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Matthias Dobbelstein3
Institut für Virologie, Philipps-Universität Marburg, 35037 Marburg [P. K., J. G., C. L., U. H., C. L-S., M. D.], and Abteilung für Gastroenterologie und Stoffwechsel, Klinikum
der Philipps-Universität Marburg, 35043 Marburg [J. R.], Germany

ABSTRACT

INTRODUCTION
Adenovirus type 5 expresses proteins that regulate the activity and
stability of the tumor suppressor p53. The adenovirus E1B-55 kDa
protein binds to the NH2-terminal portion of p53 and inhibits the
transactivation function that is normally carried out by this domain,
thereby contributing to malignant cell transformation (1– 6). The
adenoviral E4orf6 (E4 –34 kDa) protein also regulates p53 (7). E4orf6
and E1B-55 kDa form a complex, and the two factors cooperate to
destabilize p53. Therefore, p53 is eliminated from cells that are
infected with adenovirus (8 –13).
p53 has at least two homologues in human cells (14 –21). These
homologues, termed p73 (14) and p63 (22)/p51 (17)/KET (21), are
capable of binding p53-responsive promoter DNA, and at least some
splice variants of them can activate promoters much like p53. E1B-55
kDa specifically targets p53 but not its homologues p73 or p63 (12,
13, 23–25). Furthermore, p53 but not p73 is destabilized by the
combination of E1B-55 kDa and E4orf6 (12, 13, 23, 24). On the basis
of these findings, a chimeric version of p53 was created that has the
five amino acid residues at positions 24 –28 substituted by the homologous residues from p73. This chimera, termed p53mt24-28, transactivates p53-responsive promoters in a manner that is qualitatively and
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The adenoviral oncoproteins E1B-55 kDa and E4orf6 inactivate and
destabilize the tumor suppressor protein p53, thereby contributing to
malignant transformation. However, it is unclear whether the elimination
of p53 also contributes to the efficiency of viral replication. Furthermore,
it is controversial whether adenoviruses with a deletion in the E1B-55
kDa-coding region might selectively replicate in cells with a mutation or
deletion of the p53 gene and, therefore, represent a tool in cancer therapy.
To address the role of p53 in virus replication, amino acid substitutions
were introduced into the NH2-terminal portion of p53, replacing residues
24 –28 with the corresponding sequence of the human p53-homologue p73.
This replacement leaves p53 transcriptionally active but renders the
modified protein, termed p53mt24-28, completely resistant to inhibition
and degradation by adenoviral oncoproteins. Surprisingly, even strong
overexpression of p53 or p53mt24-28 allowed the virus to replicate as
efficiently as in the absence of p53 proteins, both in tumor cells and in
primary endothelial cells. Also, p53 or p53mt24-28 did not reduce the
amount of virus released from infected cells. These observations were
made in primary cells or in cell lines that were capable of expressing the
p53-agonist p14ARF. Thus, active p53 does not inhibit the growth of
adenovirus. Alternative strategies should be used to improve the utility of
adenoviruses in cancer therapy.

