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Previous studies by our group showed that infection of human and rodent cells by human adenovirus type
5 (Ad5) results in the induction of p53-independent apoptosis and cell death that are dependent upon
transactivation of early region 4 (E4). To identify which E4 products are involved, studies were conducted with
p53-deficient human SAOS-2 cells infected with various Ad5 E4 mutants. An E4orf6-deficient mutant was
defective in cell killing, whereas another that expressed only E4orf6 and E4orf4 killed like wild-type virus,
suggesting that E4orf6 may be responsible for cytotoxicity; however, a mutant expressing only E4orf4 induced
high levels of cell death, indicating that this E4 product may also be able to induce cytotoxicity. To define the
E4 cell death-inducing functions more precisely, cDNAs encoding individual E4 products were introduced into
cells by DNA transfection in the absence of other Ad5 proteins. In cotransfections with a cDNA encoding firefly
luciferase, enzymatic activity was high in all cases except with E4orf4, where luciferase levels were less than
20% of those in controls. In addition, drug selection of several cell types following transfection with retroviral
vector DNA encoding individual E4 products as well as puromycin resistance yielded a large number of cell
colonies except when E4orf4 was expressed. These data demonstrated that E4orf4 is the only E4 product
capable of independent cell killing. Cell death induced by E4orf4 was due to apoptosis, as evidenced by
4*,6-diamidino-2-phenylindole (DAPI) staining of cell nuclei in E4orf4-expressing cells. Thus, although E4orf6
may play some role, these results suggested that E4orf4 may be the major E4 product responsible for induction
of p53-independent apoptosis.

Many viruses induce apoptosis as part of their natural life
cycle (67). Killing of infected cells by this process is advanta-
geous to the virus because it reduces both the inflammatory
response and exposure to the host immune system and degra-
dative enzymes. Human adenoviruses (Ads) have developed
complex processes that regulate both the induction and sup-
pression of apoptosis. Expression of early region 1A (E1A)
products causes a rise in p53 levels, due at least in part to the
stabilization of p53, and induces p53-dependent apoptosis (5,
13, 23–25, 40, 58). Recently we (55) and others (11) mapped
such effects in rodent cells to the region of E1A products
involved in binding the p300 family of cellular transcriptional
modulators. We have also found that in normal human cells,
binding of the retinoblastoma tumor suppressor (RB) family
alone can elicit this effect (55), suggesting that p53 stabilization
may be an unavoidable by-product of the induction of unsched-
uled DNA synthesis caused by complex formation with p300 or
RB family members (30, 81). The occurrence of p53-depen-
dent apoptosis early during infection would severely reduce
virus production and thus limit the spread of virus in the
infected host. E1A is oncogenic in rodent cells, but its ability to
yield stable transformants is greatly limited by this p53-depen-
dent cell death. Ads have evolved at least three individual viral
products that suppress p53-dependent pathways and thus pro-
mote viral replication and cell transformation. Early region 1B
(E1B) encodes two such proteins. The E1B 55-kDa protein
binds to p53 (62) and blocks both p53-mediated activation of

gene expression (68, 69, 79–81) and apoptosis (41, 68). The
E1B 19-kDa protein appears to suppress apoptosis by a mech-
anism functionally analogous to that of the cellular proto-
oncogene product Bcl-2 (4, 49, 56, 78). Cells infected with Ad
mutants that fail to express the 19-kDa protein display en-
hanced cytotoxicity and extensive degradation of both cellular
and viral DNA into nucleosome-sized fragments, a character-
istic of apoptosis (17, 49, 52, 65, 77, 78). Recently, the orf6
protein encoded by early region 4 (E4orf6) has also been found
to bind to and inactivate p53 (15, 54). Such interactions block
p53-dependent transactivation activity (15, 48) and induce the
rapid degradation of p53 protein (48, 54).

In addition to p53-dependent apoptosis, both our group (70)
and Subramanian et al. (66) showed that in the absence of
E1B, E1A products also cause p53-independent cell death. We
found (71) that such cell death exhibited all of the hallmarks of
apoptosis, including degradation of DNA to nucleosome-sized
fragments, extensive chromosomal condensation, and forma-
tion of cytoplasmic vacuoles (36, 65). This effect was found to
rely on the ability of the large E1A protein to transactivate E4
(42), suggesting that one or more E4 products may be cyto-
toxic. Furthermore, in the presence of E1B, cell killing at the
final stages of the infectious cycle was prevented or greatly
delayed in the absence of E4 products (42), suggesting that this
E4-dependent, p53-independent apoptosis may represent a
major mechanism for the ultimate death of the infected cell
and spread of progeny virions.

