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Clinical trials have shown oncolytic adenoviruses to be tumor selective with minimal toxicity toward normal
tissue. The virus ONYX-015, in which the gene encoding the early region 1B 55-kDa (E1B-55K) protein is
deleted, has been most effective when used in combination with either chemotherapy or radiation therapy.
Therefore, improving the oncolytic nature of tumor-selective adenoviruses remains an important objective for
improving this form of cancer therapy. Cells infected during the G, phase of the cell cycle with the E1B-55K
deletion mutant virus exhibit a reduced rate of viral late protein synthesis, produce fewer viral progeny, and
are less efficiently killed than cells infected during the S phase. Here we demonstrate that the G, restriction
imposed on the E1B-55K deletion mutant virus is due to the viral oncogene encoded by open reading frame 1
of early region 4 (E4orfl). E4orfl has been reported to signal through the phosphatidylinositol 3'-Kkinase
pathway leading to the activation of Akt, mMTOR, and p70 S6K. Evidence presented here shows that E4orfl may
also induce the phosphorylation of Akt and p70 S6K in a manner that depends on Racl and its guanine
nucleotide exchange factor Tiaml. Accordingly, agents that have been reported to disrupt the Tiam1-Racl
interaction or to prevent phosphorylation of the ribosomal S6 kinase partially alleviated the E4orfI restriction
to late viral protein synthesis and enhanced tumor cell killing by the E1B-55K mutant virus. These results
demonstrate that E4orfI limits the oncolytic nature of a conditionally replicating adenovirus such as ONYX-
015. The therapeutic value of similar oncolytic adenoviruses may be improved by abrogating E4orf1 function.

Conditionally replicating adenoviruses are a novel class of
biological agents used to treat cancer (57). The E1B-55K de-
letion mutant virus ONYX-015, originally known as dl1520 (4),
is one of the first of such agents (7). H101 is another E/B-55K
deletion mutant adenovirus that is being used for tumor ther-
apy in China (30, 78). We previously reported that cells in-
fected during the G, phase of the cell cycle with EI/B-55K
deletion mutant adenoviruses exhibit a reduced rate of viral
late protein synthesis, produce fewer viral progeny, and are less
effectively killed than cells infected during S phase (34, 35, 66).
These observations indicated that the EIB-55K deletion mu-
tant virus ONYX-015 is restricted in cells infected in G,. This
restriction is significant because a large fraction of cells within
a tumor exist in the G, phase of the cell cycle (71). Here we
show that the G, restriction imposed on the E1B-55K deletion
mutant virus is due to the viral oncogene encoded by open
reading frame 1 of early region 4 (E4orfI).

The E4orfl-encoded protein is a small adapter molecule that
associates with PDZ domain-containing proteins including
MUPP1, PATJ, MAGI-1, ZO-2, and Dlgl (46). PDZ domain-
containing proteins often serve as scaffolds for the assembly of
signaling complexes at the plasma membrane (64). Through its
association with PDZ domain-containing proteins, the E4orfl-
encoded protein promotes signaling through the phosphatidyl-
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inositol 3’-kinase (PI3-kinase) pathway to effectors such as
protein kinase B (Akt), the mammalian target of rapamycin
(mTOR), and the S6 ribosomal protein kinase (p70 S6K) (27,
54). Through these effectors, PI3-kinase alters protein synthe-
sis and cell survival (21, 28). E4orfl is the principal oncogenic
determinant of species D adenovirus type 9 (42). The trans-
forming ability of E4orfl can be blocked by the PI3-kinase
inhibitor LY249002 (27). However, phosphorylation of p70
S6K can also proceed by pathways that are independent of
PI3-kinase or Akt. For example, the Rho-like GTPase Racl
can activate p70 S6K (17). Racl is itself regulated by cellular
factors to which it binds, including the Racl-specific guanine
nucleotide exchange factor T-cell lymphoma invasion and me-
tastasis 1 protein (Tiaml). Tiam1 and the neural tissue-asso-
ciated F-actin-binding protein neurabin II or spinophilin re-
cruit p70 S6K into a complex containing Racl, resulting in
increased phosphorylation of p70 S6K (12, 36, 50). Interest-
ingly, both Tiam1 and neurabin II are PDZ-containing pro-
teins. These observations provided a potential basis by which
E4orfl may modulate protein synthesis and cell survival.

In this report, we show for the first time that E4orf] restricts
the abilities of the E1B-55K deletion mutant virus to produce
viral progeny, to direct viral late protein synthesis, and to kill
tumor cells. Drugs that are reported to prevent phosphoryla-
tion of p70 S6K or to disrupt the interaction between Tiaml
and Racl increase the cell-killing ability of the E1B-55K dele-
tion mutant virus to nearly the same level observed for an
E1B-55K/E4orfl double mutant and the wild-type virus. By
uncovering a role for E4orf] in the course of a lytic adenovirus
infection, this study presents novel genetic and pharmacolo-
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gical means by which the effectiveness of replicating oncolytic
adenoviruses can be improved.

MATERIALS AND METHODS

Cell culture and cell viability. Cervical carcinoma-derived HeLa and adeno-
virus E]-transformed 293 cells were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% newborn calf serum. Non-small-cell lung car-
cinoma-derived H1299 cells and glioblastoma-derived U87 and U251 cells were
maintained in Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum. Cells were maintained and studied at 37°C in a humidified
atmosphere with 5% CO,. Cell culture media, cell culture supplements, and
serum were obtained from Life Technologies (Gaithersburg, MD). Because the
metabolic activity of adenovirus-infected cells appears to vary with the genotype
of the infecting virus (data not shown), surrogate measures of viability that
monitor mitochondrial activity such as the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide or 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphe-
nyl)-2-(4-sulfophenyl)-2H-tetrazolium assay were found to be inappropriate. For
that reason, cell viability was measured by trypan blue dye exclusion (65).