quantitatively indistinguishable from wild-type p53, but it is not
detectably influenced in its activity by adenoviral oncoproteins (12).
It is well established that proteins from adenovirus as well as other
small DNA tumor viruses antagonize p53 (26). However, there is little
information on whether p53 inactivation contributes to viral replication and whether nonantagonized p53 has an inhibitory effect on the
viral life cycle. It has been proposed that p53, in the absence of
antagonists, might induce cell cycle arrest or apoptosis in infected
cells, thereby preventing viral replication (27, 28). However, no direct
proof was established for this hypothesis.
It has been reported that an adenovirus that lacks the E1B-55
kDa-coding region [dl1520 (29), renamed ONYX 015 (28)] replicates
poorly in cells that express wild-type p53, whereas it does replicate
efficiently in cells with mutant or absent p53 (28). These observations
led to the use of dl1520/ONYX 015 for cancer therapy. Because the
virus was expected to replicate in tumor cells that have a mutated or
deleted p53 gene but not in normal tissue, it was injected into tumors
with the aim of destroying them. This concept had preliminary success
in animals and patients (30 –38). Moreover, the application of dl1520/
ONYX 015 in combination with cytostatic drugs was found superior
to chemotherapy alone in Phase II trials to treat head and neck cancer
(39 – 41). However, the theoretical basis of this approach has been
challenged by a number of groups who all found that replication of
this virus does not correlate with the p53 status of infected cells (34,
42– 48). More recently, loss of the mdm-2 and p53 regulator p14ARF
(49 –51) in tumor cells was reported to facilitate the replication of
dl1520/ONYX 015 in a cell line (HCT-116) with wild-type p53 (52).
However, it remains to be determined whether p53 and p14ARF can
generally cooperate to antagonize virus growth. Thus, the role of p53
in adenovirus replication remains unclear, but the possible development of tumor-selective viruses for use in therapy implies the need for
clarification.
To address this role of p53, several approaches can be taken. The
most obvious approach is to compare the replication efficiency of
wild-type adenovirus with a virus that lacks E1B-55 kDa and, therefore, cannot inactivate p53. However, such a mutant virus is also
defective in all of the additional activities that involve E1B-55 kDa. It
is known that E1B-55 kDa is necessary not only for p53 inactivation,
but also for the modulation of mRNA export during adenovirus
infection (53–59). In addition, there might be unknown activities of
E1B-55 kDa that would also be missing in a virus that does not
express the protein. As an alternative approach, it would be desirable
to create a mutant of E1B-55 kDa that is not capable of binding p53
but potentially able to perform all of the other functions of E1B-55
kDa. This mutant could then be tested in a recombinant adenovirus to
assess the role of p53 binding during virus replication. However, such
a mutant has not been described thus far. Most mutations in E1B-55
kDa have led to pleiotropic effects on its functions (3, 5, 8, 60),
possibly attributable to a shift in protein conformation. Furthermore,
even if a functionally selective mutant E1B-55 kDa could be obtained,
it could not be tested as to whether unknown functions of the protein
would be affected in addition to the inhibition of p53 activity. Therefore, we took a third approach to assess the role of p53 in virus
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replication. We infected cells of various origin with wild-type adenovirus and simultaneously used an adenoviral vector to express a
mutant version of p53, p53mt24-28, which is resistant to the inhibitory effect of E1B-55 kDa. p53mt24-28 remained stable and active in
adenovirus-infected cells. However, even in the presence of high
levels of active p53, adenovirus replication was not detectably affected.
MATERIALS AND METHODS
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Cell Culture and Infection. All of the cells except HUVECs4 were maintained in DMEM (Life Technologies, Inc.) containing 10% FBS. HUVECs
were cultivated in a special low-FBS-medium (Promocell). For infection of all