Figure 1 shows that E4 encodes seven known proteins as
determined by analysis of cloned cDNAs deriving from several
open reading frames (orfs) (18, 29, 72). E4orf6 is a 34-kDa
protein that is involved in host shutoff and transport of viral
late mRNAs following complex formation with the E1B 55-
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kDa polypeptide (7, 9, 53, 59, 60). As noted above, E4orf6 also
binds to and inactivates p53 (15, 54) and can cooperate with
E1A to enhance cell transformation (48). E4orf3 is an 11-kDa
species that also interacts with the E1B 55-kDa protein (38)
and is associated with the nuclear matrix (38, 61). It is involved
in accumulation of late viral mRNA (16, 62) and, along with
E4orf4 and E4orf6, appears to affect viral DNA synthesis (18).
E4orf6/7 is a 17-kDa species that binds as a homodimer to
transcription factor E2F to promote E2 promoter activity by
ensuring correct spacing and orientation (12, 31, 43, 47, 50, 57).
E4orf4 is a 14-kDa species that has been reported to bind to
and activate protein phosphatase 2A (35). It may play a role in
the regulation of DNA synthesis (8) and AP-1 activity (46).
Mutants defective for E4orf4 produce an enhanced cytopathic
effect (46). E4orf1 of Ad9 appears to be capable of cell trans-
formation (32, 33, 73–75), possibly through the formation of
complexes with several unidentified cellular proteins (75). Lit-
tle is known about the E4orf2 or E4orf3/4 products. In the
present studies, we found that E4orf4, even when expressed in
the absence of other viral proteins, is highly cytotoxic, although
E4orf6 may also play some role in Ad-induced cell death.

MATERIALS AND METHODS

Cells and viruses. Human SAOS-2 cells (ATCC HTB 85) that are deficient for
p53 (and pRB) expression were cultured on 60-mm-diameter dishes (Corning
Glass Works, Corning, N.Y.) in alpha-modified minimal essential medium sup-
plemented with 10% fetal calf serum, as were LR73 Chinese hamster ovary
(CHO) cells, human HeLa cells, 293 cells, and Ad5 E1A-expressing 1A.A3 and
1A.A6 mouse embryo fibroblast cells that were derived from p53-null mice and
grown under selective conditions in the presence of 100 mg of hygromycin per ml
(39). Normally, cells were infected with mutant or wild-type Ad5 at a multiplicity
of infection of 35 PFU per cell (if subjected to titer determination on 293 cells)
or 10 PFU per cell (if subjected to titer determination on W162 cells), as
described previously (69). The virus used as wild type has been described by
Harrison et al. (28). Ad5 E4 mutants are illustrated in Fig. 1 and include dl1019
and dl1011, which express no E4 products; dl1013, which expresses only E4orf4
and E4orf6; dl1014, which expresses only E4orf4; dl1015, which expresses only

E4orf3 and E4orf4; dl1010, which expresses all E4 products except E4orf6; and
dl359 (26), which is defective for E4orf4 alone. The profiles of these mutants in
terms of expression of E4orf4, E4orf6, and E4orf6/7 were confirmed by Western
blotting analysis with antisera that recognize these viral products. All these
mutants were propagated on W162 monkey cells, as described previously (6),
with the exception of dl359, which was grown on 293 cells (21).

Ad vectors expressing E4 products. cDNAs expressing E4orf6 (or other E4
products) were subcloned into pCA14, a cytomegalovirus (CMV) promoter-
containing plasmid that was then used to produce Ad vectors expressing E4
products (AdE4orf6, AdE4orf1, etc.), as previously described (1, 41, 54).

Cell viability assays. Cells were infected with wild-type or mutant Ad5 in
24-well plates containing cells at about 80% confluence. At various times fol-
lowing infection, adherent and nonadherent cells were pooled and viability was
assessed by trypan blue exclusion. At least 300 cells were counted at each time
point.

Plasmids. cDNAs expressing individual E4 products were obtained from
Goran Akusjärvi, who showed that they all yielded appropriate mRNA products
(51). The E4 cDNAs were subcloned into the multicloning site of pcDNA3, a
CMV-driven mammalian expression vector that also expresses the neo drug
resistance gene (Invitrogen). From pcDNA3, the E4-specific cDNAs were sub-
cloned into pBABEpuro (45), a retrovirus expression vector that contains the
puromycin drug resistance gene. In addition, a hemagglutinin (HA) epitope tag
was inserted at the 59 end of the E4orf4 coding sequence by standard PCR
techniques (10). The HA tag was found to have no effect on the ability of E4orf4
to induce cell killing (37). The Rous sarcoma virus LTR-driven luciferase plas-
mid used in the firefly luciferase assay has been described previously (20).