Cell cycle synchronization. Synchronously dividing cells were obtained by a
combination of mitotic detachment and hydroxyurea block as originally de-
scribed in reference 15 with the modifications described in references 35 and 53.
Cells synchronized by this method displayed synchrony (>80% S-phase content
at the appropriate time) for three cycles. Synchronously dividing cells were
infected as the cells passed through the indicated stage of the cell cycle, during
the first hour of S phase (early S phase) or during the first 3 h of G, (early G,).
S-phase-enriched populations of cells were produced by one of two means with
comparable outcomes. First, cells were treated with 1 mM hydroxyurea (Sigma,
St. Louis, MO) in normal growth medium for 24 h; upon replacement of the
medium with normal medium or virus infection medium, the cells resumed
cycling from the G,/S border. Alternatively, cells were exposed to uracil arabi-
noside, which was previously reported to increase the S-phase content of leuke-
mic cells (16). Cells were cultured in normal medium with 0.2 to 0.4 mM uracil
arabinoside (ICN/MP Biomedical, Solon, OH). After 48 h, the medium was
replaced with virus in infection medium. The fraction of cells in S phase was
determined at the time of infection by propidium iodide staining and DNA
analysis by flow cytometry as described previously (35, 53). Each method yielded
a population of viable HeLa cells with at least 80% of the cells in S phase.

Viruses. The wild-type virus used for these studies was dI309 (44). E1B mutant
viruses included dI338 (56a), dI1520 (4), and dI110 (2). The E4orl/E4orf2 double-
mutant virus and the EI1B-55K/E4orfl/E4orf2 triple-mutant virus d/1018 were
described previously (9). Additional mutant viruses included E4orfI and E4orf2
mutants in351 and in352, respectively (37). The E1B-55K/E4orfl mutant virus
MAT?2 was created by recombination of the E1B-55K mutation of d/1520 with the
E4orfl mutation of in351 as described in reference 66. E1B-55K/E4orf2 mutant
virus 223 was created by similar methods to include the EIB-55K deletion
mutation of d/1520 and the E4orf2 mutation of in352. An E1 deletion mutant
adenovirus vector expressing the T17N dominant-negative form of Racl (see, for
example, reference 14) was purchased (Cell Biolabs, Inc., San Diego, CA).
Viruses were propagated by using 293 cells (45). The titer of each viral prepa-
ration was determined by plaque assay and tested by a fluorescent focus assay for
infectivity with antibodies to E1A or the E2A DNA-binding protein (33). Infec-
tions were performed at a true multiplicity of 20 to 30 (35).

Flow cytometry. DNA content was determined by flow cytometry with a
FACScalibur instrument (Becton Dickinson and Co., Franklin Lakes, NJ) and
CellQuest (Becton Dickinson) or ModFit software (Verity Software House,
Topsham, ME) as described in references 35 and 53.

Transmission electron microscopy to measure viral progeny. At least 100 cells
per experiment were scored for the presence or absence of progeny virus parti-
cles by transmission electron microscopy as described previously (35, 66).

Plaque assays for viral yields. Virus yield was determined by plaque assay with
293 cells as described previously (35, 53).

Viral late protein synthesis. Infected cells were pulse-labeled for 1 h with
35S-labeled amino acids (Tran®S-label; MP Biomedicals, Costa Mesa, CA) at
various times after infection. Cellular proteins were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and the viral late pro-
teins were quantified by phosphorescence imaging with a Molecular Dynamics
PhosphorImager instrument and ImageQuant analysis software (Molecular Dy-
namics, Sunnyvale, CA).

Immunoblotting. Protein from equivalent numbers of cells were separated by
SDS-PAGE, transferred to a nitrocellulose support, and analyzed by immuno-
blotting as described previously (65). Monospecific primary antibodies (p70 S6K,
phosphospecific p70 S6k [Thr389], Akt, phosphospecific Akt [S473], phos-
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phospecific p70 S6K [S235/236], Racl) were obtained from Cell Signaling Tech-
nology (Danvers, MA) and used according to the manufacturer’s instructions.
Polyclonal rabbit antiserum specific for adenovirus was kindly provided by Arnie
Berk (University of California at Los Angeles) and used at a dilution of 1:10,000.
Immune complexes were visualized with horseradish peroxidase-conjugated sec-
ondary antibody from Jackson ImmunoResearch Laboratories (West Grove, PA)
and the SuperSignal chemiluminescent substrate from Pierce (Rockford, IL).

Statistics. Log-transformed values were compared by the two-tailed ¢ test with
the Holm correction for multiple comparisons or Tukey’s honest significant
difference algorithm. Cell viability was analyzed by logistic regression with a
quasibinomial model to determine the half-life and 95% confidence interval
(CI). Values are presented with the mean and the standard deviation, standard
error of the mean, or 95% CI as indicated. P values of less than 0.05 were
considered significant.

RESULTS

The E1B-55K deletion mutant adenovirus ONYX-015/d/1520
is restricted in cells infected in G,. Cells infected during the G,
phase of the cell cycle with EIB-55K deletion mutant viruses
produce fewer viral progeny, synthesize viral structural pro-
teins at a reduced rate, and are less efficiently killed than cells
infected during the S phase (34, 35, 66). Consequently, com-
pared to cells infected in the S phase, E1B-55K deletion mu-
tant viruses such as ONYX-015 can be viewed as G, restricted.
This restriction is significant because a large fraction of the
cells within a tumor exist in the G, phase of the cell cycle (71).
To elucidate the basis for this restriction, synchronously divid-
ing HeLa cells were infected with the wild-type virus d/309, the
EIB-55K deletion mutant virus dl[1520, or the EIB-55K,
E4orfl, and E4orf2 triple-mutant virus d/1018 and evaluated by
electron microscopy for viral progeny. Virtually all of the wild-
type virus-infected cells contained progeny virus, whereas
more S-phase cells infected with the EIB-55K single-mutant
virus contained viral progeny than did cells infected during G,.
Surprisingly, the G, restriction was absent in cells infected with
dl1018 (Fig. 1A). These results suggest that E4orfl, E4orf2, or
both restrict the production of E/B-55K mutant viral progeny
in cells infected in G;.

