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ABSTRACT We previously have shown that adenovirus
type 5 E4orf4 protein associates with protein phosphatase 2A
(PP2A) and induces apoptosis in transformed cells in a
p53-independent manner. Here we show that the interaction
between E4orf4 and PP2A is required for induction of apo-
ptosis by the viral protein. This conclusion is supported by a
mutation analysis of E4orf4 protein, showing a correlation
between the ability to bind PP2A and to induce apoptosis, and
by the observation that transfection of an antisense construct
of the PP2A-B55 subunit reduces expression of the PP2A-B55
subunit and inhibits induction of apoptosis by E4orf4, but not
by p53. The mutant analysis also indicates that even a low level
of interaction with PP2A is sufficient to initiate the E4orf4
apoptotic pathway. In addition, E4orf4 inhibits cellular trans-
formation by various oncogenes, and this function is coupled
to its ability to induce apoptosis. Furthermore, expression of
oncogenes in primary cell cultures sensitizes these cells to
induction of apoptosis by E4orf4. Our results suggest that
E4orf4 is a potentially useful tool for cancer gene therapy.

The adenovirus type 5 E4orf4 protein has been shown to affect
several cellular processes, including down-regulation of virally
induced signal transduction, regulation of gene expression, and
induction of apoptosis.

Previous work has shown that the adenovirus E1A proteins
and cAMP cooperate to induce the accumulation of activator
protein 1 (AP-1) transcription factor by activating transcrip-
tion of the cellular c-fos and junB genes that encode the AP-1
components. The induced AP-1 activates transcription of early
adenovirus genes through AP-1 and activating transcription
factor sites in adenoviral promoters (1). The induction of AP-1
by E1A plus cAMP is counterbalanced by the 14-kDa adeno-
virus E4orf4 protein whose levels rise upon stimulation by E1A
and cAMP (2). E4orf4 reduces AP-1 levels at both the
transcription and the translation levels (2). E4orf4 activities
also result in hypophosphorylation of E1A and c-fos proteins
(2), and as a consequence of the cumulative E4orf4 effects, its
own promoter is down-regulated as well (3). In addition to its
effect on transcription and translation, E4orf4 has been re-
ported to affect differential splicing of adenovirus late mRNA
(4).

Recently, we and others have shown that E4orf4 protein
induces p53-independent apoptosis in several transformed cell
lines (5–7). As a result, the ability of transformed cells to form
colonies was inhibited in the presence of E4orf4 (5). It has
been reported that induction of apoptosis in Chinese hamster
ovary cells by E4orf4 does not involve activation of zVAD-
fmk-sensitive caspases (6).

When investigating the mechanisms underlying E4orf4 ac-
tion, we have found that the E4orf4 protein binds several
cellular proteins, one of which is protein phosphatase 2A
(PP2A) (8). We and others have further shown that the
E4orf4-PP2A interaction plays a role in down-regulation of
stimulated transcription (3, 8) and of alternative splicing (4).
Furthermore, a mutant E4orf4 protein that lost the ability to
induce apoptosis also has lost its ability to bind PP2A (5). Thus,
the interaction between E4orf4 and PP2A may be important
for the induction of apoptosis by E4orf4.

PP2A is a serineythreonine phosphatase that plays a role in
several cellular processes, including cell division, signal trans-
duction, gene expression, and development (9). PP2A consists
of three subunits. Two of them, the 36-kDa catalytic C subunit
and the 63-kDa regulatory A subunit, form the core enzyme,
and the B subunit binds the core enzyme to form the holoen-
zyme. The A and C subunits both exist as two isoforms (a and
b), which are closely related, whereas the B subunit is variable,
and its multiple isoforms belong to three gene families, ByB55y
PR55, B9yB56yPR61, and B99yPR72yPR130 (10–12). The B
subunit also is replaceable by viral proteins, such as the simian
virus 40 small t antigen and the polyomavirus small and middle
T antigens (13). Adenovirus E4orf4, however, is found in a
complex with the complete holoenzyme and binds directly to
the B55 subunit (8).