Luciferase assay. The luciferase killing assay was carried out with 1A.A3 or
1A.A6 cells plated the day before at a density of 1.5 3 105 cells per well in
six-well plates. The DNA mixture was introduced into cells by calcium phosphate
transfection (22) and consisted of 0.5 mg of Rous sarcoma virus LTR-driven
luciferase plasmid DNA and 3 mg of pcDNA3 plasmid DNA (or pcDNA3
containing an E4 orf), with 2.5 mg of sonicated salmon sperm DNA as a carrier.
The cells were harvested 48 h posttransfection, and luciferase activity was de-
termined after freeze-thaw disruption of the cells, as described previously (36).

Cell colony-forming assays. Mouse 1A.A3 and 1A.A6 cells and human
SAOS-2 and HeLa cells were plated at a density of 10% in six-well dishes, and
each well was transfected with 1.5 mg of DNA from pBABEpuro (or an E4-
containing derivative) and 1.5 mg of sonicated salmon sperm DNA carrier. The
cells were replated 48 h posttransfection on 100-mm dishes in the presence of
puromycin (1 mg/ml). Two weeks after the onset of drug selection, the cells were
fixed in methanol-acetic acid (3:1, vol/vol) and stained with Giemsa (0.15 mg/ml
in phosphate-buffered saline [PBS]) and colonies were counted.

Analysis of DNA content by DAPI staining. CHO and human 293 cells were
transfected with 12 mg of DNA from pcDNA3 expressing HA-tagged E4orf4
together with 3 mg of pHOOK vector DNA (Invitrogen), and 24 h after trans-
fection the cells were magnetically sorted by using Capture-Tec beads (Invitro-
gen) to isolate pHOOK-expressing cells. The cells were then plated on glass
coverslips, and 24 h later they were washed in PBS containing 1 mM MgCl2 and
then fixed for 20 min in 3.7% formaldehyde in PBS. The cells were permeabilized
in 0.02% Triton X-100–PBS for 5 min, after which mouse anti-HA HA.11
(Babco) was added followed by Texas Red-conjugated anti-mouse immunoglob-
ulin G (Molecular Probes) to detect HA-orf4. The nuclear morphology of the
cells was analyzed by DNA staining with 49,6-diamidino-2-phenylindole dihydro-
chloride (DAPI) (Molecular Probes).

Antisera and immunoblotting. HeLa cells growing in 60-mm-diameter dishes
were infected with wild-type or E4 mutant Ad5, and at 16 h postinfection (p.i.)
the cells were harvested by scraping into PBS, washed, and lysed in 10 mM
HEPES–KOH (pH 7.4), containing 142 mM KCl, 5 mM MgCl2, 1 mM EDTA,
and 0.2% Nonidet P-40. Clarified cell extracts were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis with 50 mg of protein per lane. Sep-
arated proteins were transferred to nitrocellulose, and the filters were immuno-
blotted with appropriate antibodies. For E1A proteins, mouse monoclonal an-
tibody M73 (27) was used at a 1/2,000 dilution. For E4orf4, a rabbit polyclonal
antibody raised against the carboxy terminal 28 residues fused to glutathione
S-transferase was prepared for this study and used at a 1/200 dilution. For
E4orf6, a rabbit polyclonal serum raised against the amino-terminal 46 residues
of E4orf6 fused to glutathione S-transferase was used at a 1/500 dilution.

RESULTS

Analysis of cell killing by Ad5 E4 mutants. Previous studies
indicated that in the presence of E1A proteins, one or more E4
products were required for Ad5 E1A-induced p53-indepen-
dent apoptosis (42). To identify which E4 products are in-
volved in this p53-independent cell killing, experiments were
carried out with various E4 mutants. It was not possible to
examine rapid cell killing that occurs in the absence of E1B
because E1B-E4 double mutants were not available and were
difficult to construct. Therefore, human p53-deficient SAOS-2