of the cells except HUVECs, 2 ⫻ 105 cells in a 3.5-cm dish were washed with
PBS (136.9 mM NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4, and 1.5 mM KH2PO4)
and then overlaid with the indicated amount of virus in 500 l of DMEM
without serum. After 3 h of gentle rocking in an incubator, the cells were
further incubated in 2 ml of DMEM/10% FBS. HUVECs were infected by
adding the virus stock to the medium (2 ml) overlaying the cells, followed by
rocking for 5 min. After incubation, virus was harvested by triple freezethawing of the infected cells in PBS. Virus titers were determined by infecting
H1299 cells (adenoviruses WtD, dl309) or 911 cells (adenovirus vectors) with
serial dilutions of the harvest, followed by immunostaining of the viral E2A-72
kDa protein as described previously (59).
Recombinant Adenoviruses. The p53-coding region was excised from the
plasmid pRcCMVp53 (4) and from the plasmid pRcCMVp53mt24-28 (12)
with XbaI and HindIII and ligated into pAdtrackCMV (61) with the same
enzymes. Recombinant adenovirus was generated by homologous recombination to the plasmid pAdEasy1 (61) and transfection of 293 cells, as described
(61). A virus expressing solely the GFP was generated in parallel. Viruses were
amplified, and titers were determined as described (59).
Immunofluorescence. Cells were infected as described above, but all of
the quantities were reduced by a factor of four, and the cells were seeded on
plastic chamber slides (Nunc) suitable for microscopy. The cells were then
fixed with paraformaldehyde (4% in PBS; 15 min), permeabilized with Triton
X-100 (0.2% in PBS; 25 min), and incubated with antibody as described (62).
The E2A-72 kDa DNA-binding protein was stained with a mouse monoclonal
antibody (clone B6-6). The p53 protein was stained with a polyclonal rabbit
antibody (FL-393; Santa Cruz Biotechnology) that has been raised against
full-length p53. Primary mouse antibodies were visualized by secondary antibodies coupled to Alexa 488 (Molecular Probes). Primary rabbit antibodies
were detected by an Alexa 594-labeled secondary antibody (Molecular
Probes). Before mounting (Fluoprep; bioMérieux), the cell nuclei were briefly
stained using 4,6-diamidino-2-phenylindole.
Immunoblots. Proteins were separated on 10% SDS-polyacrylamide gels
and transferred to nitrocellulose, followed by incubation with antibodies in
PBS containing 5% milk powder and 0.05% Tween 20 and chemiluminescent
detection (Pierce) of a peroxidase-coupled secondary antibody against mouse
IgG (Jackson). Antibody Pab1801 to p53, antibody Ab-1 to p21/cip1/waf1, and
antibody Ab-1 to p14ARF were from Calbiochem. The monoclonal antibody
against p27/Kip1 was from Transduction Laboratories, and the antibody to
lamin B was purchased from Zymed.

in transiently transfected cells, and is not destabilized in the presence
of the adenovirus proteins E1B-55 kDa and E4 –34 kDa/E4orf6 (12).
To express such a nondegradable p53 variant concomitantly in
adenovirus-infected cells, a first generation adenovirus vector was
used. Recombinant viruses were generated that have the E1 region
deleted and replaced by expression cassettes, either for the GFP alone
(AdGFP) or, in addition, for wild-type p53 (Adp53) or the p53-mutant
p53mt24-28 (Adp53mt24-28).
Upon infection of H1299 cells (a p53 ⫺/⫺ cell line derived from a
human adenocarcinoma of the lung) and HUVECs, the viruses were
first tested for p53 expression using immunofluorescence (Fig. 1) and
immunoblot (Fig. 2A). Furthermore, p53 activity was assessed by

RESULTS
A Chimera of p53 and p73, p53mt24-28, Induces p53-responsive Genes but Is Resistant to Destabilization during Adenovirus
Infection. We previously reported that p53 can be made resistant to
the destabilization by adenovirus oncoproteins without compromising
its transcriptional activity (12). This is achieved by replacing the
E1B-55 kDa-interacting residues 24 –28 of p53 with the homologous
sequence from p73, which itself is not subject to degradation in
adenovirus-infected cells. The resulting mutant, p53mt24-28, no longer interacts with E1B-55 kDa, does not colocalize with E1B-55 kDa
4
The abbreviations used are: HUVEC, human umbilical vein endothelial cell; FBS,
fetal bovine serum; GFP, green fluorescent protein; MOI, multiplicity of infection.