Reversible phosphorylation plays a role in control of apo-
ptosis, as it does in most other cellular events. Various kinases,
which participate in signal transduction pathways, were shown
to affect apoptosis (14), and numerous reports demonstrated
the involvement of inhibitors of protein phosphatases in
induction of cell death (15, 16) or in inhibition of apoptosis
induced by multiple signals (17, 18). Two recent reports link
PP2A more directly to the process of apoptosis. The PP2A-A
subunit was reported to interact with caspase-3, one of the
caspase family involved in the execution of programmed cell
death. PP2A-A was cleaved by caspase-3, concurrent with
increased PP2A activity toward a peptide substrate (19). PP2A
also was shown to interact with Bcl-2 and affect its phosphor-
ylation in myeloid cells after addition of survival factors (20).

We set out to determine whether the interaction of adeno-
virus E4orf4 protein with PP2A is required for induction of
apoptosis by E4orf4. Several mutations were introduced into
the E4orf4 gene, and the ability of the mutants to bind PP2A
and induce apoptosis was assayed. The ability of an antisense
PP2A-B construct to prevent induction of apoptosis also was
tested. Because transformed cells are susceptible to E4orf4-
induced apoptosis, cellular transformation may be prevented
in the presence of E4orf4. Hence, we assayed the ability of wt
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and mutant E4orf4 proteins to prevent cellular transformation
by different combinations of oncogenes. We report here that
an interaction with PP2A is required, although may not be
sufficient, for induction of apoptosis and inhibition of onco-
genic transformation by E4orf4. Furthermore, oncogene ex-
pression sensitizes cells to killing by the E4orf4 protein.

MATERIALS AND METHODS

Plasmids and Cells. The following plasmids have been
described: pCMV-E4orf4 or pCMV-A3 (5), the pCMVyneo
vector and pCMV-p53 (21), pBabe-puro (22), the plasmid used
for in vitro translation of PP2A-B subunit (7–1, ref. 23),
BSxcThy1.2 (24), pAd5 XhoI-C (pXC15) containing the left
end (1–15.5 map units) of the adenovirus type 5 genome and
expressing the E1A and E1B proteins (25), pCMV-E1A (26),
and pEJ6.6 encoding mutant Ha-Ras (27). The plasmid
pGEM-7Zf(1) is from Promega. The plasmid expressing
hemagglutinin (HA)-tagged PP2A-B was constructed by fus-
ing 33 HA tags to the carboxyl terminus of PP2A-B55 in
pBabe-puro. The PP2A-B55 subunit was subcloned from
plasmid 7–1 into the pCMVyneo vector in both orientations to
create pCMV-PP2A-B55 and pCMV-PP2A-B55-AS.

Human 293T cells were derived by introducing the simian
virus 40 T antigen into 293 cells. 293 cells are human embry-
onic kidney cells that express Ad5 E1A and E1B proteins (28).
293T cells, the human non-small-cell lung carcinoma H1299
cells (29), and primary cells were cultured in DMEM supple-
mented with 10% FCS.

Mutagenesis. The E4orf4 mutant gene constructs were
obtained by two approaches. Mutations 12, 44, 19, A3, A10,
and A11 were generated by random PCR mutagenesis (30, 31),
a method based on the ability of MN21 to reduce the fidelity
of Taq DNA polymerase. The template DNA plasmid,
pGEM7Zf(1)-E4orf4 and the 59 and 39 oligonucleotide prim-
ers have been described (8). The PCR products were cloned
into pGEM-7Zf(1) (Promega) for sequencing. The mutant
E4orf4 genes subsequently were subcloned into the expression
plasmid pCMV-Neo-Bam (21), in which they are expressed
from the immediate early cytomegalovirus (CMV) promoter.
Mutants R1, R2, R3–2, R3–9, R4, and P20 were obtained by
site-directed PCR mutagenesis. Several amino acids, dispersed
throughout the protein, are conserved in the various serotypes
of adenovirus. Some of these residues were chosen as sites for
targeted mutagenesis, to obtain mutations spanning the entire
protein. Most of the amino acids targeted for mutagenesis were
substituted to alanines. The resulting PCR products were
cloned as described above. In some of the PCR products

additional mutations were introduced by the PCR process. A
summary of the mutations is shown in Fig. 1.