FIG. 1. Ad5 E4 and E4 mutants. At the top is right end of the Ad5 genome
including positions in base pairs and map units. The locations of two SmaI
restriction enzyme sites used in the preparation of E4 mutants are also pre-
sented. Below are the positions of several open reading frames for E4 proteins
that are encoded from right (amino terminus) to left (carboxy terminus). At the
bottom are the structures of several E4 deletion mutants. The E4 proteins
expressed by these mutants are summarized at the right.
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cells were infected with wild-type Ad5 or with mutants with
defects in the E4 coding region and cell viability was measured
by exclusion of trypan blue stain. These viruses all express
wild-type E1B products, and thus cell death did not occur until
late during infection. Figure 2A shows, as found previously
(42), that wild-type virus began to kill cells at about 125 h p.i.
and that by 240 h p.i. virtually all the cells were dead, whereas
with mutants dl1019 and dl1011, which produce no E4 prod-
ucts, the cells remained almost as viable as in mock-infected
cultures. A similar effect was also noted with mutant dl1010
that expresses all E4 products except E4orf6. Cell killing by
mutant dl1013, which expresses only E4orf6 and E4orf4, was
similar to that by wild-type virus. These results suggested that
E4orf6 may be involved in Ad5-induced cell death but left
open the possibility that E4orf4 also plays some role.

Figure 2B shows the results of a similar experiment with
additional E4 mutants. Again, mutant dl1019 failed to kill
infected cells as efficiently as did mutant dl1010, which pro-
duces all E4 products except E4orf6; however, mutant dl1014,
which produces only E4orf4 and none of the other E4 prod-
ucts, killed quite efficiently. Infection with mutant dl1015,
which produces only E4orf4 and E4orf3, also resulted in sig-
nificant cell killing, although over several experiments (data
not shown), this killing was always found to be somewhat
delayed relative to that by wild-type virus or dl1014. These

results indicated that in virus-infected cells E4orf4 alone is able
to support efficient cell death and that the presence of E4orf3
might limit this effect somewhat. Thus the data in Fig. 2 sug-
gested that in virus-infected cells E4orf4 and E4orf6 may syn-
ergize to produce efficient cell killing. E4orf4 appears to har-
bor the major killing activity; however, this effect seems to be
reduced by another E4 product in the absence of E4orf6.
Although the toxic effect of E4orf6 was not tested directly in
these experiments, studies that address this issue have been
performed (see below). In addition, we were aware of a pre-
vious report (46) suggesting that mutant dl359, which expresses
all E4 products except E4orf4, produces a greater cytopathic
effect than wild-type virus (see below and Fig. 8).

Analysis of cell killing by individual E4 products. To exam-
ine the specific potential of E4 products to induce cell death,
cDNAs expressing individual E4 products were subcloned into
plasmid pcDNA3, which expresses inserts under the CMV
promoter. Previous studies (51) indicated that these cDNAs
express appropriate E4 mRNAs. We have confirmed directly
by Western blotting analysis that high levels of E4orf4, E4orf6,
and E4orf6/7 proteins are synthesized from the corresponding
constructs (data not shown). DNA from these plasmids was
used to cotransfect p53-null 1A.A3 and 1A.A6 cells expressing
Ad5 E1A products, along with DNA encoding firefly lucif-
erase, and after 48 h the cell extracts were assayed for lucif-

FIG. 2. Viability of SAOS-2 cells infected with mutant and wild-type (wt) Ad5. p53-deficient human SAOS-2 cells were mock infected or infected with wild-type
Ad5 or a series of mutants which contain defects in E4, and at various times following infection they were tested for viability by a trypan blue exclusion assay, as
described in Materials and Methods. The results are presented as the logarithm of the percentage of viable cells. Panels A and B show two separate representative
studies involving two sets of E4 mutants.
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erase activity. It was assumed that high luciferase activity was
consistent with a low degree of cell killing, whereas if extensive
cell death occurred, luciferase activity would be reduced. Fig-
ure 3 shows the combined results of five separate experiments.
Cells cotransfected with plasmids expressing E4orf1 or E4orf2
exhibited luciferase activities equal to or slightly greater than
did cells cotransfected with pcDNA3 alone, suggesting that
these E4 products were not highly toxic. Coexpression of
E4orf3 resulted in considerably increased levels of luciferase
activity. E4orf3 is known to induce effects on mRNA metabo-
lism and splicing (6, 7), and thus this increase may have re-
sulted from an enhancement of expression of luciferase mRNA
from the CMV promoter (see below). Coexpression of
E4orf6/7 reduced luciferase activity by a modest amount. In-
terestingly, coexpression of E4orf6 generally had little effect on
luciferase activity, although in some experiments a modest
reduction was observed. For E4orf4, luciferase activity was
reduced by 80 to 90%, suggesting that this E4 product might
induce cell death. Coexpression of both E4orf4 and E4orf6
resulted in even slightly lower levels (data not shown). Thus,
these data were consistent with the conclusion that E4orf4 is
the only E4 product capable of inducing p53-independent cell
death when expressed alone. Interpretation of these assays
assumed that the E4 products had no direct effect on luciferase
expression from the CMV promoter, but this may not be the
case. As already described above, increased luciferase activity
found with E4orf3 may have resulted from an increase in
luciferase expression. Effects of this nature with other E4 prod-
ucts might also affect our ability to interpret cell killing accu-
rately. For example, E4orf4 has been shown to reduce tran-
scription from certain promoters (2, 35), although there is no
evidence that the CMV promoter is affected. In addition,
E4orf6, in association with the E1B 55-kDa protein, plays a
role in enhancing viral mRNA stability and transport (6, 7, 14,
19), and thus cell killing by this protein might be balanced by
a concomitant increase in luciferase expression. Clearly, an
assay which more directly assesses cell death was warranted.