To determine if E4orfl or E4orf2 was responsible for the G,
restriction, additional E1B-55K deletion mutant viruses with
mutations in the E4orfl or E4orf2 gene were created and their
replication was evaluated. The wild-type virus replicated to
nearly equivalent levels irrespective of the phase of the cell
cycle, whereas the E1B-55K deletion mutant virus d/1520 pro-
duced more viral progeny in cells infected during S phase than
during G, (Fig. 1B). Replication of the E1B-55K/E4orf2 dou-
ble-mutant virus 223 was indistinguishable from d/1520; both
viruses produced more progeny in cells infected during S phase
than in those infected during G,. By contrast, the EIB-55K/
E4orfl double-mutant virus MAT2 and the E1B-55K/E4orf1/2
triple-mutant virus d/1018 produced statistically equivalent
(P > 0.2) amounts of viral progeny from cells infected in the S
phase and from cells infected in G, (Fig. 1B). These results
demonstrate that E4orfl acts in G, cells infected with the
E1B-55K deletion mutant virus to restrict virus production.

E4orfI restricts viral late protein synthesis. To determine if
E4orfl restricts viral late protein synthesis in cells infected in
G,, synchronously dividing cells were infected at either G, or
S phase with the viruses indicated in Fig. 2. The infected cells
were pulse-labeled with radioactive amino acids, and the newly
synthesized viral late proteins were visualized by gel electro-
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FIG. 1. E4orfl imposes a G, restriction on virus production di-
rected by E1B-55K deletion mutant adenoviruses. Synchronously di-
viding cultures of HeLa cells were generated by mitotic detachment
and HU treatment as described in Materials and Methods. Cells were
infected at early G, (hatched bars) or early S phase (light bars) with
the indicated viruses. (A) Infected cells were harvested after 32 h, and
at least 100 infected cells from multiple samples were evaluated by
transmission electron microscopy for the presence of progeny viral
particles. The percentages of cells containing progeny viral particles
from four (d/309 and d/1520) and two (d/1018) independent experi-
ments are shown with the standard deviation indicated by error bars.
(B) Synchronously dividing HeLa cells were generated and infected as
in panel A with the viruses indicated in panel B. After 72 h, the yield
of progeny virus was determined by plaque assay and is presented as
the infectious virus per infected cell. Results from three independent
experiments are represented as the mean with standard error of the
mean. The status of the relevant viral gene is indicated below each bar.

phoresis and phosphorescence imaging. Representative images
are shown in Fig. 2A. Quantitative phosphorescence imaging
confirmed that wild-type virus d/309 directed the synthesis of
more viral late protein than E/B-55K single-mutant virus
dl1520 or E1B-55K/E4orf2 double-mutant virus 223 (Fig. 2B).
As reported previously, the wild-type virus directed more viral
late protein synthesis in cells infected in G, than in cells in-
fected in the S phase, whereas dl1520 directed the synthesis of
more viral late proteins in cells infected in the S phase than in
cells infected in G, even though d/1520 blocked host protein
synthesis in cells infected in the S phase less effectively than in
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FIG. 2. E4orfl imposes a G, restriction on viral late protein syn-
thesis directed by E/B-55K deletion mutant adenoviruses. (A) Syn-
chronously dividing cultures of HeLa cells were generated by mitotic
detachment and HU treatment and mock infected or infected with the
indicated viruses at early G, or early S phase. Infected cells were
pulse-labeled for 1 h with *>S-labeled amino acids at 24, 30, 36, and 48
hpi. Labeled proteins were separated by SDS-PAGE, and the newly
synthesized protein was visualized and quantified by phosphorescence
imaging. Representative gels are shown with the viral late structural
proteins hexon, penton, and fiber indicated as Hx, Pt, and Fb, respec-
tively. (B) The relative rates of synthesis of the viral hexon, penton, and
fiber proteins were determined by pulse-labeling as indicated for panel
A. The rate of synthesis of each protein was normalized to the rate
measured for d/1520 at 36 hpi in cells infected in G;. G, rates are
shown with closed circles, and S-phase rates are shown with open
circles.

cells infected in G, (35). The cell cycle dependence and tem-
poral pattern of protein synthesis were the same for both 223
and d/1520. Strikingly, the time courses of viral late protein
synthesis directed by wild-type virus dI309, E1B-55K/E4orf1/2
triple-mutant virus d/1018, and EIB-55K/E4orfl double-mu-
tant virus MAT2 were nearly identical (Fig. 2A and B). Protein
synthesis directed by these mutant viruses resembled that of
the wild-type virus in that the rate of viral late protein synthesis
in cells infected in G, nearly always exceeded the rate of
synthesis in cells infected in the S phase. These results show for
the first time that E4orfl restricts viral late protein synthesis
during an E1B-55K deletion mutant virus infection and suggest
that the characteristic defect in viral late gene expression ob-
served for E1B-55K single-mutant viruses such as ONYX-015
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(see, for example, references 26 and 76) can be alleviated by
abrogating E4orfI function.

To determine if E4orfl restricts viral late protein synthesis
only in the absence of EIB-55K, additional viruses bearing
mutations in the E1B-55K, E4orfl, or E4orf2 gene were eval-
uated with asynchronously dividing cells. Because we observed
the greatest differences in rates of viral late translation around
36 h postinfection (hpi), the rate of synthesis of the hexon,
penton, and fiber proteins measured in each experiment was
normalized to the mean rate of synthesis measured at 36 hpi
for the EI1B-55K/E4orf2 double-mutant and E1B-55K single-
mutant viruses. Differences among the rates of viral late pro-
tein synthesis were modest at 24 hpi (Fig. 3B). By contrast, at
36 hpi, the rates of viral late protein synthesis directed by the
E1B-55K single-mutant-like viruses were substantially reduced
(6-fold, range of 3- to 14-fold in 24 experiments) compared to
other viruses. By 48 hpi, the rate of late protein synthesis
directed by the wild-type virus had dropped to a level similar to
that of the E1B-55K single-mutant-like viruses (P > 0.3). Strik-
ingly, the rate of protein synthesis directed by E1B-55K/E4orf1
double-mutant virus MAT2 or E4orfl single-mutant virus
in351 remained significantly higher than those of the E1B-55K
single-mutant-like viruses and the wild-type virus (P < 0.01
and P < 0.014, respectively). This trend was observed for
infected cells evaluated as late as 72 hpi (data not shown) and
is represented schematically in Fig. 3C.