Transfections, Immunoprecipitations, and Western Blot
Analysis. Cells were plated in 60-mm culture dishes, and
transfections were carried out either by the standard method
of calcium phosphate precipitation of DNA (32) for 293T cells
or with Lipofectamine plus reagent (GIBCOyBRL) for all
other cells. Cell extracts were prepared in lysis buffer contain-
ing 50 mM TriszHCl (pH 7.4), 250 mM NaCl, 5 mM EDTA,
0.1% Triton X-100, 0.5% NP-40, 2 mgyml leupeptin, 2 mgyml
aprotinin, and 0.5 mM PMSF. The levels of E4orf4 mutant
proteins were analyzed by Western blot analysis, using a rabbit
polyclonal antibody raised against E4orf4 (5). For immuno-
precipitations, the antibody was covalently bound to the
protein A Sepharose (Amersham Pharmacia) by dimethyl
pymelimidate, as described (33). After immunoprecipitation
with the anti-E4orf4 beads, the immune complexes were
separated on SDSy10% or 15% polyacrylamide gels, and
Western blots were stained with antibodies to the PP2A C or
B55 subunits (10% gels) (5) or to E4orf4 (15% gels). Immune
complexes were detected by chemiluminescence.

Phosphatase Assays. Wild type (wt) and mutant E4orf4
proteins were immunoprecipitated from extracts of transfected
cells. The immune complexes were washed twice with lysis
buffer and once with PP2A buffer (50 mM imidazole, pH
7.2y0.2 mM EGTAy0.02% 2-mercaptoethanoly0.1% BSA).
The immune complexes were incubated with 50 nmol peptide
substrate RRA(pT)VA (34) in PP2A buffer for 60 min at 30°C.
The amount of free phosphate released was measured by a
color reaction generated in the presence of molybdate and
malachite green (35). Okadaic acid was added to some reac-
tions at 4 nM concentration.

In Vitro Translation and Binding to Glutathione S-
Transferase Fusion Proteins. These protocols have been de-
scribed (5, 8).

Flow Cytometry. Cells were cotransfected with E4orf4
mutant constructs and a plasmid expressing the Thy1.2 surface
marker (24) into H1299 cells. At the indicated times, cells were
harvested and stained with a fluorescein-conjugated anti-
Thy1.2 antibody (PharMingen) for 30 min on ice. The cells
then were washed once with PBS containing 1% calf serum
and fixed with methanol for at least 30 min at 220°C. The cells
subsequently were washed in PBS, resuspended in PBS con-
taining 50 mgyml RNase A, and incubated 30 min at 37°C. To
stain the DNA, propidium iodide (Sigma) was added to a final
concentration of 25 mgyml. The DNA contents of the whole-
cell population and the transfected cells were analyzed in a cell
sorter (FACSCalibur, Becton Dickinson).

FIG. 1. Amino acid sequences of E4orf4 mutant proteins. The mutations, in superscript, are arranged from amino to carboxyl terminus. Amino
acids that are conserved in several adenovirus serotypes are noted at the top.
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Fluorescence Microscopy. Cells were subjected to fluores-
cence microscopy as described (5). In each experiment, 100
transfected nuclei were counted.

Cellular Transformation Assays. Baby rat kidney cells were
prepared and transfected as described (36), and the number of
foci was scored 3 weeks later.