One approach was to construct Ad vectors that express each
of the E4 products. Such vectors were easily constructed for
E4orf1, E4orf2, E4orf3, and E4orf6/7. Only a single plaque was
obtained for E4orf6 during five separate attempts; however, as
shown previously, such a construct, AdE4orf6, was produced
and shown to express wild-type E4orf6 at levels about two- to
threefold higher than in Ad5-infected cells (reference 54 and
data not shown). We were unable to generate a vector express-
ing E4orf4 even after many attempts, as might be expected if
E4orf4 is highly toxic. The Ad vectors were used to infect
SAOS-2 cells; however, none caused any cytopathic effect even
after many days (data not shown). Because the data presented
above indicated that E4orf6 might play a role in inducing cell
death, the AdE4orf6 vector was studied in more detail.
SAOS-2 cells were infected with AdE4orf6 or with wild-type
virus, and cell killing was measured by the trypan blue exclu-
sion assay as in Fig. 2. Figure 4 shows that cell viability was
maintained in AdE4orf6-infected cells to a level similar to that
in mock-infected cells, whereas with wild-type virus, cell death
occurred as before. These results confirmed that E4orf6, which
was expressed at high levels in these cells, possesses little
cytotoxic activity when expressed alone.

The next approach was to measure the effects of E4 products
on colony formation following drug selection. For this assay,
cDNAs encoding E4 products were inserted into the pBABE
retroviral vector, which also contains the gene for puromycin
resistance, and colony formation was measured following se-

FIG. 3. Analysis of cell killing by measurement of luciferase activity. 1A.A6
cells were cotransfected with pcDNA3 plasmids expressing firefly luciferase and
individual Ad5 E4 proteins. After 48 h the cells were harvested and the extracts
were analyzed for luciferase activity as described in Materials and Methods. The
data represent the average of five separate experiments, each involving duplicate
samples (standard errors are indicated by lines). The luciferase activity obtained
with the pcDNA3 alone control was set at 100%.

FIG. 4. Analysis of cell killing by an Ad vector expressing E4orf6. SAOS-2
cells were infected either with wild-type (wt) Ad5 or with Ad vector AdE4orf6
that expresses only E4orf6. Cell killing was measured by trypan blue exclusion as
in Fig. 2.
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lection by puromycin of transfected 1A.A6 mouse cells and
human SAOS-2 or HeLa cells. Figure 5A shows that colony
formation with mouse 1A.A6 cells following puromycin selec-
tion was similar to that of controls with plasmids expressing all
of the E4 products except for E4orf4, for which colony forma-
tion was inhibited by over 60%. Similar results were also ob-
tained in a more limited study with human SAOS-2 and HeLa
cells (Fig. 5B and C). In these cases, colony formation was
inhibited by 80 to over 90% by E4orf4, although some reduc-
tion was also seen with E4orf6 and E4orf6/7 with SAOS-2 cells.
These data indicated that E4orf4 exhibits the greatest capacity
to block colony formation and that the other E4 products
either had no effect or produced only a modest reduction.
Reduction in colony formation could result either from growth
arrest or from cell killing. We have not made a detailed study
of the properties of the colonies produced with constructs
containing E4orf4; however, most were much smaller than
those produced by controls. Thus, it was possible that these
colonies were produced because of low levels of expression of
E4orf4.