E4orfl restricts the cell-killing potential of E1B-55K dele-
tion mutant virus ONYX-015. To determine if E4orfl also
restricts the cytolytic nature of the EIB-55K deletion mutant
virus, HeLa cells were infected with the same viruses analyzed
in Fig. 3 and cell viability was determined over the course of 7
days. Logistic regression was used to determine the time re-
quired to kill one-half of the infected cells (¢,,,) and 95% CI.
As expected, wild-type virus dI309 killed more quickly (¢,, =
3.9 = 0.3 days) than E1B-55K single-mutant virus d/1520 (¢, =
6.4 *= 0.4 days) or E1B-55K/E4orf2 double-mutant virus 223
(t,» = 6.2 = 0.5 days). Surprisingly, both the E1B-55K/E4orf]
double-mutant virus and triple-mutant virus d/1018 killed cells
more quickly (¢,, = 4.9 = 0.2 and 5.0 = 0.2 days, respectively)
than either single-mutant virus d/1520 or E1B-55K/E4orf2 dou-
ble-mutant virus 223. These findings confirm that the presence
of E4orfl limits the cytolytic properties of the E/B-55K dele-
tion mutant virus in HeLa cells.

HeLa cells express the human papillomavirus type 18 (HPV-
18) E6 protein, which, like the E4orfI-encoded protein, targets
several PDZ domain-containing proteins (31, 46). However,
results obtained with HeLa cells were replicated with non-
HPV-transformed cells, including the lung carcinoma-derived
H1299 cell line and p53-positive and -negative glioblastoma-
derived cell lines (data not shown). Thus, it seems unlikely that
any shared targets of the E4orfl and HPV-18 E6 proteins
influenced the apparent restriction imposed by E4orfl on virus
production, viral late protein synthesis, and cell killing. These
results led us to investigate possible E4orfl-related signals that
are involved in the restriction of the £/B-55K mutant virus.

Akt and p70 S6K are phosphorylated in the presence of the
PI3-kinase inhibitor LY294002 in adenovirus-infected cells.
The E4orfl-encoded protein stimulates signaling through PI3-
kinase to targets such as Akt, p70 S6K, and mTOR (27, 54).
Because these PI3-kinase targets can regulate cellular transla-
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FIG. 3. E4orfl restricts viral late protein synthesis in adenovirus-
infected cells. (A) Duplicate cultures of asynchronously dividing HeLa
cells were infected with the indicated viruses and pulse-labeled with
¥S-labeled amino acids at 36 hpi. Labeled proteins were separated by
electrophoresis and visualized by phosphorescence imaging. The late
structural proteins hexon, penton, and fiber are indicated. The status
of the relevant viral gene is indicated below each lane. (B) Asynchro-
nously dividing HeLa cells were infected with the indicated viruses and
pulse-labeled for 1 h with 3S-labeled amino acids at 24, 36, and 48 hpi.
Radioactivity incorporated into the hexon protein was quantified by
phosphorescence imaging. This value was normalized to the amount of
radioactivity incorporated into hexon in d/1520 virus-infected cells at
36 hpi. The values shown are the mean of 9 to 23 independent infec-
tions with the standard error of the mean indicated. The status of the
relevant viral gene is indicated below each virus. (C) The relative rate
of late protein synthesis directed by representative viruses at late times
after infection is schematically represented for an E4orfl deletion
mutant virus, an E/B-55K deletion mutant virus, and the wild-type
virus. E4orfl restricts viral late protein synthesis at all times of infec-
tion in the E7B-55K mutant background and at very late times in the
context of a wild-type virus infection.

tion (11, 21, 28), we first evaluated the contribution of the
PI3-kinase pathway to viral late protein synthesis. The PI3-
kinase inhibitor LY294002 has been reported to interfere with
the ability of E4orfl to activate the PI3-kinase pathway. We
therefore expected that 1.Y294002 would mimic the absence of
E4orfl during a dl1520 infection and increase the rate of viral
late protein synthesis. Contrary to our expectation, viral late
protein synthesis decreased in a concentration-dependent
manner in E1B-55K deletion mutant virus-infected HeLa cells
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FIG. 4. The PI3-kinase inhibitor LY294002 diminishes viral late
protein synthesis and does not reduce Akt and p70 S6K phosphoryla-
tion in adenovirus-infected cells. (A) Asynchronously dividing HeLa
cells were infected with either the wild-type virus d/309 or the E1B-55K
deletion mutant virus d/1520 or d/338. Four hours after infection,
LY294002 was added at the indicated concentration. At 36 hpi, the
cells were pulse-labeled with **S-labeled amino acids and the labeled
proteins were visualized by SDS-PAGE and phosphorescence imaging.
(B) Akt and p70 S6K are phosphorylated in d/1520 virus-infected cells.
The C4-2 prostatic cancer cell line with constitutive activation of the
PI3-kinase pathway was left untreated or exposed to 50 uM LY294002
(LY) for 36 h before cellular proteins were separated by SDS-PAGE,
transferred to nitrocellulose, and sequentially analyzed by blotting with
antibodies specific for phospho-Akt (Ser473), phospho-p70-S6K
(Thr389), total p70-S6K, and phosphoribosomal protein S6 (serines
235 and 236). Asynchronously dividing HeLa cells were mock infected
or infected with the indicated viruses and exposed to 50 .M LY294002
at 4 h after infection. At 36 hpi, cells were harvested and protein was
separated by SDS-PAGE, transferred to nitrocellulose, and analyzed
with the indicated antibodies. The status of the relevant viral gene is
indicated below each lane.

exposed to LY294002 (Fig. 4A), as well as in human cells of
other origins, including lung carcinoma and glioblastoma (data
not shown). Thus, it seems unlikely that E4orf] restricts viral
late protein synthesis by stimulating PI3-kinase activity.
Phosphorylation of the PI3-kinase downstream effectors Akt