RESULTS

Generation of a Collection of E4orf4 Mutants. E4orf4
induces p53-independent apoptosis in several transformed cell
lines (5–7). In Chinese hamster ovary cells, the E4orf4 apo-
ptotic pathway was reported to be insensitive to the broad-
range caspase inhibitor zVAD-fmk (6). Thus, it is of great
interest to uncover the mechanisms underlying E4orf4-
induced apoptosis. Because immunoprecipitation of E4orf4
from adenovirus-infected cells revealed that PP2A is a major
component of the protein complex containing E4orf4 (8), we
asked whether the interaction with PP2A is required for
induction of apoptosis by the viral protein. Several mutant
E4orf4 genes were constructed, by using various approaches
(see Materials and Methods). One group of constructs con-
tained missense mutations (Fig. 1), whereas the other group
contained N- or C-terminal deletions (data not shown). The
missense mutations included substitutions of 21 aa, distributed
throughout the E4orf4 polypeptide. Of the 28 conserved aa in
E4orf4, 11 aa were altered.

Before performing any functional assays with the mutants,
we tested their ability to be expressed in cells. 293T cells were
transfected with plasmids expressing the E4orf4 proteins from
the immediate early CMV promoter, and E4orf4 protein
expression was detected by immunoblot analysis. We used a
polyclonal antibody, generated against the entire E4orf4
polypeptide (5), to facilitate detection of all mutants. Mutants
containing the 12 missense mutations shown in Fig. 1 all were
expressed to comparable levels (data not shown and Fig. 2A).
However, none of the deletion mutants were expressed to
detectable levels (data not shown), and they were not inves-
tigated further.

Analysis of the Ability of the Mutant E4orf4 Proteins to
Interact with PP2A. The mutated E4orf4 cDNAs were trans-
fected into 293T cells, and the mutant E4orf4 proteins were
immunoprecipitated from equal amounts of transfected cell
extracts, by using the polyclonal antibody that recognizes all
mutant proteins. The presence of E4orf4 mutants and PP2A in
the immune complexes was analyzed by Western blots. The
results shown in Fig. 2 A and B indicate that although similar
amounts of the E4orf4 mutant proteins were immunoprecipi-
tated, different amounts of PP2A were present in the immune
complexes. Interestingly, most mutations impaired PP2A bind-
ing to some extent. However, some mutations had a more
profound effect than others. Mutant R3–2, with substitutions
at amino acids 55–57 and 78, bound PP2A at 7% wt efficiency,
whereas PP2A binding to mutant R3–9, with identical substi-
tutions at amino acids 55–57, was reduced to 36% wt binding
levels. Thus position 78 seems to be important to PP2A
binding. The mutation at amino acid 95 in mutant A3 abolished
PP2A binding completely. Mutant 44 with substitutions at
amino acids 19 and 102, bound PP2A at 8% wt levels, whereas
other mutations at the amino terminus of E4orf4 (R1: at amino
acids 9–10; R2: at amino acids 21–23) reduced binding to
51–67% wt levels. Mutant P20 (amino acids 64–66) reduced
PP2A binding to 18% wt levels. All other mutants retained
intermediate (36%: mutant R3–9) to high (103%: mutant 12)
levels of interaction with PP2A. Based on these results, it
appears that an important determinant of the PP2A binding
site is contained between amino acids 78 and 102, and amino
acid 95 is crucial to the E4orf4–PP2A interaction.

We previously have reported that upon immunoprecipita-
tion of E4orf4, the E4orf4–PP2A complex exhibits phospha-

tase activity (8). To further test the ability of the mutants to
retain the activities of the wt protein, we assayed the levels of
phosphatase activity associated with the mutant E4orf4 im-
mune complexes, by using a PP2A-specific phosphopeptide
substrate. Background levels of phosphatase activity were
determined by using an immune complex from a cell extract
lacking E4orf4, or by addition of okadaic acid, a PP2A
inhibitor, to a phosphatase reaction containing immunopre-
cipitated wt E4orf4. Fig. 2 shows that mutants that bound
PP2A at 13- to 14-fold reduced levels (Fig. 2B, lanes R3–2 and
44), were associated with 10-fold reduced levels of phospha-
tase activity (Fig. 2C). Mutant A3, which didn’t interact with
PP2A, did not associate with phosphatase activity above
background levels. Other mutants, which bound PP2A at
intermediate levels, were associated with similar phosphatase
activities, except mutants R1, R2, and 19, which associated
with lower phosphatase levels of activity (21–28% wt levels)
than would have been expected by their physical interaction
with PP2A (51–67% wt levels) (Figs. 2 and 3). Thus, these
results support the conclusion that the E4orf4 domain lying