Expression of E4orf4 induces apoptosis. The assays de-
scribed so far indicated that E4orf4 alone among the E4 prod-
ucts exhibited significant effects on luciferase expression and
colony formation that were consistent with cell killing. It was
not possible in these types of experiments to measure cell
death directly, since only a small percentage of cells in such
cultures express E4orf4 introduced exogenously. We believed
from previous studies (42, 69) that the effects caused by E4orf4
were due to p53-independent apoptosis. To determine if ex-
pression of E4orf4 induces apoptosis, CHO cells and human
293 cells were cotransfected with DNA from a pcDNA3 plas-
mid that expresses an HA-tagged version of E4orf4 together
with that of the pHOOK vector. Cells were magnetically sorted
by using Capture-Tec beads to isolate cells expressing

pHOOK. Selected cells were examined both by immunofluo-
rescence with an anti-HA antibody and by DAPI staining. As is
well known, the DAPI technique allows identification of apo-
ptotic cells because of the presence of irregularly shaped nu-
clei, in some cases containing foci of bright fluorescence. Fig-
ure 6 shows representative fields of cells treated by these two
methods. The upper panels in Fig. 6A (CHO cells) and Fig. 6B
(293 cells) show the pattern of immunofluorescence obtained
with anti-HA antibody. Expression of E4orf4 was largely nu-
clear, with some diffuse cytoplasmic staining. The lower panels
show the same fields visualized by DAPI staining. It is clear
that cells that lack detectable levels of E4orf4 exhibited DAPI-
stained nuclei of normal morphology; however, cells that ex-
pressed E4orf4 contained nuclei that either were irregular in
shape or contained brightly stained regions that are character-
istic of highly condensed chromatin. This correlation was con-
sistent throughout the entire cell population. These results
suggested that expression of E4orf4 induces apoptosis. This
contention was confirmed in extensive separate studies with
CHO cell lines expressing E4orf4 under an inducible promoter
(37). Following induction of E4orf4 expression, cells exhibited
a number of changes characteristic of apoptosis, including
rapid cell death, DNA degradation, and the appearance of
phosphatidylserine on the outer cell surface, as shown by stain-
ing with annexin 5. It is clear therefore that E4orf4 is toxic and
induces apoptosis.

Further analysis of the roles of E4orf4 and E4orf6 in cell
killing. The results described above indicated that E4orf4 ap-
peared to be the major E4 product involved in the induction of
p53-independent apoptosis. The question remained of why
mutant dl1010, which encodes E4orf4 but not E4orf6, failed to
kill cells in the experiments in Fig. 2. One explanation was that
in the absence of E4orf6, but in the presence of the other E4
products, expression of E4orf4 could be reduced. To study this
possibility, HeLa cells were infected with wild-type Ad5 or with
the E4 mutant dl1010, dl1013, or dl1015 and at 16 h p.i. the
cells were harvested and extracts were analyzed for the pres-
ence of the E1A proteins and E4orf6 and E4orf4 by immuno-
blotting using appropriate antisera. Figure 7A shows that wild-
type and all mutant viruses contained approximately equal
amounts of E1A products. The levels of E4orf6 (Fig. 7B) and
E4orf4 (Fig. 7C) with dl1013 were somewhat elevated relative
to those of the wild-type. Mutants dl1010 and dl1015 produced
no E4orf6, as expected; however, the levels of E4orf4 were
similar to that seen with the wild type. Similar results were also
obtained with SAOS-2 cells, although the overall levels of all
Ad5 proteins, including E4orf4, were lower than with HeLa
cells (data not shown). Thus, the failure of cell killing by dl1010
must be due to some mechanism other than a reduction in
E4orf4 expression (see Discussion).

Another question relates to the previously observed pheno-
type of cells infected with mutant dl359 that is defective for
E4orf4 expression but wild type for other E4 proteins. dl359
has been reported to elicit a greater cytopathic effect than
wild-type virus, as evidenced by the extensive destruction of
cell monolayers (46). How could E4orf4 represent the major
cytotoxic E4 protein if, in its absence, dl359 elicits this effect?
To examine this question, SAOS-2 cells were infected either
with wild-type Ad5 or with dl359 and cell viability assays were
conducted as in Fig. 2. It should be noted that the kinetics of
cell killing in these experiments cannot be directly compared to
those in Fig. 2 because the viruses used for the present exper-
iment were subjected to titer determination on 293 cells
whereas the viruses used in the experiment in Fig. 2 had to be
subjected to titer determination on monkey W162 cells. For
this assay (as in others), both adherent and nonadherent cells