J. VIROL.

and p70 S6K was evaluated with phosphospecific antibodies to
serve as an indicator of activation (61). Phosphorylation of
Akt, p70 S6K, and S6 in C4-2 cells, which contain a constitu-
tively activated PI3-kinase pathway (77), was largely eliminated
by 50 M LY249002 (Fig. 4B). In contrast to C4-2 cells, HeLa
cells do not contain measurably phosphorylated Akt, p70 S6K,
and S6. Therefore, any increase in the phosphorylation of
these proteins upon infection would be due to viral activity.
Interestingly, HeLa cells infected with E7B-55K single-mutant
virus dI1520 showed significant phosphorylation of Akt and
p70 S6K at 18 to 24 hpi in comparison to the wild-type virus or
other viruses lacking E4orfl (Fig. 4B). The difference in Akt
phosphorylation between d/1520 and wild-type virus-infected
cells was less dramatic by 36 hpi (data not shown). Nonethe-
less, in dI1520 virus-infected cells, LY294002 reduced but did
not eliminate the phosphorylation of Akt at Ser473. Addition-
ally, and in contrast to C4-2 cells, LY294002 did not alter the
total amount of phosphorylated p70 S6K in d/1520 virus-in-
fected HeLa cells; rather, LY294002 appeared to alter the
distribution of phosphorylated forms recognized by the anti-
body to phospho-Thr389 (Fig. 4B). Similar effects were seen in
dI1520 virus-infected H1299 and U87 cells (data not shown).
To verify that these observations were indeed due to Eorfl,
we generated E4orfl-expressing H1299 cells. The constitutive
level of Akt phosphorylation was elevated in the E4orfl-ex-
pressing cells. Treatment of these cells with L'Y294002 did not
eliminate the phosphorylation of Akt, thus recapitulating the
observation in d/1520 virus-infected cells (data not shown).
These results led us to conclude that if E4orfl contributes to
the phosphorylation and activation of p70 S6K and Akt in
dI1520 virus-infected cells, it may act through both PI3-kinase-
dependent and -independent pathways.

Involvement of Racl in E4orfl-induced phosphorylation of
p70 S6K and perhaps Akt. The small GTPase Racl can con-
tribute to the phosphorylation of p70 S6K (17). The activity of
Racl is governed by binding partners such as Tiaml and
neurabin II. Tiam1 is a widely distributed guanine nucleotide
exchange factor that is specific for Racl (50). Neurabin II has
been reported to bind both Tiaml and p70 S6K (12, 13).
Intriguingly, both Tiam1 and neurabin II contain PDZ do-
mains. Because the E4orfl-encoded protein is able to bind to
many PDZ domain-containing proteins, the E4orfl-encoded
protein could possibly interact with Tiam1, neurabin II, or both
and promote the phosphorylation of p70 S6K through Racl
(Fig. 5A).

To determine if Racl contributes to the phosphorylation of
p70 S6K in adenovirus-infected cells, phosphorylation at
Thr389 was compared among d/1520- and MAT2-infected cells
following exposure to the broad-spectrum inhibitor of p70 S6K
phosphorylation HA1077 (22) or the specific inhibitor of the
Tiam1-Racl complex NSC23766 (29). S-phase cells infected
with dl1520, which do not exhibit the characteristic G, restric-
tion, contained dramatically less phosphorylated p70 S6K at
both 24 and 36 hpi than did untreated d/1520 virus-infected
cells (Fig. 5B). Similarly, MAT2-infected cells, which show no
evidence of the G, restriction, contained less phosphorylated
p70 S6K than did untreated d/1520 virus-infected cells. In
dI1520 virus-infected G, cells, the inhibitor of p70 S6K phos-
phorylation HA1077 reduced the amount of phosphorylated
p70 S6K detected at 24 hpi, with less of an impact at 36 hpi. A
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FIG. 5. E4orfl-induced phosphorylation of p70 S6K and Akt may involve Racl. (A) Schematic representation of a potentlal signaling pathway
initiated by E4orfI through the PDZ domain-containing proteins Tiam1 and neurabin II. Solid arrows identify known pathways and interactions.
(B) HeLa cells were blocked at the G,/S border by exposure to HU for 24 h, released from the block, and infected 1 h later (S phase) or infected
as an asynchronously dividing culture with the E1B-55K single-mutant virus d/1520 or the E1B-55K/E4orfl double-mutant virus MAT2. At 4 hpi,
the growth medium was replaced with fresh medium or with medium containing the p70 S6K inhibitor HA1077 at 50 mM or the Tiam1-Racl
inhibitor NSC23766 at 40 uM. At 24 and 36 hpi, cellular proteins were analyzed by immunoblotting for phosphorylation of Thr389 on p70 S6K.
A nonspecific cross-reacting protein is indicated which served as a loading control. The status of the relevant viral gene is indicated below each
lane. (C) Asynchronously dividing HeLa cells were mock infected or infected with a nonreplicating adenovirus vector expressing dnRacl (dnRac)
at a multiplicity of 20 (1:1) or 40 (1:2). After 24 h, the cells were again mock infected or infected with the E7B-55K deletion mutant virus d/1520
at a multiplicity of 20. After 1 h, rapamycin (Rap) was added to 50 nM to one culture. Cells were harvested 36 h after infection with d/1520. Infected
cell proteins were separated by SDS-PAGE and analyzed by immunoblotting with monospecific antibodies (phospho-Akt, phospho-P70 S6K, Racl,

B-actin) or polyclonal serum specific for the adenovirus late proteins.

similar pattern was observed for infected cells exposed to the
Tiam1/Racl inhibitor NSC23766 at 40 pM. In these studies,
the pattern of p70 S6K phosphorylation observed in MAT2-
infected cells was more similar to that observed in drug-treated
dI1520 virus-infected cells than in nontreated dl1520 virus-
infected cells. These results support the notion that p70 S6K
may be differentially phosphorylated by a Tiam1/Racl-related
pathway in E/B-55K deletion mutant virus-infected cells.

