used in the present studies, including d/1010, d/1011, di1013, di1014, dI1015, and

dl1019, have been described previously (8, 9).

viruses that express E4orf6, including wt Ad5 (Fig. 5C, lane 2)
and d/1013 (Fig. 5C, lane 4). Further analysis of the time
course of infection of 293 cells by AdLacZ shown previously in
Fig. 2 also indicated that the reduction in p53 levels closely
paralleled the appearance of the E4orf6 protein (compare Fig.
2B and A). Thus, E4orf6 appeared to be required, along with
the E1B 55-kDa species, for the reduction in p53 levels.
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FIG. 5. Analysis of p53 accumulation and E4orf6 expression in wt and E4
mutant-infected cells. MRC-5 or 293 cells were infected with wt AdS or a series
of Ad5 E4 mutants described in the legend to Fig. 4. At 24 hpi, cell extracts were
prepared, proteins were separated by SDS-PAGE and transferred to nitrocellu-
lose, and the amounts of p53 and E4orf6 proteins were determined by Western
blotting as for Fig. 1 and 2 with ECL. (A) p53 in MRC-5 cells; (B) p53 in 293
cells; (C) E4orf6 (and E4orf6/7) in 293 cells. The membrane used for panel B was
stripped and reprobed with anti-E4orf6 antibody M45. The positions of migra-
tion of p53, E4orf6, and E4orf6/7 are shown on the left.

Figure 5C also contains additional information. The small
truncated form of the Ed4orf6/7 protein encoded by mutant
dl1013 and containing amino-terminal sequences (see Fig. 4
for reference) is evident in lane 4 of Fig. 5C. Of more interest
was the truncated form of E4orf6 produced by mutant /1010
(Fig. 5C, lane 5). Figure 4 illustrates that the out-of-frame
deletion present in d/1010 is predicted to yield an E4orf6
protein which contains only the first 96 amino-terminal resi-
dues of the 294-residue product of molecular mass of about 34
kDa (7). This truncated product appeared to be synthesized
and to be relatively stable (Fig. 5C, lane 4), but it did not
appear to retain the p53 inhibitory function of the full-length
E4orf6.

E4orf6, p53, and the E1B 55-kDa protein each form com-
plexes individually. It is known that the E1B 55-kDa protein
interacts directly and independently with both p53 (53) and the
E4orf6 product (52). To investigate the molecular basis of the
inhibition of E1A-induced accumulation of p53 further, inter-
actions between E4orf6 and p53 or the E1B 55-kDa protein
were investigated by using both in vitro binding assays and
coimmunoprecipitation from cell extracts. Extracts from mock-
infected 293 cells or those infected with wt AdS and harvested
at either 7 or 16 hpi were combined with M45 monoclonal
antibody, which recognizes the amino terminus of the E4orf6
(and E4orf6/7) protein, and subjected to immunoprecipitation
in the presence of ionic detergent, as described in Materials
and Methods. Following extensive washing, precipitates were
resuspended in buffer lacking ionic detergent and thus capable
of maintaining protein-protein interactions, and the mixtures
were incubated with [*S]methionine-labeled p53 which had
been transcribed and translated in vitro with a p53-specific
cDNA. E4orf6 proteins were repurified by immunoprecipita-
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FIG. 6. Invitro binding of E4orf6 to p53 and the E1B 55-kDa protein. Mock-
or Ad5-infected 293 cells were harvested at 7 and 16 hpi, and E4orf6 protein was
purified by immunoprecipitation (IP) with M45 antibody. Following extensive
washing in buffer containing ionic detergent, the precipitates were incubated with
in vitro-synthesized [**S]methionine-labeled p53 or E1B 55-kDa protein, and the
amount of binding was assessed, as described in Materials and Methods. Lanes
are as indicated.

tion under mild conditions and analyzed by SDS-PAGE. Fig-
ure 6 shows that high levels of p53 as well as several truncated
forms of this species were synthesized (lane 1). Addition of
labeled p53 to precipitates from mock-infected cells was with-
out effect, as no labeled species were apparent (Fig. 6, lane 2).
However, in the case of precipitates from infected cells, mate-
rial which comigrated with full-length p53 was present (Fig. 6,
lanes 3 and 4). More p53 was present in the sample prepared
with material isolated from cells at 16 hpi (Fig. 6, lane 3) than
at 7 hpi (Fig. 6, lane 4), in proportion to the relative amounts
of Edorf6 present at these times (data not shown). Parallel
experiments were also performed with in vitro-transcribed and
-translated E1B 55-kDa protein. Figure 6 shows that this pro-
tein also interacted with E4orf6 precipitates from infected cells
(lanes 7 and 8) but not mock-infected cells (lane 6) in a similar
fashion. (Note: the low levels present in the sample from
mock-infected cells in Fig. 6, lane 6, were due to spillover from
lane 5 and were not present in other analyses.) While the
present work was being completed, a report was published
which also established the existence of complex formation be-
tween p53 and E4orf6 and suggested that such interactions
could lead to the inhibition of p53 transactivation activity (14).