Fig. 1. Expression of p53 through adenoviral vectors. A, H1299 cells were mockinfected (parts a and b) or transduced with recombinant adenoviruses (MOI ⫽ 10) to
express p53 (parts c and d) or p53mt24 –28 (parts e and f). Twenty-four h after
transduction, the cells were fixed and stained with an antibody against p53 (parts b, d, and
f). The nuclei were visualized with 4⬘,6-diamidino-2-phenylindole (parts a, c, and e). B,
HUVECs were treated as described in the legend to A, but the MOI was 50.
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Fig. 2. p53 levels and activity upon adenovirus infection. H1299 cells were mockinfected (Lane 1) or transduced with recombinant adenoviruses (Lanes 2–4) to express
GFP (Lane 2), p53 (Lane 3), or p53mt24-28 (Lane 4). Where indicated, the cells were
simultaneously infected with wild-type adenovirus WtD (B, D, and F). Each virus was
used at a MOI of 10. Twenty-four h after transduction, the cells were harvested, and the
proteins p53 (A and B), p21 (C and D), and p27 (E and F; loading control) were detected
by immunoblot analysis.

determining the levels of p21/cip1/waf1, the product of a well-characterized p53-responsive gene (63), by Western blot analysis (Fig.
2C). It was found that Adp53 and Adp53mt24-28, but not AdGFP,
express readily detectable amounts of p53 (Figs. 1 and 2A). p53 was
detected in more than 95% of the cells. Also, transduction of H1299
cells with Adp53 and Adp53mt24-28 strongly increased p21 expression (Fig. 2C). In another set of experiments, p53 levels and activity
were determined with the same assays, but in addition to the recombinant viruses, the cells were infected with a wild-type adenovirus
termed WtD (29). Under these conditions, wild-type p53 levels were
strongly reduced, whereas the levels of p53mt24-28 remained unaffected (Fig. 2B and Fig. 3). Again, the activity of wild-type p53 was
determined by measuring the levels of p21/cip1/waf1. In adenovirusinfected cells, p21 expression was induced less efficiently by wild-

Fig. 3. A p53 mutant that is resistant to adenovirus-mediated degradation. A, H1299
cells were transduced with recombinant adenoviruses to express p53 (parts a and b) or
p53mt24-28 (parts c and d). Simultaneously, the cells were infected with wild-type
adenovirus WtD. In all of the cases, the MOI was 10. Twenty-four h after infection, the
cells were fixed and stained with antibodies against the adenoviral E2A 72 kDa DNAbinding protein (parts a and c) and against p53 (parts b and d). B, HUVECs were
transduced (MOI ⫽ 50) with recombinant adenoviruses and simultaneously infected with
wild-type adenovirus WtD (MOI ⫽ 25). Subsequently, the cells were treated as described
in the legend to A.
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type p53, but p21 levels were high in the presence of p53mt24-28
(Fig. 2D). Thus, the mutation of residues 24 –28 renders p53 stable
and functional throughout an adenovirus infection.
p53 and p53mt24-28 Do Not Detectably Interfere with Adenovirus Replication. Despite the presence of E1B-55 kDa-resistant
p53, staining with an antibody against the viral E2A-72 kDa gene
product revealed that the viral replication centers were formed (Fig. 3,
A, part c, and B, part c), and at least in HUVECs, p53 even seemed
to accumulate in these centers (Fig. 3B, part d, and Ref. 64). The
presence of replication centers despite high levels of active p53
suggested that p53 does not block virus replication. To further investigate this, we quantitated adenovirus replication in the presence or
absence of active p53 in H1299 cells and HUVECs. These cells were
simultaneously infected with two different viruses: wild-type adenovirus, providing the factors necessary for virus replication, and a first
generation adenovirus vector expressing GFP, p53, or p53mt24-28.
After 48 h, the cells were harvested, and virus was released by
freeze-thawing. The resulting virus titer was then determined by
infection of H1299 cells with serial dilutions of the harvest, followed
by immunostaining of the viral E2A-72 kDa protein. As shown in Fig.
4, the expression of p53 or p53mt24-28 did not reduce virus yield in
either cell type. No significant effect of p53 expression on virus yield
was observed either when replacing wild-type adenovirus with the
virus dl1520/ONYX 015 in this experimental setup or when transduction with the p53 expression vectors preceded infection with wild-type
adenovirus by 12 h (data not shown). In another experiment, HUVECs
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Fig. 4. Replication of wild-type adenovirus in the presence of p53. H1299 cells or
HUVECs were infected with wild-type adenovirus WtD and, where indicated, simultaneously with adenovirus vectors expressing GFP, p53, or p53mt24-28. For H1299 cells,
the MOI was 10 for each virus. In the case of HUVECs, this number was 50 for the
expression vectors and 25 for wild-type adenovirus. Forty-eight h after infection, the cells
were harvested, and virus was released by repeated freeze-thawing. The virus yield was
determined by infecting H1299 cells, followed by immunostaining against the viral E2A
protein, and divided by the number of infected cells. The average result of at least three
independent experiments is represented by the columns, along with the SE.

Fig. 5. p53 levels and activity upon infection of E1-transformed cells with adenovirus
vectors. 911 cells (human cells that express the adenoviral E1 genes) were infected with
adenovirus vectors as indicated (MOI ⫽ 5). Twenty-four h after infection, the cells were
harvested, and the proteins p53 (A), p21 (B), and p27 (C) were detected by immunoblot
analysis.