To further investigate the contribution of Racl to the phos-
phorylation of Akt and p70 S6K, as well as to viral late protein
synthesis, d/1520 virus-infected cells were coinfected with
an adenovirus vector expressing dominant-negative Racl
(dnRacl). Levels of B-actin were reduced by dnRacl (Fig. 5C).
A comparable effect was observed in THP1 cells expressing a
similar construct (70), most likely reflecting a role for Racl in
modulating the actin cytoskeleton. Phosphorylation of both
Akt and p70 S6K was reduced by dnRacl (Fig. 5C). HeLa cells
infected with d/1520 were also treated with rapamycin to de-
termine if the rapamycin-sensitive form of mTOR was respon-
sible for the increase in Akt and p70 S6K phosphorylation. In
agreement with the work of Sarbassov and associates (60),
prolonged exposure of HeLa cells to rapamycin eliminated p70
S6K phosphorylation but had no effect on Akt phosphorylation
(Fig. 5C).

Notably, even though both dnRacl and rapamycin reduced
or eliminated p70 S6K phosphorylation, neither substantially
affected the accumulation of viral late proteins in cells infected
with the E1B-55K deletion mutant virus d/1520 (Fig. 5C). In
contrast to dnRacl or rapamycin, HA1077 and NSC23766 pro-

duced a slight increase in viral late protein synthesis directed
by the E1B-55K mutant virus. HA1077 elicited a 1.4-fold in-
crease (P < 0.001, n = 9) in the rate of hexon synthesis, while
the Tiam1/Racl inhibitor NSC23766 increased hexon synthesis
by 1.7-fold over that in nontreated cells (P < 0.0001, n = 11).
Neither drug affected the rate of hexon synthesis in MAT2-
infected cells (data not shown), nor were these inhibitors able
to recapitulate the high levels of hexon synthesis observed in
MAT2-infected cells at 36 h (1.7-fold compared to 10-fold).
These results provide additional support for the idea that
E4orfl promotes the phosphorylation of p70 S6K and Akt in a
Racl-dependent manner but that this is not likely the mecha-
nism by which E4orf] restricts late protein synthesis.

The PI3-kinase/Tiam1-Racl signals initiated by E4orfI pro-
mote survival in adenovirus-infected cells. The results shown
in Fig. 5 led us to infer that the regulation of viral late trans-
lation is largely independent of the phosphorylation status of
p70 S6K and signaling through PI3-kinase. However, signaling
through the p70 S6K (38), PI3-kinase (21, 28), and Racl (23,
43) pathways also promotes cell survival. Consequently, we
tested the possibility that E4orf] restricts the cell-killing po-
tential of the EIB-55K deletion mutant virus through the
aforementioned pathways. We first measured the impact of
E4orfl on the cell-killing potential of the E/B-55K mutant
virus in four cell lines derived from tumors of three origins.
Cell viability was measured after infection with either the E71B-
55K single-mutant virus dl1520 or the E1B-55K/E4orfl double-
mutant virus MAT2. The double-mutant virus MAT2 killed
these tumor cells more effectively than did the E1B-55K single-
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FIG. 6. E4orfl restricts the tumor cell-killing potential of E7B-55K mutant virus d/1520 (ONYX-015) in a Tiam1/Racl-dependent manner.
(A) Cell lines derived from human cervical carcinoma (HeLa), large-cell lung carcinoma (H1299), and malignant glioblastoma (U251, U87) were
mock infected or infected with the indicated viruses at a multiplicity sufficient to infect all of the cells. The viability of the cells was determined
by trypan blue dye exclusion on the indicated day after infection. Values represent the mean of three independent infections with the standard error
of the mean. The asterisk identifies values for MAT2-infected cells that are significantly (P < 0.05) less than the viability of d/1520 virus-infected
cells. (B) HeLa cells were infected with the wild-type virus (d/309), the E1B-55K mutant virus (d/1520), or the E1B-55K/E4orfl double-mutant virus
(MAT?2) at a multiplicity of 20 and left untreated (circles) or were adjusted to 50 mM HA1077 (squares) or 40 uM NSC2366 (triangles) at 4 hpi.
The fraction of viable cells was determined daily for 6 days after infection by trypan blue dye exclusion. The plotted values represent the mean
of three independent infections with the standard error of the mean indicated by error bars. The lines represent best-fit curves determined by

logistic regression with a quasibinomial model.

mutant virus (Fig. 6A). This result indicates that E4orfl indeed
restricts the cell-killing potential of the E/B-55K deletion mu-
tant virus.

Since Fig. 5 indicates that E4orfl promotes the phosphory-
lation of p70 S6K through Tiam1/Racl, we tested the hypoth-
esis that inhibiting the phosphorylation of p70 S6K and/or
disrupting the Tiam1-Racl interaction would increase the cell-
killing potential of the EIB-55K single-mutant adenovirus.
Cells were infected with the wild-type virus, the E1B-55K sin-
gle-mutant virus, or the E1B-55K/E4orfl double-mutant virus
and treated with the vehicle control, HA1077, or NSC232766.
The fraction of viable cells was determined by trypan blue dye
exclusion, and the half-life of the infected cells was estimated
by regression analysis. The viability of mock-infected cells was
unaffected by the drugs used in these experiments (data not
shown). HeLa cells infected with the wild-type virus died at
comparable rates, irrespective of drug treatment (¢,, = 4.6 to
5.1 days). Untreated cells infected with the E1B-55K single-
mutant virus died more slowly (¢;,, = 7.0 = 0.6 days) than
wild-type virus-infected cells (¢,, = 5.1 = 0.4 days), as re-
ported previously (33, 65). Treatment of d/1520 virus-infected
cells with HA1077 had no significant effect on the rate of HeLa
cell death (t;,, = 7.2 = 1.1 days), although HA1077 did in-
crease the rate at which d/1520 virus-infected H1299 or U87
cells died (data not shown). The Tiaml/Racl inhibitor
NSC232766 accelerated the rate of cell killing mediated by the
E1B-55K single-mutant virus (f;,, = 5.1 * 0.4 days) to that
measured for the E1B-55K/E4orfl double-mutant virus MAT2
(t,» = 5.1 = 0.4 days) and the wild-type virus. Cell killing by

the E1B-55K/E4orfl double-mutant virus was not affected by
treatment with HA1077 (¢,,, = 7.2 = 1.1 days) or NSC232766
(data not shown). From these results, we inferred that E4orf]
acts through Tiam1-Racl to promote the survival of adenovi-
rus-infected cells. These signals limit the cytolytic potential of
the E1B-55K single-mutant adenovirus ONYX-015 (d/1520)
and are expected to impose similar restrictions on other rep-
lication-competent oncolytic adenoviruses such as H101 as
well.