FIG. 5. Analysis of E4 killing by colony inhibition. E1A-expressing, p53-
minus 1A.A6 cells (A), SAOS-2 cells (B), or HeLa cells (C) were transfected with
the puromycin resistance-containing pBABE retroviral plasmid expressing indi-
vidual E4 products. The cells were plated and then grown in the presence of
puromycin for 14 days, as described in Materials and Methods, after which time
the number of colonies was tabulated. The results are the mean of four (A) or
two (B and C) experiments involving two plates of each E4orf per experiment
(standard error indicated by bars). Colony formation in the presence of pcDNA3,
which varied between about 80 and 120 per plate, was set at 100%.
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were collected and examined. It was readily apparent by mi-
croscopic examination that in dl359-infected cultures, cells be-
gan to round up and detach much earlier than did those in-
fected with wild-type virus, so that by about 60 h p.i., when
most of the cells in wild-type-virus-infected cultures remained
attached, a large percentage of mutant-infected cells had al-
ready detached (data not shown). Nevertheless, Fig. 8A shows
that in terms of cell viability, dl359-infected cells did not die
more rapidly than those infected with wild-type virus but,
rather, that death was considerably delayed. As found previ-
ously (46), Fig. 8B shows that expression of both E4orf6 and
E4orf6/7, as detected by immunoblotting with an antiserum
that recognizes the amino terminus of both of these proteins,
was higher in dl359-infected cells than in those infected with
wild-type Ad5. This effect is believed to be due to the role of
E4orf4 in reducing expression of E4 transcripts (2, 3, 76). Thus,
while it appeared that dl359 did cause the early detachment of
cells from the monolayer, the cells that were released were still
viable, at least by the criterion of trypan blue exclusion. These
results were entirely consistent with a major role for E4orf4 in
cell killing. The data also clearly suggested that additional
mechanisms for the generation of cytopathic effects that in-

volve other E4 proteins and/or additional viral products must
exist.

DISCUSSION

The major goal of the present studies was to establish which
Ad5 E4 products are responsible for the induction of p53-
independent apoptosis. Analysis of cell death induced by E4
mutant viruses in the presence of E1B yielded a somewhat
paradoxical result. Cell death was inhibited by using a mutant
that produced all E4 products except E4orf6, suggesting that
this product plays a role in cytotoxicity. A mutant expressing
only E4orf6 and E4orf4 killed infected cells as efficiently as did
wild-type virus; however, a high degree of cell killing was ob-
tained with a virus expressing E4orf4 as the only E4 product.
These results clearly indicated that E4orf4 was sufficient
among E4 products for induction of cell death. We recognize
that analyses involving virus-infected cells may be complicated
by the effects of multiple viral products that may affect E4orf4-
dependent cell death or that may participate in parallel death
pathways. It is unlikely that results obtained with E4 mutant
viruses can be explained by differences in the kinetics of the

FIG. 6. CHO (A) or 293 (B) cells were transfected with plasmid pcDNA3 expressing an HA-tagged version of E4orf4 together with the pHOOK plasmid to facilitate
magnetic sorting of transfected cells (see Materials and Methods). After sorting, the cells were analyzed either by immunofluorescence with an antibody directed against
HA or by staining for DNA with DAPI. A single representative field for each cell line is presented.
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early phase of the infectious cycle, since previous studies indi-
cated that such mutants exhibit only slight or moderate delays
relative to wild-type virus (6). In fact, these earlier studies
indicated that the largest effects on progression of the early
phase were with dl1014, which killed almost as well as did the
wild type. In addition, successful entry into the late phase does
not appear to be critical for killing, since our previous work
showed that such killing could be demonstrated in infected
rodent cells that fail to replicate virus and express significant
levels of late viral products (42, 70). We are still uncertain
about the roles of other E4 products, but the simplest expla-
nation is that in virus-infected cells, E4orf6 may enhance kill-
ing by E4orf4, perhaps by counteracting the effects of one or
more of the other E4 products that may suppress this effect.
Such suppression was seen to some degree with mutant dl1015,
which expresses only E4orf4 and E4orf3 and caused cell death
slightly more slowly than did dl1014, which produces only
E4orf4. The molecular basis for such suppression is unclear.
One possibility was that in the absence of E4orf6 the levels of
expression of E4orf4 were reduced, thus limiting the toxic
effects of the virus; however, this did not appear to be the case,
since the level of E4orf4 synthesized in mutant-infected cells
was similar to that obtained with wild-type virus (Fig. 7). It
would be of interest to identify which of the E4 products
suppresses E4orf4-dependent cell death and how E4orf6
blocks this inhibition or otherwise promotes cytotoxicity.
E4orf6 is a multifunctional protein and plays a role in the
regulation of p53 function and stability (15, 44, 48, 54, 55, 60);
it cooperates with the E1B 55-kDa protein in the regulation of
late viral mRNA transport and host cell shutoff (14, 19). Gen-
eration of the appropriate E4orf6 mutants should permit the
mapping of the E4orf6 effect.