Fig. 6. Replication of adenovirus vectors expressing p53 in E1-transformed cells. 911
cells were infected with adenovirus vectors as indicated (MOI ⫽ 5). At the indicated time
points after infection, the cells were harvested, and virus yield was determined by
infecting a new monolayer of 911 cells as described in the legend to Fig. 4. The results
are shown on a logarithmic scale.
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were growth arrested by a 4-day period of confluence before infection.
Again, expression of p53 or p53mt24-28 did not impair viral replication in this experimental setup, and essentially the same results as with
growing HUVECs (Fig. 4) were obtained (data not shown). Thus, p53
activity has no detectable effect on virus yield in H1299 cells and
HUVECs.
p53 and p53mt24-28 Do Not Impair the Replication and
Release of Recombinant Adenovirus in an E1-transformed Cell
Line. In the system described above, cells were coinfected with two
different viruses. To avoid any influence that the use of two different
viruses might have on replication, we also used a system in which
adenovirus recombinants lacking the E1 region could replicate efficiently. To validate this system, the three recombinant viruses
AdGFP, Adp53, and Adp53mt24-28 were used to infect 911 cells, a
cell line derived from human embryonic retinoblasts that stably expresses the adenovirus E1 region, including E1B-55 kDa (65). p53
and p21 levels were determined in the infected cells by immunoblot
analysis. Mock-infected cells contained detectable levels of endogenous p53, in accordance with the stabilizing effect of E1B-55 kDa
alone on p53 (66). In contrast, p53 was not detectable after infection
with AdGFP (Fig. 5A), presumably because of its degradation that is
mediated together by the proteins E1B-55 kDa (expressed by the 911
cells) and E4orf6 (expressed by the recombinant virus; Refs. 9 –12).
Upon infection with Adp53 and even more strongly with Adp53mt2428, p53 was detectable, suggesting that p53 is overexpressed from
Adp53 but destabilized by E1B-55 kDa and E4orf6, whereas
p53mt24-28 is overexpressed and stable. AdGFP suppressed p21
expression (Fig. 5B; compare Lanes 1 and 2), in accordance with the
elimination of endogenous p53 (Fig. 5A, Lanes 1 and 2). In contrast,
upon infection with Adp53, p53 activity was sufficient to allow p21
expression. As expected, p21 induction by Adp53mt24-28 was even
stronger (Fig. 5B). Thus, p53mt24-28 is active and stable after infection of 911 cells with Adp53mt24-28.
Next, we tested the replication of adenovirus vectors that express
p53 or p53mt24-28 in cells that complement the viral E1 functions. In
parallel assays, 911 cells were infected with AdGFP, Adp53, or
Adp53mt24-28. Twenty-four, 48, and 72 h after infection, the cells
were harvested and lyzed by triple freeze-thawing. Virus yield was
determined by infection of a fresh monolayer of 911 cells and immunostaining of infected cells using an antibody against the viral E2A 72
kDa protein. No significant difference in virus replication was found
between any of the three viruses (Fig. 6), despite the stark differences
in p53 levels and activity that were found under identical conditions

(Fig. 5). Thus, active p53 does not detectably affect adenovirus
replication in 911 cells.
In the previous experiments, viruses were harvested by freezethawing. We also determined whether p53 might affect the release of
virus at the end of a lytic cycle, as has been suggested previously (42,
67). To address this, 911 cells were infected with adenovirus vectors
expressing GFP alone, p53, or p53mt24-28. After 48 –120 h postinfection, a small fraction of the media overlaying the cells was removed, and the amount of released virus particles was determined by
titration. As shown in Fig. 7, p53 or p53mt24-28 did not negatively
regulate the release of virus. Apparently, p53 activity does not inhibit
the late stages of the viral life cycle.
H1299 Cells and HUVECs Express p14ARF. It was reported
recently (52) that dl1520/ONYX 015 grows poorly in cells that
express both wild-type p53 and p14ARF, possibly because the com-
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Fig. 7. Release of adenovirus from infected cells in the presence or absence of active
p53. 911 cells (1 ⫻ 105 in a 3.5-cm dish) were infected with the viruses AdGFP, Adp53,
and Adp53mt24-28 at an MOI of 1. After infection, the cells were overlaid with 2 ml of
full media. At the indicated time points, 200 l of the culture media overlaying the cells
was removed, and the concentrations of virus particles in these samples were determined
by titration.

DISCUSSION
Our results show that the elimination of p53 is not required for
efficient replication and release of adenovirus type 5. The observations were made in primary cells or in cell lines that are not compromised for the expression of p14ARF. These results challenge the
concept of using adenoviruses deficient in antagonizing p53 to treat
cancer patients, raising the need to develop alternative strategies to
construct tumor-selective viruses.
Previously (28), it has been reported that the replication of the virus
dl1520/ONYX 015 lacking E1B-55 kDa is suppressed in cells containing wild-type p53, at least when p14ARF is expressed in the same
cells (52). The proposed correlation between p53 status and replication of this virus was not supported in many subsequent reports (34,
42– 48). Some of the cells that replicate the virus efficiently despite
the presence of wild-type p53 may indeed lack functional p14ARF,
thereby leaving open the possibility that p53 might act as an antagonist to virus replication when all of the p53 regulation pathways are
intact. However, the results presented in this study were obtained with
primary cells (HUVECs) or with cell lines that express p14ARF
(H1299, 911). Unlike transformed cells, HUVECs were not selected
for alterations in growth regulation, and they have intact pathways
leading to p53-mediated transcription (69). Nonetheless, p53 activity
did not affect virus replication in these cells. From this, we conclude
that p53 activity does not prevent adenovirus replication.
There are several examples of small DNA tumor viruses that do not
actually require the inactivation of p53 to replicate efficiently. Examples include some papillomaviruses, such as human papillomavirus