DISCUSSION

The EIB-55K deletion mutant adenovirus ONYX-015 and,
more recently, H101 have been used to treat cancer. ONYX-
015 is more effective in combination with other therapies than
as a single agent (30, 78). Therefore, improving the oncolytic
nature of this single agent should improve its value as a cancer
therapy. We previously reported that E1B-55K deletion mutant
adenoviruses replicated more effectively in cells infected dur-
ing the S phase than in cells infected during G, and that the
mutant virus killed cells infected in the S phase more effec-
tively than cells infected in G; (33, 66). Because most of the
cells in a tumor are in G, (71), we chose to examine more
closely the basis for the relative G, restriction imposed on the
EI1B-55K deletion mutant virus. In this report, we show that
E4orfI limits viral progeny production, viral late protein syn-
thesis, and cell killing. Consequently, conditionally replicating
viruses such as ONYX-015 that contain an intact E4orf]l gene
suffer from an intrinsic limitation to their oncolytic nature.
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This report also highlights the possibility that other viral genes
contribute to the oncolytic nature of replication-competent
adenoviruses in ways that have not been recognized previously.

Among many activities attributed to the E1B-55K protein,
promoting viral late gene expression is key to a productive
infection (reviewed in references 6 and 26). In the infected cell,
the E1B-55K and E4orf6 proteins form an E3 ubiquitin ligase
that includes cullin 5 (Cul5), elongins B and C, and Rbx1 (39,
58). Because viral late gene expression was reduced by protea-
some inhibitors (19) or by expression of a dominant-negative
Cul5 variant (76), the EIB-55K protein appears to promote
late gene expression by the targeted degradation of a protein.
The identity of this protein (or proteins) remains elusive. Cel-
lular proteins known to be targeted by the adenovirus ubiquitin
ligase are central to the cellular response to DNA damage.
These targets include p53 (39, 58), Mrell (67), and DNA
ligase IV (3). Woo and Berk have noted that components of
the nonsense-mediated mRNA decay pathway, which also par-
ticipate in mRNA export, are targets of the DNA damage
response (76). These investigators suggested that the inhibition
of viral late mRNA export observed in cells infected with the
E1B-55K mutant may stem from a failure to suppress signaling
from cellular kinases that sense DNA damage. However,
E4orf6 mutant viruses that failed to direct the degradation of
Mrell were not defective for late gene expression (8), indicat-
ing that targets other than Mrell may be important in this
regard. Recently, additional targets of the adenovirus ubiquitin
ligase with no obvious role in the cellular DNA damage re-
sponse have been identified. These include the nonstructural
Rep52 and capsid proteins of adeno-associated virus type 5
(52). In view of the diverse requirements for the recruitment of
specific substrates by the viral ubiquitin ligase (49, 63), it would
not be surprising that additional cellular targets of the adeno-
virus ubiquitin ligase remain to be identified and that one of
these may be critical for viral late gene expression.

Like the adenovirus E1B-55K- and E4orf6-encoded proteins,
the human immunodeficiency virus type 1 (HIV-1) Vif-en-
coded protein forms an E3 ubiquitin ligase with Cul5, elongins
B and C, and Rbx1l. The HIV ubiquitin ligase directs the
degradation of apolipoprotein B mRNA-editing enzyme, cat-
alytic polypeptide-like 3G, or APOBEC3G (5). APOBEC3G
serves as an antiviral effector toward a wide variety of viruses
and retroelements (40, 41). Several investigators have sug-
gested that the Cul5-based adenovirus ubiquitin ligase targets
antiviral effectors to promote efficient adenovirus replication
(8, 74, 76). Further support for this notion may be inferred
from the overlapping functions of the EI1B-55K/E4orf6-en-
coded protein complex and the E4orf3-encoded protein. Like
the E1B-55K/E4orf6-encoded protein complex, the E4orf3-en-
coded protein suppresses the DNA damage response, albeit by
mislocalizing components of the MRN complex (1, 24, 68).
Recently, the E4orf3-encoded protein has been shown to ex-
plicitly disable the interferon-mediated antiviral response by
mislocalizing the cellular proteins Daxx and PML (72, 73). For
these reasons, we favor the idea that cellular effectors directly
engaged in the antiviral response are targeted by the E1B-55K/
E4orf6-encoded protein complex.

It is tempting to speculate about possible connections among
the cellular DNA damage response, the postulated antiviral
activity targeted by adenovirus ubiquitin ligase, and G, restric-
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tion. We reported that E/B-55K and E4orf6 deletion mutant
adenoviruses replicate less effectively in cells infected during
G, than in S phase (34, 35). If the EIB-55K/E4orf6-encoded
ubiquitin ligase must suppress an antiviral activity for efficient
virus replication, it stands to reason that this antiviral activity is
less pronounced in cells infected in the S phase. Because cells
engaged in DNA synthesis must tolerate partially replicated
DNA, single-stranded DNA, and transient DNA strand breaks,
sensors that elicit an antiviral state in response to aberrant
DNA may be subdued in S-phase cells compared to G, cells.
Consequently, viruses that are crippled in the ability to sup-
press the DNA damage response are predicted to be less re-
stricted following infection of an S-phase cell. Because the
E4orf3 single-mutant virus is not G, restricted (34, 66), we
anticipate that the E4orf3 targets Daxx and PML do not im-
pose the G, restriction observed in EIB-55K mutant virus-
infected cells.