E4orf4 was found to induce apoptosis when expressed alone
in the absence of all other Ad5 products. The induction of

apoptosis was confirmed by the appearance of abnormal
DAPI-stained nuclei in E4orf4-expressing cells. In separate
studies involving continuous CHO cell lines expressing E4orf4
under an inducible promoter, we found that expression of
E4orf4 induces cell death associated with classic morphological
changes, degradation of DNA into nucleosome-sized frag-
ments, and an exchange of phosphatidylserine from the inside
to the outside of the plasma membrane as visualized by stain-
ing with annexin 5 (37). All of these properties are specific
characteristics of apoptosis. Additionally, recent work by
Shtrichman and Kleinberger has shown that 293, H1299, and
transformed NIH 3T3 cells undergo apoptosis in response to
E4orf4 expression (64). Previous studies showed that E4-de-
pendent cell death was due to p53-independent apoptosis (42,
70), and it is likely that E4orf4-induced apoptosis is also un-
related to p53 status since it occurred in both CHO cells that
contain very low endogenous levels of p53 and in 293 cells that
express high levels of p53 due to the presence of E1A and E1B
products (reference 37 and this report).

The role of E4orf6 in promoting cell death remains unclear.
Like the other E4 products, E4orf6 exhibited little cytotoxicity
when expressed in the absence of other viral products. As
discussed above, perhaps its role is simply to enhance E4orf4-
dependent cell death. It is also possible that, in the context of
viral infection, it plays a more direct role in cell killing. Mutant
dl359, which is defective in E4orf4, yielded an interesting phe-
notype. As found previously (46), dl359-infected cells exhibited
a greater cytopathic effect than did wild-type-Ad5-infected
cells; however, we found that the cells that detached rapidly
from the cell monolayer were not dead by the criterion of
trypan blue exclusion but, rather, took longer to die than did
those from wild-type-infected cultures. These results sup-
ported the conclusion that E4orf4 is a major inducer of cell
death, but they also indicated that other mechanisms for Ad5-
induced cytopathogenicity must exist. One product that has
been implicated in cell death is the E3 14.7-kDa product or
“adenovirus death protein” (71). Its role in this process re-
mains unclear, but the absence of cell death with many of the
E4 mutants described in Fig. 2 suggests that it may function in
cooperation with E4 products. It is known that E4orf4 sup-
presses E4 transcription (2, 3, 35, 76), and thus with dl359,
expression of E4orf6 and E46/7 was found to be somewhat
elevated (Fig. 8). It is possible that these higher levels of
E4orf6, perhaps in combination with one or more additional
early or late viral proteins, result in a second form of Ad5-
induced cytotoxicity.

The major finding in the present work remains the ability of
E4orf4 to induce p53-independent apoptosis independently.
The only biochemical function associated with this E4 product
is its ability to bind to and activate the trimeric form of PP2A.
This activity appears to account for the role of E4orf4 in
regulating E4 expression through the dephosphorylation of
transcription factors required for E4 mRNA production (2, 3)
and/or members of the mitigen-activated protein kinase family
which phosphorylate a site on E1A products required for ef-
ficient transactivation of the E4 promoter (76). Induction of
cell death could relate to induction of protein phosphatase 2A
or to some other unidentified function of E4orf4. Studies to
identify the biochemical function of E4orf4 involved in induc-
tion of apoptosis are under way. It should be noted that be-
cause this effect is independent of p53, E4orf4 or derivatives
that function in a similar fashion might be amenable to the
development of reagents for the treatment of p53-null human
cancers.

FIG. 7. Analysis of viral protein expression with wild-type and E4 mutant
Ad5. HeLa cells were infected by wild-type Ad5 or mutants dl1010, dl1013, or
dl1015 and harvested at 16 h p.i. Cell extracts were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, transferred to nitrocellulose, and im-
munoblotted. (A) Anti-E1A M73 monoclonal antibody. (B) Anti-E4orf6 serum.
(C) Anti-E4orf4 serum.
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