Fig. 8. Expression of p14ARF in adenovirus-infected cells. H1299, HCT-116, and 911
cells, as well as HUVECs, were infected with wild-type adenovirus at an MOI of 10, 10,
10, and 1000, respectively (these MOIs were previously determined to be more than
sufficient to infect nearly 100% of the cell population) or mock-infected. Twenty-four h
later, the cells were harvested, and the cellular protein was analyzed by Western Blot. The
blot was first stained with a monoclonal antibody against p14ARF and subsequently
against lamin B as a loading control. The antibodies were visualized using peroxidasecoupled secondary antibodies and a chemiluminescent substrate.
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bined activity of both tumor suppressors may inhibit adenovirus
growth. Therefore, we assessed the amount of p14ARF in the cells
under study. Because the adenovirus E1A protein was shown to
induce p14ARF expression (68), p14ARF levels were also determined
in adenovirus-infected cells. H1299 cells, HCT116 cells [found previously (52) to express no detectable p14ARF and, therefore, serving
as a negative control], 911 cells, and HUVECs were either mockinfected or infected with wild-type adenovirus for 24 h before harvest.
A monoclonal antibody against p14ARF was used to detect the
protein in whole cell lysates by Western Blot analysis (Fig. 8). It was
found that H1299 cells express high levels of p14ARF, and the protein
was also detected in 911 cells. p14ARF levels in HUVECs were
insufficient for detection but could be raised to detectability by
adenovirus infection. Hence, p53 does not inhibit adenovirus replication in the cells studied here, although p14ARF is expressed.

type 6, 11, etc., that belong to the class of weakly oncogenic papilloma viruses. Unlike highly oncogenic papillomaviruses (e.g., types
16, 18, etc.), human papillomaviruses of the types 6 and 11 express E6
proteins that do not detectably interfere with p53 activity, but yet these
viruses were able to survive during evolution. Similarly, p53 did not
seem to impair the replication of SV40 in vivo (70). More recently
(71), it was found that some ovine adenoviruses lack detectable
transforming activity but nonetheless replicate efficiently.
On the other hand, many DNA tumor viruses did evolve specific
and efficient mechanisms to inactivate p53. If p53 does not detectably
interfere with virus replication in cell culture, why were such mechanisms evolved and maintained? Possibly, the virus antagonizes the
p53 pathway by several redundant mechanisms that may be used to
different extents in different cell types, e.g., viral proteins not only
inhibit p53 activity, they also antagonize p53-downstream targets. The
p53-induced bax gene product is antagonized by adenovirus E1B-19
kDa (72, 73), and this appears to increase virus yield at least in some
cell types. Furthermore, p53 induces p21, and the p21 protein inhibits
the phosphorylation of the retinoblastoma protein pRb, but the viral
E1A proteins bind and inactivate pRb (for review, see Ref. 74). Such
redundancy may account for the failure of p53 activity to block virus
replication. It remains to be determined whether viral proteins antagonize even more products of the large number of p53-induced genes
(75, 76). Abolishing the inactivation of p53 and the downstream
targets of p53 by mutations of adenovirus genes may ultimately lead
to the successful construction of viruses that are blocked by p53 and
that, therefore, replicate selectively in tumor cells.
Different approaches to the construction of tumor-specific adenoviruses also seem promising (77). These include the insertion of a
tumor-specific promoter upstream of the essential E1A gene (78), the
modification of the E1A-proteins (79), e.g., to abolish binding to pRb
(80), the overexpression of the adenovirus death protein encoded by
the E3 region (80), overexpression of E4orf4 (81), and the modification of receptor-binding proteins on the viral surface (82). These
strategies or combinations of them may increase antitumoral effectivity and/or specificity of adenovirus constructs as anticancer agents.
The adenovirus mutant dl1520/ONYX 015 is currently being used
as a therapeutic tool against cancer, and the preclinical results (30 –34,
37, 38, 82) as well as the clinical results (27, 35, 38 – 40) reported thus
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Note Added in Proof
While this paper was under review, a mutant E1B-55 kDa that lacks p53
binding but retains most of the other known functions of E1B-55 kDa was
characterized (Shen, Y., Kitzes, G., Nye, J. A., Fattaey A., and Hermiston, T.
Analyses of single-amino-acid substitution mutants of adenovirus type 5
elb-55k protein, J. Virol., 75: 4297– 4307, 2001). However, it remains to be
determined whether the replication of an adenovirus with this mutation is
dependent on the p53 status of the host cell.
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far seem very encouraging. Selective replication in and destruction of
tumor cells was observed, raising hopes for broader application. Our
results, as well as the previous reports (34, 42– 48) about the replication behavior of dl1520/ONYX 015, do not necessarily contradict the
clinical data. However, they do put into question the initial concept
that was proposed for the cell-specific replication of dl1520/ONYX
015. In the initial report (28) describing the potential use of dl1520/
ONYX 015 as a therapeutic tool, it was concluded that dl1520/ONYX
015 replicates selectively in those cells that do not express functional
p53, whereas in normal cells, p53 should prohibit efficient virus
replication. Our results do not support this concept. However, it
remains possible that adenoviruses in general, including wild-type
adenovirus type 5, have a preference for many tumor cells, as compared with normal tissue. In agreement with this, our unpublished
observations show that the infectivity of adenovirus type 5 is 10 –100fold lower in primary cells (HUVECs, human fibroblasts, and normal
human bronchial epithelia) than in most tumor-derived cell lines
tested (e.g., H1299, HeLa, and A549). Such a “natural” selectivity of
adenovirus for tumor tissue has already been suggested in a report
from the year 1956 (83) about the use of wild-type adenovirus to treat
cervical carcinoma. The authors treated patients with advanced cervical carcinoma by injection of wild-type adenovirus directly into the
tumor or into blood vessels supplying the tumor. They observed
damage to the tumor cells, resulting in tumor regression in some
cases. Importantly, virus was reisolated from the tumor material but
not from the surrounding tissue after treatment. Despite the limited
tools available at that time, it seems that the virus had replicated in the
tumors at least with some selectivity. On the basis of these considerations, it is possible that dl1520/ONYX 015 merely represents an
attenuated adenovirus with no particularly enhanced specificity for
tumor cells. On the other hand, the clinical success that was achieved
even with this construct raises hopes that adenoviruses can ultimately
be developed into specific and efficient therapeutic tools.