FIG. 2. Binding of PP2A to E4orf4 mutants. (A) Mutant E4orf4
proteins were immunoprecipitated from 293T cells transfected with
the mutant DNA constructs or the empty CMV vector (CMV). The
immune complexes were detected on a Western blot by antibodies
specific for E4orf4 and the PP2A-C subunit. (B) The intensity of PP2A
binding was determined by densitometry of the Western blot shown in
A. The binding of PP2A to the wt E4orf4 protein was defined as 100%.
Mutants are arranged according to the location of the mutations, from
the amino to the carboxyl terminus. (C) E4orf4 mutant proteins were
immunoprecipitated, and phosphatase activities associated with the
immune complexes were determined. Phosphatase activity associated
with the wt E4orf4 protein was defined as 100%. The average of four
experiments is shown. Background levels were determined either in
the absence of E4orf4 (CMV) or in a phosphatase reaction carried out
in the presence of 4 nM okadaic acid (WT1ok. ac.).
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between amino acids 78 and 102 is required for the E4orf4–
PP2A interaction.

Induction of Apoptosis by the E4orf4 Mutants. We have
shown that the wt E4orf4 protein induced apoptosis in H1299
cells (5), which lack wt p53 expression. These cells were used
further to assay for induction of apoptosis by the mutant
E4orf4 proteins, by using flow cytometric analysis. The cells
were cotransfected by the Thy1.2 cell surface marker (37) and
by the various E4orf4 mutant constructs or an empty vector.
After transfection, the cells were stained with a fluorescent
antibody that recognizes the surface marker, and with pro-
pidium iodide (PI), which stains DNA. Transfected cells
(10–30% of the population) were identified by their high
fluorescence intensity and were analyzed separately for their
DNA content, detected by PI staining. Equal numbers of
transfected cells were analyzed for each mutant. Apoptotic
cells contain degraded DNA, some of which is lost during the
experimental procedure. Thus, apoptotic cells contain less
than 2 N DNA content and appear as a ‘‘sub-G1’’ cell popu-
lation in the fluorescence-activated cell sorter analysis (38).
Induction of apoptosis by the various E4orf4 mutants was
analyzed by quantitating the sub-G1 fraction in the transfected
cell population, and the results are shown in Fig. 3B. Back-
ground levels of apoptosis induction were determined by the
fraction of sub-G1 cells induced by the empty CMV vector or
by the antiapoptotic E1B 19-kDa protein (39). To facilitate
easy comparison between the ability of each mutant to bind
PP2A and to induce apoptosis, the mutants are arranged in Fig.
3 by descending order of the strength of their physical inter-

action with PP2A, as predicted by coimmunoprecipitation
assays. Fig. 3A shows phosphatase activity levels associated
with the mutants, and Fig. 3B demonstrates their ability to
induce apoptosis. For most mutants, the abilities to associate
with PP2A activity and to induce apoptosis were highly cor-
related. Mutant A3, which didn’t bind PP2A, did not induce
apoptosis above background levels. All other mutants induced
from intermediate to high levels of apoptosis. For example,
mutants R1, R2, and 19, which were associated with lower
levels of phosphatase activity (21–28% wt levels), manifested
lower levels of apoptosis (40–50% wt levels). Several mutants
that were associated with high levels of PP2A activity induced
high levels of apoptosis. Only two mutants, R3–2 and 44,
deviated to some extent from the linear correlation between
PP2A binding and induction of apoptosis. They bound an
active PP2A at very low levels (9–12% wt levels, Fig. 3A), but
induced apoptosis to 43–50% of wt levels. These results suggest
that an association between E4orf4 and an active PP2A may be
required for induction of apoptosis, but even low levels of
interaction are sufficient for initiating this pathway.