Studies were also carried out to determine the role of com-
plex formation between the E1B 55-kDa protein and E4orf6.
The 55-kDa polypeptide was immunoprecipitated under mild
conditions from [**S]methionine-labeled wt Ad5-infected hu-
man KB cells with 2A6 monoclonal antibody, which recognizes
the amino terminus of this E1B species as well as the related
E1B 84R polypeptide. Figure 7 shows that in addition to the
E1B 55-kDa protein and the 84R product, a species migrating
at about 34 kDa was detected (lane 2). This protein appears to
be E4orf6, as in other studies (data not shown) it was found to
be recognized by immunoblotting with E4orf6-specific M45
serum and to be absent in extracts from cells infected with
mutant d/1010, which fails to synthesize E4orf6. Neither the
E1B species nor E4orf6 was detected with mock-infected cells
(Fig. 7, lane 1) or cells infected with mutant E1B~, which
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FIG. 7. Complex formation between E4orf6 and mutant and wt E1B 55-kDa
protein. Mock-infected KB cells or those infected by wt Ad5 or E1B 55-kDa
protein phosphorylation mutants were labeled at 16 hpi with [**S]methionine for
1 h. Cell extracts were prepared under mild conditions, and immunoprecipitation
(IP) was performed with 2A6 antibody, which recognizes the E1B 55-kDa protein
and related products. Proteins were visualized by autoradiography. The positions
of migration of the 55-kDa protein, 84R, and E4orf6 are shown on the left.

produces no E1B products (Fig. 7, lane 3). Figure 7, lanes 4
and 5, shows results of a similar experiment with the E1B
mutants pm490/1A and pm490/1/5A, which were shown in Fig.
1B to be defective in the 289R-dependent block in accumula-
tion of p53. Clearly, both mutant 55-kDa proteins were able to
form complexes with E4orf6 at normal levels, in agreement
with the finding that they induce host cell shutoff normally
(59). These results also indicated that complex formation be-
tween E4orf6 and p53 is not sufficient to induce a reduction in
p53 levels and that inhibition of p53 transactivation activity
may be necessary.

Host cell shutoff is not responsible for the block in accumu-
lation of p53 by E4orf6 and the E1B 55-kDa protein. Although
the experiments described above suggested that the block in
accumulation of p53 did not appear to result from generalized
shutoff of host cell protein synthesis induced by the E1B 55-
kDa protein and E4orf6, we conducted further experiments to
examine this possibility, as others (20) had concluded that this
process plays a role in the regulation of p53 levels. To establish
the roles of these viral proteins more clearly, an adenovirus
vector which expresses the Ad2 E4orf6 protein under the con-
trol of the CMV promoter was constructed. It was, therefore,
possible to express E4orf6 in the absence of other viral pro-
teins. HeLa cells were mock infected or infected with one or
more Ad5 mutants and/or the AdE4orf6 vector, and extracts
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FIG. 8. Accumulation of p53 in HeLa cells infected with Ad5 mutants and
Ad2E4orf6. HeLa cells were infected with various Ad5 mutants or the AdE4orf6
vector, and cell extracts were prepared at 24 hpi and separated by SDS-PAGE.
Following transfer to nitrocellulose, p53 (A) and E4orf6 (B) were detected by
Western blotting with Ab1801 and M45 antibodies, respectively, and ECL. The
positions of migration of p53 and E4orf6 are shown on the left.