ADENOVIRUS REPLICATION DESPITE p53 ACTIVITY

57. Horridge, J. J., and Leppard, K. N. RNA-binding activity of the E1B 55-kilodalton
protein from human adenovirus type 5. J. Virol., 72: 9374 –9379, 1998.
58. Leppard, K. N., and Shenk, T. The adenovirus E1B 55 kd protein influences mRNA
transport via an intranuclear effect on RNA metabolism. EMBO J., 8: 2329 –2336,
1989.
59. Weigel, S., and Dobbelstein, M. The nuclear export signal within the e4orf6 protein
of adenovirus type 5 supports virus replication and cytoplasmic accumulation of viral
mRNA. J. Virol., 74: 764 –772, 2000.
60. Yew, P. R., Kao, C. C., and Berk, A. J. Dissection of functional domains in the
adenovirus 2 early 1B 55K polypeptide by suppressor-linker insertional mutagenesis.
Virology, 179: 795– 805, 1990.
61. He, T. C., Zhou, S., da Costa, L. T., Yu, J., Kinzler, K. W., and Vogelstein, B. A
simplified system for generating recombinant adenoviruses. Proc. Natl. Acad. Sci.
USA, 95: 2509 –2514, 1998.
62. Dobbelstein, M., Arthur, A. K., Dehde, S., van Zee, K., Dickmanns, A., and Fanning,
E. Intracistronic complementation reveals a new function of SV40 T antigen that
cooperates with Rb and p53 binding to stimulate DNA synthesis in quiescent cells.
Oncogene, 7: 837– 847, 1992.
63. el-Deiry, W. S., Tokino, T., Velculescu, V. E., Levy, D. B., Parsons, R., Trent, J. M.,
Lin, D., Mercer, W. E., Kinzler, K. W., and Vogelstein, B. WAF1, a potential
mediator of p53 tumor suppression. Cell, 75: 817– 825, 1993.
64. König, C., Roth, J., and Dobbelstein, M. Adenovirus type 5 E4orf3 protein relieves
p53 inhibition by E1B-55- kilodalton protein. J. Virol., 73: 2253–2262, 1999.
65. Fallaux, F. J., Bout, A., van der Velde, I., van den Wollenberg, D. J., Hehir, K. M.,
Keegan, J., Auger, C., Cramer, S. J., van Ormondt, H., van der Eb, A. J., Valerio, D.,
and Hoeben, R. C. New helper cells and matched early region 1-deleted adenovirus
vectors prevent generation of replication-competent adenoviruses. Hum. Gene Ther.,
9: 1909 –1917, 1998.
66. van den Heuvel, S. J., van Laar, T., The, I., and van der Eb, A. J. Large E1B proteins
of adenovirus types 5 and 12 have different effects on p53 and distinct roles in cell
transformation. J. Virol., 67: 5226 –5234, 1993.
67. Dix, B. R., O’Carroll, S. J., Myers, C. J., Edwards, S. J., and Braithwaite, A. W.
Efficient induction of cell death by adenoviruses requires binding of E1B55k and p53.
Cancer Res., 60: 2666 –2672, 2000.
68. de Stanchina, E., McCurrach, M. E., Zindy, F., Shieh, S. Y., Ferbeyre, G., Samuelson,
A. V., Prives, C., Roussel, M. F., Sherr, C. J., and Lowe, S. W. E1A signaling to p53
involves the p19(ARF) tumor suppressor. Genes Dev., 12: 2434 –2442, 1998.
69. Grillari, J., Hohenwarter, O., Grabherr, R. M., and Katinger, H. Subtractive hybridization of mRNA from early passage and senescent endothelial cells. Exp. Gerontol.,
35: 187–197, 2000.
70. von der Weth, A., and Deppert, W. Wild-type p53 is not a negative regulator of
simian virus 40 DNA replication in infected monkey cells. J. Virol., 67: 886 – 893,
1993.
71. Xu, Z. Z., Nevels, M., MacAvoy, E. S., Lockett, L. J., Curiel, D., Dobner, T., and
Both, G. W. An ovine adenovirus vector lacks transforming ability in cells that are
transformed by AD5 E1A/B sequences. Virology, 270: 162–172, 2000.
72. Han, J., Sabbatini, P., Perez, D., Rao, L., Modha, D., and White, E. The E1B 19K
protein blocks apoptosis by interacting with and inhibiting the p53-inducible and
death-promoting Bax protein. Genes Dev., 10: 461– 477, 1996.
73. Chen, G., Branton, P. E., Yang, E., Korsmeyer, S. J., and Shore, G. C. Adenovirus
E1B 19-kDa death suppressor protein interacts with Bax but not with Bad. J. Biol.
Chem., 271: 24221–24225, 1996.
74. Vogelstein, B., Lane, D., and Levine, A. J. Surfing the p53 network. Nature (Lond.),
408: 307–310, 2000.
75. Yu, J., Zhang, L., Hwang, P. M., Rago, C., Kinzler, K. W., and Vogelstein, B.
Identification and classification of p53-regulated genes. Proc. Natl. Acad. Sci. USA,
96: 14517–14522, 1999.
76. Zhao, R., Gish, K., Murphy, M., Yin, Y., Notterman, D., Hoffman, W. H., Tom, E.,
Mack, D. H., and Levine, A. J. Analysis of p53-regulated gene expression patterns
using oligonucleotide arrays. Genes Dev., 14: 981–993, 2000.
77. Alemany, R., Balague, C., and Curiel, D. T. Replicative adenoviruses for cancer
therapy. Nat. Biotechnol., 18: 723–727, 2000.
78. Rodriguez, R., Schuur, E. R., Lim, H. Y., Henderson, G. A., Simons, J. W., and
Henderson, D. R. Prostate attenuated replication competent adenovirus (ARCA)
CN706: a selective cytotoxic for prostate-specific antigen-positive prostate cancer
cells. Cancer Res., 57: 2559 –2563, 1997.
79. Heise, C., Hermiston, T., Johnson, L., Brooks, G., Sampson-Johannes, A., Williams,
A., Hawkins, L., and Kirn, D. An adenovirus E1A mutant that demonstrates potent
and selective systemic anti-tumoral efficacy. Nat. Med., 6: 1134 –1139, 2000.
80. Doronin, K., Toth, K., Kuppuswamy, M., Ward, P., Tollefson, A. E., and Wold, W. S.
Tumor-specific, replication-competent adenovirus vectors overexpressing the adenovirus death protein. J. Virol., 74: 6147– 6155, 2000.
81. Shtrichman, R., Sharf, R., Barr, H., Dobner, T., and Kleinberger, T. Induction of
apoptosis by adenovirus E4orf4 protein is specific to transformed cells and requires
an interaction with protein phosphatase 2A. Proc. Natl. Acad. Sci. USA, 96: 10080 –
10085, 1999.
82. Shinoura, N., Yoshida, Y., Tsunoda, R., Ohashi, M., Zhang, W., Asai, A., Kirino, T.,
and Hamada, H. Highly augmented cytopathic effect of a fiber-mutant E1B-defective
adenovirus for gene therapy of gliomas. Cancer Res., 59: 3411–3416, 1999.
83. Smith, R. R., Huebner, R. J., Rowe, W. P., Schatten, W. E., and Thomas, L. B. Studies
on the use of viruses in the treatment of carcinoma of the cervix. Cancer (Phila.), 9:
1211–1218, 1956.