PP2A Complexes Including the B55 Subunit Are Required
for Induction of Apoptosis by E4orf4. To further examine
whether PP2A is required for induction of apoptosis by E4orf4,
we measured the effect of an antisense construct of PP2A-B55
on expression of the PP2A-B55 subunit and on induction of
apoptosis. The PP2A-B55 subunit was chosen for this assay
because it mediates the interaction between E4orf4 and PP2A
(8). To measure the effect of the antisense PP2A-B55 con-
struct on expression of PP2A-B55 in the cells, a plasmid
encoding HA-PP2A-B55 was cotransfected into H1299 cells
with the sense or antisense PP2A-B55 constructs. The level of
HA-PP2A-B55 proteins in transfected cells was detected by
Western blots. As seen in Fig. 4A, the antisense construct
effectively reduced expression of HA-PP2A-B55 in the trans-

FIG. 3. Induction of apoptosis by E4orf4 mutant proteins. (A) The
results from Fig. 2C are shown again, with the mutants arranged by
descending intensity of their physical interaction with PP2A. (B)
H1299 cells were cotransfected with the cell surface marker (Thy1.2)
and the various E4orf4 mutant constructs. Apoptosis was measured by
determining the levels of sub-G1 cells appearing in the transfected cell
population, stained with the fluorescent Thy1.2-specific antibodies.
Background levels were determined either in the absence of E4orf4
(CMV) or in cells transfected with the antiapoptotic adenovirus
E1B–19-kDa protein. Apoptosis induced by wt E4orf4 (in 25–35% of
the cells, 48 hr posttransfection) was defined as 100%. The average of
four experiments is shown.

FIG. 4. Expression of antisense PP2A-B55 inhibits induction of
apoptosis by E4orf4. (A) Plasmids expressing HA-tagged PP2A-B55
and E4orf4 were cotransfected into H1299 cells with the empty CMV
vector (CMV), or with a plasmid expressing PP2A-B55 in the sense
(B55), or in the antisense (B55-AS) orientation. Expression of HA-
PP2A-B55 was detected by a Western blot. (B) H1299 cells were
transfected as in A, but the transfection mix contained a plasmid
expressing green fluorescent protein and not the HA-tagged PP2A-
B55. pCMV-p53 was used in some experiments instead of E4orf4. The
number of apoptotic cells was determined 48 hr posttransfection by
counting 49,6-diamidino-2-phenylindole dihydrochloride-stained apo-
ptotic nuclei in the transfected cell population. One hundred trans-
fected cells were counted in each experiment. Apoptosis induced by
E4orf4 or p53 was defined as 100%. The average of four experiments
is shown.
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fected cells whereas the sense construct did not. Cell killing
was measured by counting 49,6-diamidino-2-phenylindole di-
hydrochloride-stained apoptotic nuclei in the transfected cell
population, identified by the presence of cotransfected green
fluorescent protein (5). Fig. 4B demonstrates that the anti-
sense construct inhibited apoptosis induced by E4orf4,
whereas the sense construct slightly increased cell killing. The
antisense construct did not inhibit p53-induced apoptosis,
indicating that PP2A is specifically required for E4orf4-
induced apoptosis. These results further support our conclu-
sion that the interaction of E4orf4 with PP2A is required for
induction of apoptosis by the viral protein.

Oncogene Expression Sensitizes Primary Cells to Killing by
E4orf4 Protein. Because E4orf4 induces apoptosis in trans-
formed cells and reduces colony formation by transformed
cells (5), we asked whether oncogenic transformation of
primary cells by various combinations of oncogenes could be
prevented by E4orf4. Baby rat kidney (BRK) cells were
cotransfected with the adenovirus oncogenes E1A and E1B or
with E1A and activated Ras, together with E4orf4 or mutant
A3, and resulting foci of morphologically transformed cells
were counted. Fig. 5A shows one of a series of experiments, in
which wt E4orf4 reduced the number of foci obtained with the
various oncogene combinations by 6.7- to 33-fold, whereas
mutant A3 reduced the foci count by 1.3- to 2.2-fold. The other