were analyzed for p53 and E4orf6 protein levels by Western
blotting, as in Fig. 1 and 2. Figure 8 shows that infection by the
AdE4orf6 vector alone resulted in high levels of expression of
E4orf6 (Fig. 8B, lane 2) but no effect on p53 levels (Fig. 8A,
lane 2). Infection with mutant d/520 (Fig. 8A, lane 3), which
expresses E1A 243R, and mutant 12S/E1B~ (Fig. 8A, lane 4),
which also expresses 243R but no E1B products, resulted in a
large increase in p53 protein levels, as reported previously (10,
45) and as shown above in Fig. 1A. In these cases, only very low
levels of Edorf6 were detected (see Fig. 8B, lanes 3 and 4,
respectively), as E1A 243R alone does not induce either high
levels of expression of E3 and E4 products or synthesis of late
viral proteins. Coinfection by d/520 and the AdE4orf6 vector
completely suppressed this accumulation of p53 (Fig. 8A, lane
5). However, such was not the case following coinfection with
12S/E1B~ and AdE4orf6 (Fig. 8A, lane 6), as high levels of
p53, which were at best only slightly reduced relative to 125/
E1B™ alone, were present (Fig. 8A, lane 4). These results
confirmed again that both E4orf6 and the E1B 55-kDa protein
are necessary to block the E1A-induced accumulation of p53
efficiently. Similar results were also obtained with mouse
10T1/2 cells and human MRC-5 cells (data not shown).
Using the AdE4orf6 vector, it was also possible to examine
more precisely the role of generalized host cell shutoff in the
control of p53 levels. HeLa cells were infected by various
combinations of Ad5 and adenovirus vectors, and after being
labeled with [**S]methionine for 1 h at 36 hpi, whole-cell ex-
tracts were analyzed by SDS-PAGE followed by autoradiogra-
phy. Figure 9 shows that, in wt Ad5-infected cells (lane 1), a
significant decrease in synthesis of cellular proteins was evident
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FIG. 9. Host cell shutoff in HeLa cells infected with Ad5 mutants and vec-
tors. HeLa cells were infected with various Ad5 mutants or the adenovirus
vectors AdEdorf6 or AdHis55K. At 36 hpi, the cells were labeled with [>*S]me-
thionine for 1 h, cell extracts were separated by SDS-PAGE, and proteins were
visualized by autoradiography. Lanes are as indicated.

but that high levels of late viral polypeptides were being pro-
duced. This pattern was typical of the late host cell shutoff
observed commonly in virus-infected cells. In the case of mu-
tant E1B™, which produces both major E1A products but no
E1B proteins, late viral protein expression was evident, but
synthesis of cellular proteins was not shut down significantly
(Fig. 9, lane 2). This effect was reversed when the E1B 55-kDa
protein was supplied by coinfection with adenovirus vector
AdHis55K, which expresses a histidine-tagged version of this
viral protein (Fig. 9, lane 3). Of considerable interest was the
analysis of cells infected by dI520 and the AdE4orf6 vector.
Synthesis of late viral proteins was poor in all cases (Fig. 9,
lanes 4 to 9). In addition, no host cell shutoff was apparent
relative to mock-infected cells (Fig. 9, lane 4) in cells infected
by AdE4orf6 alone (lane 5), dI520 (lane 6), or 12S/E1B™ (lane
7) or in those coinfected by d/520 or 12S/E1B~ and AdE4orf6
(lanes 8 and 9, respectively). These results indicated that
whereas it was possible to block accumulation of p53 induced
by dI520 by supplying Edorf6 (Fig. 8A, lane 5), induction of
generalized host cell shutoff appeared to require some addi-
tional viral protein, possibly one encoded by E3, E4, or a late
product. Thus, the decrease in E1A-induced accumulation of
p53 by E1B 55-kDa protein and E4orf6 is not due to host cell
shutoff regulated by these proteins.
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DISCUSSION

Expression of E1A proteins is known to induce the accumu-
lation of p53, and other studies by our group have linked this
increase to complex formation between E1A molecules and
the p300 transcriptional modulator (and possibly related pro-
teins p400 and the CREB binding protein) or the RB tumor
suppressor and related polypeptides (45). Previous reports in-
dicated that complex formation with either class of protein
induces DNA synthesis in serum-starved primary rodent cells
(25, 26, 56), and thus it is possible that in Ad5-infected cells,
the rise in p53 levels results from stimulation of unscheduled
DNA synthesis. The mechanism of accumulation of p53 has
not been established. As discussed above, increased protein
stability has been observed in the case of E1A-transformed
human and rodent cells (17, 19, 20, 32); however, such is not
always the case (18, 19). Increases in p53 levels induced by
simian virus 40 large T antigen have been linked to increased
stability of p53 as a result of complex formation with this viral
protein (31). However, neither the 289R nor 243R E1A prod-
uct is believed to bind directly to p53, and expression of the
E1B 55-kDa protein, which does interact with p53, is not re-
quired for p53 accumulation. It has been suggested that p53
expression may also be regulated at the translational level (15,
39) and that the p53 protein may play some autoregulatory role
(39). Further studies will be required to establish the molecular
basis for E1A-induced accumulation of p53.