5947

Downloaded from http://aacrjournals.org/cancerres/article-pdf/2486732/5941.pdf by guest on 09 December 2022

33. Heise, C. C., Williams, A. M., Xue, S., Propst, M., and Kirn, D. H. Intravenous
administration of ONYX-015, a selectively replicating adenovirus, induces antitumoral efficacy. Cancer Res., 59: 2623–2628, 1999.
34. Heise, C., Sampson-Johannes, A., Williams, A., McCormick, F., Von Hoff, D. D., and
Kirn, D. H. ONYX-015, an E1B gene-attenuated adenovirus, causes tumor-specific
cytolysis and antitumoral efficacy that can be augmented by standard chemotherapeutic agents. Nat. Med., 3: 639 – 645, 1997.
35. Kirn, D., Hermiston, T., and McCormick, F. ONYX-015: clinical data are encouraging. Nat. Med., 4: 1341–1342, 1998.
36. Ganly, I., Kirn, D., Eckhardt, S. G., Rodriguez, G. I., Soutar, D. S., Otto, R.,
Robertson, A. G., Park, O., Gulley, M. L., Heise, C., Von Hoff, D. D., and Kaye, S. B.
A Phase I study of Onyx-015, an E1B-attenuated adenovirus, administered intratumorally to patients with recurrent head and neck cancer. Clin. Cancer Res., 6:
798 – 806, 2000.
37. Rogulski, K. R., Freytag, S. O., Zhang, K., Gilbert, J. D., Paielli, D. L., Kim, J. H.,
Heise, C. C., and Kirn, D. H. In vivo antitumor activity of ONYX-015 is influenced
by p53 status and is augmented by radiotherapy. Cancer Res., 60: 1193–1196, 2000.
38. You, L., Yang, C. T., and Jablons, D. M. ONYX-015 works synergistically with
chemotherapy in lung cancer cell lines and primary cultures freshly made from lung
cancer patients. Cancer Res., 60: 1009 –1013, 2000.
39. Khuri, F. R., Nemunaitis, J., Ganly, I., Arseneau, J., Tannock, I. F., Romel, L., Gore,
M., Ironside, J., MacDougall, R. H., Heise, C., Randlev, B., Gillenwater, A. M.,
Bruso, P., Kaye, S. B., Hong, W. K., and Kirn, D. H. A controlled trial of intratumoral
ONYX-015, a selectively replicating adenovirus, in combination with cisplatin and
5-fluorouracil in patients with recurrent head and neck cancer. Nat. Med., 6: 879 –
885, 2000.
40. Lamont, J. P., Nemunaitis, J., Kuhn, J. A., Landers, S. A., and McCarty, T. M. A
prospective Phase II trial of ONYX-015 adenovirus and chemotherapy in recurrent
squamous cell carcinoma of the head and neck (the Baylor experience). Ann. Surg.
Oncol., 7: 588 –592, 2000.
41. Nemunaitis, J., Ganly, I., Khuri, F., Arseneau, J., Kuhn, J., McCarty, T., Landers, S.,
Maples, P., Romel, L., Randlev, B., Reid, T., Kaye, S., and Kirn, D. Selective
replication and oncolysis in p53 mutant tumors with ONYX-015, an E1B–55kD
gene-deleted adenovirus, in patients with advanced head and neck cancer: a Phase II
trial. Cancer Res., 60: 6359 – 6366, 2000.
42. Hall, A. R., Dix, B. R., O’Carroll, S. J., and Braithwaite, A. W. p53-dependent cell
death/apoptosis is required for a productive adenovirus infection. Nat. Med., 4:
1068 –1072, 1998.
43. Rothmann, T., Hengstermann, A., Whitaker, N. J., Scheffner, M., and zur Hausen, H.
Replication of ONYX-015, a potential anticancer adenovirus, is independent of p53
status in tumor cells. J. Virol., 72: 9470 –9478, 1998.
44. Goodrum, F. D., and Ornelles, D. A. p53 status does not determine outcome of E1B
55-kilodalton mutant adenovirus lytic infection. J. Virol., 72: 9479 –9490, 1998.
45. Turnell, A. S., Grand, R. J., and Gallimore, P. H. The replicative capacities of large
E1B-null group A and group C adenoviruses are independent of host cell p53 status.
J. Virol., 73: 2074 –2083, 1999.
46. Steegenga, W. T., Riteco, N., and Bos, J. L. Infectivity and expression of the early
adenovirus proteins are important regulators of wild-type and 32 ␦E1B adenovirus
replication in human cells. Oncogene, 18: 5032–5043, 1999.
47. Harada, J. N., and Berk, A. J. p53-independent and -dependent requirements for
E1B–55K in adenovirus type 5 replication. J. Virol., 73: 5333–5344, 1999.
48. Hay, J. G., Shapiro, N., Sauthoff, H., Heitner, S., Phupakdi, W., and Rom, W. N.
Targeting the replication of adenoviral gene therapy vectors to lung cancer cells: the
importance of the adenoviral E1b–55kD gene. Hum. Gene Ther., 10: 579 –590, 1999.
49. Stott, F. J., Bates, S., James, M. C., McConnell, B. B., Starborg, M., Brookes, S.,
Palmero, I., Ryan, K., Hara, E., Vousden, K. H., and Peters, G. The alternative
product from the human CDKN2A locus, p14ARF, participates in a regulatory feedback loop with p53 and MDM2. EMBO J., 17: 5001–5014, 1998.
50. Zhang, Y., Xiong, Y., and Yarbrough, W. G. ARF promotes MDM2 degradation and
stabilizes p53: ARF-INK4a locus deletion impairs both the Rb and p53 tumor
suppression pathways. Cell, 92: 725–734, 1998.
51. Pomerantz, J., Schreiber-Agus, N., Liegeois, N. J., Silverman, A., Alland, L., Chin,
L., Potes, J., Chen, K., Orlow, I., Lee, H. W., Cordon-Cardo, C., and DePinho, R. A.
The Ink4a tumor suppressor gene product, p19Arf, interacts with MDM2 and neutralizes MDM2’s inhibition of p53. Cell, 92: 713–723, 1998.
52. Ries, S. J., Brandts, C. H., Chung, A. S., Biederer, C. H., Hann, B. C., Lipner, E. M.,
McCormick, F., and Michael Korn, W. Loss of p14ARF in tumor cells facilitates
replication of the adenovirus mutant dl1520 (ONYX-015). Nat. Med., 6: 1128 –1133,
2000.
53. Babiss, L. E., Ginsberg, H. S., and Darnell, J. E., Jr. Adenovirus E1B proteins are
required for accumulation of late viral mRNA and for effects on cellular mRNA
translation and transport. Mol. Cell. Biol., 5: 2552–2558, 1985.
54. Pilder, S., Moore, M., Logan, J., and Shenk, T. The adenovirus E1B–55K transforming polypeptide modulates transport or cytoplasmic stabilization of viral and host cell
mRNAs. Mol. Cell. Biol., 6: 470 – 476, 1986.
55. Dobbelstein, M., Roth, J., Kimberly, W. T., Levine, A. J., and Shenk, T. Nuclear
export of the E1B 55-kDa and E4 34-kDa adenoviral oncoproteins mediated by a
rev-like signal sequence. EMBO J., 16: 4276 – 4284, 1997.
56. Gabler, S., Schutt, H., Groitl, P., Wolf, H., Shenk, T., and Dobner, T. E1B 55kilodalton-associated protein: a cellular protein with RNA-binding activity implicated
in nucleocytoplasmic transport of adenovirus and cellular mRNAs. J. Virol., 72:
7960 –7971, 1998.