mutants reduced transformation of BRK cells to intermediate
levels (data not shown). To test whether the inhibition of
oncogenic transformation was the result of a general toxic
effect, or whether E4orf4 killed transformed cells specifically,
we examined whether E4orf4 kills primary cells in the presence
or absence of oncogenes. Primary cell cultures were trans-
fected with E4orf4, with mutant A3, or with the empty CMV
vector, either with a combination of oncogenes, or without
them. Apoptosis was measured by counting apoptotic nuclei in
the transfected cell population. Fig. 5B shows that E4orf4
induced high levels of apoptosis in the presence of E1A plus
activated Ras, or Myc plus Ras, compared with its low toxicity
in the absence of the oncogenes. Similar results were obtained
in the presence of E1A plus E1B (data not shown). Increased
E4orf4 activity in the presence of oncogenes did not result
from enhanced levels of E4orf4 protein (Fig. 5C) or from
enhanced expression of E1A or Myc (results not shown).
Mutant A3 did not induce apoptosis even in the presence of
oncogenes (Fig. 5B), although it was expressed as well as wt
E4orf4 (Fig. 5C). Thus, expression of oncogenes in primary
cells sensitized them to killing by E4orf4, leading to E4orf4-
induced inhibition of cellular transformation. Furthermore,
the abilities to induce apoptosis and to inhibit oncogenic
transformation were retained by the same set of E4orf4
mutants and correlated with the ability of the mutant E4orf4
proteins to interact with PP2A.

DISCUSSION

The results described in this report reveal two important
aspects of E4orf4-induced apoptosis. First, the interaction
between E4orf4 and PP2A apparently is required for induction
of apoptosis by E4orf4, and second, E4orf4 induces apoptosis
much more efficiently in oncogenically transformed cells, as
compared with untransformed cells, thus leading to a specific
elimination of transformed cells.

The first conclusion is supported by two lines of evidence.
Initially, a mutation analysis of E4orf4 indicated that a cor-
relation existed between the ability of a mutant E4orf4 protein
to bind PP2A and its ability to induce apoptosis. The interac-
tion with PP2A was measured by two types of assays, detection
by Western blots of the physical presence of PP2A-C subunit
in E4orf4-containing immune complexes and measurement of
the level of phosphatase activity associated with the same
immune complexes. Both types of assays indicated that a
region between amino acids 78 and 102 was important for the
binding of PP2A to E4orf4. Mutations in this region (R3–2,
A3, and 44) caused a marked reduction in the ability of the
protein to interact with PP2A and to be associated with a
phosphatase activity measured toward a PP2A-specific phos-
phopeptide substrate (Fig. 2). In addition, regions at the amino
terminus of E4orf4 (mutations R1 and R2 at amino acids 9–10
and 21–23) and at the carboxyl terminus (mutation 19 at amino
acid 105) seemed to affect the phosphatase activity of E4orf4-
associated PP2A (21–28% wt levels) more than they influ-
enced the physical interaction (51–67% wt levels). Thus, these
regions may affect the phosphatase activity once PP2A is
bound to E4orf4. For most mutants, a direct correlation was
found between the ability to associate with an active PP2A and
the ability to induce apoptosis (Fig. 3). A mutant that could not
interact with PP2A at all (A3) lost its ability to induce
apoptosis, and several mutants, which associated with 3.5- to
5-fold decreased PP2A activity (R1, R2, and 19), retained a
reduced ability to induce apoptosis (40–50% wt levels). How-
ever, two mutants retaining 8.3- to 11-fold reduced ability to
bind an active PP2A (R3–2 and 44) still could induce apoptosis
to 43–50% of wt levels. Thus, although the interaction with an
active PP2A may be required for induction of apoptosis, it
seems that even low levels or short durations of interaction are
sufficient to initiate the pathway. The results further suggest