In this report, we show that disruption of E4orfl alleviates
the apparent G, restriction imposed on E/B-55K mutant vi-
ruses (Fig. 1). E4orfl may contribute to the development of an
antiviral state that must be suppressed by the adenovirus ubiqg-
uitin ligase. Because cells infected with the E1B-55K/E4orfl
double-mutant virus synthesize wild-type levels of viral DNA
(M. Thomas and D. Ornelles, unpublished observations), it
seems unlikely that the act of viral DNA synthesis could serve
as the only trigger of the antiviral response. E1B-55K/E4orf]
double-mutant viruses also direct the synthesis of wild-type
levels of viral proteins (Fig. 2 and 3). Since the cytoplasmic
levels of viral late mRNA remained the same in single- and
double-mutant virus-infected cells (unpublished observations),
we concluded that this effect was due to increased translational
efficiency of viral late mRNA. Perhaps the postulated antiviral
activity that is elicited by E4orfl and suppressed by the ade-
novirus ubiquitin ligase limits viral progeny production at a
posttranslational step. Finally, because neither of the two
E4orfl/E1B-55K double-mutant viruses replicated to the same
level as the wild-type virus (Fig. 1), it seems likely that the
E1B-55K-encoded protein may contribute to the production of
viral progeny independently of its role in promoting viral late
gene expression.

The role of E4orf] during a productive adenovirus infection
remains poorly understood. E4orf] mutant viruses were re-
ported to be indistinguishable from the wild-type virus when
studied in established tumor cell lines (10, 37). We also ob-
served that in351 replicated in HeLa cells to levels equivalent
to that of the wild-type virus d/309 (data not shown). However,
E4orfl may be important to virus replication in quiescent hu-
man cells, where it enables adenovirus to mobilize the trans-
lational machinery in nutrient-deprived cells (54, 55). Some-
what at odds with this notion, we show that E4orf1 limits viral
late translation. Our findings indicate that E4orfl counteracts
the ability of the E/B-55K-encoded protein to promote viral
late gene expression. Other ostensibly opposing activities
among adenovirus products exist. For example, the E1A4-en-
coded proteins stabilize p53 (47, 48) while the EIB-55K- and
E4orfo-encoded proteins promote p53 degradation (51, 59).
Some of these opposing activities may reflect a switch in the
viral replication program, as is the case with the EIB-19K-
encoded protein, which promotes cell survival at early times,
while the E3 adenovirus death protein promotes death at late
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times (75). It appears that E4orfl and E1B-55K exert opposing
effects at the same time. Systems that incorporate opposing
activities to maintain homeostasis are poised to respond rap-
idly to changes in the environment. Perhaps the integration of
E4orfl into a signal transduction cascade impinging on trans-
lation permits a more rapid response than could be achieved by
changes at the level of transcription.

The E4orfl-encoded protein is a small polypeptide that oc-
curs as monomers or trimers with distinct functions and bind-
ing partners associated with each form (18). The transforming
ability of E4orfl maps to the PDZ domain-binding element at
the carboxy terminus of the protein. The ability to bind cellular
PDZ domain-containing proteins is necessary for the E4orfI-
encoded protein to transform cultured cells in a PI3-kinase-
dependent manner (27, 32). One consequence of increased
signaling through the PI3-kinase pathway by E4orfI is the ac-
tivation of Akt, mTOR, and p70 S6K. Our results suggest that
E4orfl may also elicit phosphorylation of both Akt and p70
S6K in a manner that depends on Rho-like GTPase Racl.
Because neither the PI3-kinase inhibitor LY294002 nor the
suppression of Racl activity overcame the restriction to viral
late protein synthesis, E4orf] may regulate late protein synthe-
sis through a pathway that has not yet been described. Intrigu-
ingly, the E4orfl-encoded protein was reported to bind a 70-
kDa cellular phosphoprotein independently of its PDZ
domain-binding element (18). It will be of interest to deter-
mine if this 70-kDa protein contributes to the ability of E4orf1
to restrict viral late protein synthesis.

Although signaling through the PI3-kinase pathway did not
appear to be the means by which E4orfl restricts late protein
synthesis, this activity may restrict virus-mediated cell killing.
Accordingly, exposure to the PI3-kinase inhibitor LY294002
increased the cytolytic nature of the E/B-55K deletion mutant
virus (data not shown). Moreover, pharmacological agents
known to disrupt the Tiaml-Racl interaction increased the
cytolytic nature of the E/B-55K deletion mutant virus to that of
the E1B-55K/E4orfl double-mutant virus (Fig. 6). Thus, E4orf]
signaling to Tiam1/Racl may limit the cytolytic nature of rep-
lication-competent oncolytic adenoviruses such as ONYX-015.
Another limitation of ONYX-015 as a single agent for cancer
therapy includes the limited spread of this virus throughout the
tumor (57). Because E4orf] restricts both virus production
(Fig. 1) and the synthesis of viral structural proteins (Fig. 2 and
3), E4orfl may further limit the oncolytic potential of the
EI1B-55K deletion mutant virus by reducing the yield of prog-
eny virus in the tumor. Although it remains to be determined
if the E1B-55K/E4orfl double-mutant virus spreads more ef-
fectively in a tumor model than the E1B-55K deletion mutant
virus, this seems likely in view of the pivotal role E4orfI plays
in determining so many of the characteristics of this virus.

Other viruses initiate signaling cascades through the Tiam1/
Racl pathway. The EBNA3C latent protein of Epstein-Barr
virus is an oncoprotein that targets the cellular protein Nm23-
H1, which in turn prevents Nm23-H1 from limiting tumor
metastasis (69). Nm23-H1 negatively regulates Tiam1 and in-
hibits Racl activation in vivo (56). The HIV-1 Nef protein
stimulates activation of Vavl (25), which is a Tiam1-like gua-
nine nucleotide exchange factor (20, 62). Nef activation of
Vavl increases levels of virus transcription and replication
(25). Because viruses as diverse as Epstein-Barr virus and HIV
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target pathways involving Tiam1/Racl, it seems likely that this
represents an important cellular target for additional viruses.
In the case of the E1B-55K mutant adenovirus, disabling this
cellular target appears to increase virus replication, increase
the potential for virus spread, and increase virus-mediated cell
death. Targeting the Tiaml/Racl pathway during oncolytic
virus therapy may be especially effective because elevated
Tiam1 and Racl activities have been associated with more
aggressive cancers and a poor clinical outcome (29). Thus,
targeting the Tiam1/Racl pathway in conjunction with onco-
lytic adenovirus therapy may improve the cancer cell-killing
potential of the EIB-55K deletion mutant virus and be an
effective multipronged approach to cancer therapy.
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