Of some interest was the observation that whereas infection
with adenovirus encoding only the E1A 243R protein induced
about an 8- to 10-fold rise in p53 levels, expression of the E1A
289R protein blocked this effect. Thus, infection with wt AdS
or coinfection with viruses expressing each E1A protein indi-
vidually resulted in no overt change in p53 quantities relative
to the endogenous levels of uninfected cells. This inhibitory
process required an active E1B 55-kDa protein, as in its ab-
sence, high levels of p53 were detected regardless of the E1A
species expressed. Mutational analysis suggested that complex
formation with p53 may be required, and in addition, the
transcriptional repression activity resident in the 55-kDa spe-
cies must be functional. These results could suggest that sup-
pression of p53 transactivation activity is necessary. Of further
interest was the fact that expression of E1A 289R and the E1B
55-kDa protein was not sufficient to prevent E1A induction of
p53 accumulation. Human 293 cells contain high endogenous
levels of p53, presumably due to the effects of E1A proteins,
and such cells express both the E1A 289R and E1B 55-kDa
proteins (16, 18). We showed that the reduction of p53 accu-
mulation requires expression of the E4orf6 product. We were
also able to show that expression of the E4orf6 and E1B 55-
kDa proteins is sufficient to block the accumulation of p53
induced by E1A and that additional E3, E4, or late proteins do
not appear to be required. In addition, expression of E4orf6 in
the absence of the E1B 55-kDa product blocked p53 accumu-
lation only very poorly, if at all.

The mechanism by which this inhibition occurs remains to be
established. As discussed above, it is possible that a decrease in
the rate of translation plays a role in blocking the accumulation
of p53. The present experiments were not designed to examine
this question in detail. However, interactions between the
E4orf6 and E1B 55-kDa proteins have been linked to shutoff of
host cell protein synthesis and stabilization and transport of
viral mRNA (1, 2, 12, 21, 30, 43, 44, 50, 52, 63). It was possible
that such inhibition plays a role in the drop in p53 levels, as
suggested in an earlier study (20). However, three observations
argued strongly that generalized shutoff of host protein syn-
thesis induced by complexes of E4orf6 and 55-kDa protein
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plays little or no role in the block in p53 accumulation. The first
was that mutants pm490/1A and pm490/1/5A, which encode
55-kDa proteins lacking two or all three of the carboxy-termi-
nal phosphorylation sites, fail to prevent the rise in p53 levels
even though these mutant E1B products induce host cell shut-
off effectively (59). Second, generalized host cell shutoff in
infected 293 cells started over 7 h after the beginning of the
decline in p53 levels. And third, expression of E4orf6 via an
adenovirus vector in cells infected with d/520, which expresses
only very small quantities of E3, E4, and late proteins, induced
the block in p53 accumulation but not host cell shutoff. Thus,
we believe that the effects on p53 are not the result of global
inhibition of host cell protein synthesis but, rather, are caused
by some other process that is targeted uniquely to p53.

The major cause of the block in E1A-induced accumulation
of p53 is likely related to a change in the stability of p53
molecules. Results obtained with AdLacZ-infected 293 cells
indicated that the extended half-life of about 2.5 h in unin-
fected cells diminished to about 20 min following virus infec-
tion and expression of E4orf6. Thus, the reduction in the rate
of p53 production during 1-h intervals could possibly be ex-
plained entirely by this seven- to eightfold decrease in p53
stability. The presence of E4orf6 and the E1B 55-kDa product
therefore may function to block increased p53 stability induced
by E1A protein.

These effects probably involve the formation of multiprotein
complexes. The E1B 55-kDa protein has been known for some
time to bind to both p53 and E4orf6 (52, 53). We show here
that E4orf6 is also capable of binding to p53, an observation
reported recently by others who also demonstrated that such
complex formation led to the inactivation of p53 transactiva-
tion activity (14). Thus, formation of trimeric complexes con-
taining p53, E4orf6, and the E1B 55-kDa species could be
responsible for preventing accumulation of p53 induced by
E1A, although at present there is no direct evidence that such
complexes are formed. Just how such complex formation could
affect p53 stability remains to be established, although the
present studies indicate that a functional E1B 55-kDa protein
repression domain (and thus perhaps inhibition of the p53
transactivation activity) seems to be necessary.

As the present manuscript was being submitted, Moore et al.
(38) reported that E4orf6 is able to cooperate with E1A in cell
transformation, presumably through the inactivation of p53, as
reported earlier (14). This study also reported that expression
of E4orf6 in stable transformants induces both a decrease in
p53 stability and a reduction in p53 levels. These data are in
complete accord with the present results. However, our results
differ in one significant way. Whereas in the stable transfor-
mants E4orf6 was able to produce these effects alone, in the
present studies using virus-infected cells, the E1B 55-kDa pro-
tein was clearly also required. Further studies will be necessary
to determine the reason for these differences and the molec-
ular basis for these profound effects on p53.
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