FIG. 5. Oncogenes sensitize primary cells to E4orf4-induced apo-
ptosis. (A) Baby rat kidney cells were transfected with combinations
of oncogenes (E1A plus E1B or E1A plus activated Ras) and with the
empty CMV vector or the vector expressing wt E4orf4 or mutant A3.
The number of foci obtained in the presence of the empty vector was
defined as 100% transformation. (B) The primary cell cultures were
transfected as in A, and a green fluorescent protein-expressing plasmid
was added to the transfection mix for detection of transfected cells.
Apoptosis was measured as in Fig. 4. The average of four experiments
is shown. (C) Proteins extracted from transfected cells were chro-
matographed on 15% SDS gels and the blot was stained with E4orf4-
specific antibodies.
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the possibility that additional E4orf4-associated factors may
cooperate in facilitating E4orf4-induced apoptosis.

The second line of evidence indicating that PP2A is required
for E4orf4-induced apoptosis involves experiments with a
plasmid expressing PP2A-B55 subunit in an antisense orien-
tation. Introduction of this plasmid into cells led to reduced
expression of the endogenous B55 subunit, as represented in
the transfected cells by an HA-tagged PP2A-B55 protein (Fig.
4A). Furthermore, including the antisense construct in the
transfection mix resulted in a dramatic reduction of E4orf4-
induced apoptosis, whereas PP2A-B55 in the sense orientation
slightly increased apoptosis (Fig. 4B). Lower levels of the
antisense construct reduced E4orf4-induced apoptosis to in-
termediate levels (results not shown). Thus, in the absence of
the PP2A-B55 subunit, E4orf4 cannot induce apoptosis. Ex-
pression of the PP2A-B55 antisense construct did not cause a
decrease in p53-induced apoptosis, indicating its specific role
in the E4orf4 apoptotic pathway. Our results support the
conclusion that the interaction with PP2A is required for
initiating the E4orf4 apoptotic pathway, although it may not be
sufficient. Future studies will reveal the relevant PP2A sub-
strates whose altered phosphorylation triggers this pathway.

Many of the E4orf4 mutant proteins, containing alterations
in different regions of the protein, manifested an impaired
ability to interact with PP2A and to induce apoptosis, com-
pared with the wt protein. Furthermore, even small deletions
introduced into the ends of the E4orf4 sequence resulted in
expression of an unstable protein, which could not be detected
in cell extracts. These observations suggest that the confor-
mation of the entire protein is important to its stability and
function. In addition, fusion of some E4orf4 mutants to a
glutathione S-transferase moiety abolished their ability to
interact with PP2A, whereas the same native mutant proteins
retained this ability (data not shown). These results further
support the conclusion that the functional E4orf4 protein is
highly sensitive to any changes in its conformation. As a result,
caution should be exercised when using epitope-tagged con-
structs of wt or E4orf4 mutant proteins.

The second major finding described in this manuscript is that
E4orf4 kills oncogene-expressing cells much more efficiently
than untransformed cells (Fig. 5B). As a result, E4orf4 inhibits
oncogenic transformation by various combinations of onco-
genes, such as E1A plus E1B, E1A plus Ras (Fig. 5A), and Myc
plus Ras (data not shown). It has been reported that E1A
sensitizes cells to drug-induced apoptosis by activating
caspase-9 in E1A-transformed cells (40). It was suggested that
the E1A-induced proapoptotic signal is uncoupled from the
apoptotic machinery, and that the added drug restores the link.
The mechanism by which E4orf4 interacts with the oncogene-
induced latent apoptotic state currently is not understood.
However, caspase-independent mechanisms also may be in-
volved in E4orf4-induced apoptosis, because it has been
reported that E4orf4 induces apoptosis in Chinese hamster
ovary cells by a caspase-independent mechanism (6).

Our results indicate that E4orf4 may have an important
therapeutic potential. A high frequency of human cancers are
p53 deficient, and conventional therapy of these types of
cancer was found to have a poor prognosis, because of their
resistance to DNA damage-activated apoptosis. Hence, dis-
covering alternative therapies for p53-deficient tumors will be
highly beneficial. E4orf4, which induces p53-independent apo-
ptosis and kills transformed cells preferentially, is thus a
candidate for use in cancer gene therapy.
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