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E1B-55K-mutant or E4orf6-mutant adenoviruses replicate more effectively after infecting cells in S phase
than after infecting cells in G,. Enhanced S-phase replication of the E4orf6-mutant viruses requires the E4orf3
gene. This report demonstrates that the E4orf3 gene is also required for enhanced S-phase replication of the

E1B-55K-mutant virus.

Adenoviruses (Ads) defective in the coding regions of the
early region 1B 55-kDa (E1B-55K) protein or early region 4
open reading frame 6 (E4orf6) are restricted for growth by the
cell cycle. These mutant viruses were more likely to produce
progeny virus in cells infected during S phase than in cells
infected during G,. Furthermore, the yields of mutant viruses
from S-phase-infected cells were significantly greater than the
yields from G,-infected cells. By contrast, every cell infected
with the wild-type virus produced progeny to an equivalent
level irrespective of the stage of the cell cycle at the time of
infection (5, 6). For this reason, viruses defective in either the
E1B-55K or E4orf6 genes can be considered G, restricted for
replication. The similarity in the cell cycle restrictions of these
two mutant viruses is consistent with other genetic and bio-
chemical data that suggest that some of the functions of these
two proteins are mediated by a complex of EI1B-55K and
E4orf6 proteins.

The ability of the E4orf6-mutant virus to replicate better
upon infecting a cell in S phase depended on another early
gene, the E4orf3 gene. Mutant viruses that failed to express
both E4orf6 and E4orf3 were severely defective for replication.
Moreover, the replication of these viruses was not enhanced in
S-phase-infected cells (6). These findings suggested that
E4orf3 is necessary for the enhanced S-phase replication of the
E4orf6-mutant virus. This result was unusual because deletion
of E4orf3 has no effect on virus yield or viral gene expression
of viruses with wild-type E4orf6 (2, 7).

The purpose of this work was to determine if E4orf3 is
required for the replication of the cell cycle-restricted E1B-
55K-mutant virus, similar to the E4orf6-mutant virus. Alterna-
tively, E4orf3 could be required in the absence of E4orf6, but
not in the absence of E1B-55K. An E1B-55K/E4orf3 double-
mutant recombinant virus was created by ligating a DNA frag-
ment containing map units 0 to 37 of the E1B-55K-null virus
dl1520 (1) to a DNA fragment containing map units 37 to 100
of the E4orf3-mutant virus d/341 (13). The recombinant viral
DNA was introduced into the El1-complementing 293 cell line
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to recover infectious virus, and a recombinant virus was easily
recovered by successive rounds of plaque isolation.

Asynchronously growing HeLa cells were infected with the
wild-type virus dI309 (8), the E1B-55K-mutant virus d/1520, the
Edorf3-mutant virus dl341, or the E1B-55K/E4orf3 double-
mutant virus. At various times after infection, the total virus
present in the culture was measured by plaque assay on 293
cells (Fig. 1). By 48 h after infection, the E1B-55K/E4orf3
double-mutant-virus-infected cells exhibited a 1-log-unit de-
crease in virus yield compared to E1B-55K single-mutant-
virus-infected cells and a 3-log-unit difference in growth com-
pared to the wild-type virus-infected cells. This difference
remained consistent over time. As noted previously (2, 7),
replication of the E4orf3-mutant virus was nearly indistin-
guishable from that of wild-type virus. Thus, although the
E4orf3 protein appears to contribute little to the replication of
an otherwise wild-type virus, these results show that the E4orf3
protein contributes to the replication of an E1B-55K-mutant
virus.

To determine if E4orf3 contributes to the replication of the
E1B-55K-mutant virus in a cell cycle-dependent manner, HeLa
cells were synchronized to G, or S phase as previously de-
scribed (6) and infected with each virus of interest, and the
virus yield at 48 h was measured by plaque assay (Fig. 2). The
wild-type virus and E4orf3-mutant virus produced nearly
equivalent amounts of virus in G,- and S-phase-infected cells.
The E1B-55K-mutant virus grew to a higher yield in cells
infected during S phase and was more restricted for growth in
G,-infected cells. However, the E1B-55K/E4orf3 double-mu-
tant virus showed an overall decrease in virus yield in cells
infected in either G, or S phase, with no significant difference
between G;- and S-phase-infected cells. These data show that
the contribution of E4orf3 to replication of the E1B-55K-
mutant virus was indeed cell cycle dependent.

To determine the fraction of cells containing viral progeny,
synchronously growing HeLa cells were infected with the vi-
ruses of interest, and approximately 100 cells were examined
by transmission electron microscopy (Fig. 3). Cells that con-
tained one or more viral particles were scored as positive.
Nearly every G- and S-phase cell infected with wild-type virus
or Edorf3-mutant virus contained viral progeny, confirming
that these viruses are not restricted for growth by the cell cycle.
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FIG. 1. The E1B-55K/E4orf3 double-mutant virus exhibits similar
growth kinetics but is more defective for replication than the E1B-55K
single-mutant virus. Asynchronously growing HeLa cells were infected
with the viruses indicated in the legend at a multiplicity of 10 PFU per
cell. The cells and culture medium were collected at 1, 6, 12, 18, 24, 48,
and 96 h postinfection, the cells were lysed, and the virus yield was
measured by plaque assay with 293 cells. The value plotted at 0 h
postinfection is the amount of virus used to infect the cells. Data shown
are from a representative experiment performed three times with
similar results.

By contrast, 55% of cells infected during S phase with the
E1B-55K-mutant virus contained viral progeny while only 24%
of G,-infected cells contained viral progeny, similar to previous
findings. However, only 9 to 12% of cells infected with the
E1B-55K/E4orf3 double-mutant virus contained viral particles
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FIG. 2. The E1B-55K/E4orf3 double-mutant virus shows compara-
ble growth in S-phase-infected cells and G;-infected cells. HeLa cells
were synchronized to G, or S phase and infected with the indicated
viruses at a multiplicity of 10 PFU per cell. The status of the relevant
viral genes (E1B-55K or Edorf3) is indicated below the histogram.
Virus yield at 48 h postinfection was measured by plaque assay with
293 cells. The results shown are averages for three to five independent
infections in three independent experiments. Error bars indicate the
standard errors of the means. The difference in virus yield between G-
and S-phase-infected cells was significant only for d/1520-infected cells
(P = 0.016, two-tailed Student’s ¢ test).
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FIG. 3. A comparable fraction of cells infected in G, or S phase
with the E1B-55K/E4orf3 double-mutant virus contain progeny. HeLa
cells were synchronized to either G, or S phase and infected with the
indicated viruses at a multiplicity of 10 PFU per cell. The status of the
relevant viral genes (E1B-55K or E4orf3) is indicated below the his-
togram. Cells that were clearly infected were scored for the presence or
absence of progeny virus particles. At least 100 cells per experiment
were evaluated. Each value represents the average percent *+ standard
deviation from three or four independent experiments.

irrespective of the stage of the cell cycle at the time of infec-
tion. These data indicate that E4orf3 increases the number of
cells capable of producing progeny virus particles in the ab-
sence of E1B-55K, and this effect is particularly prominent in
cells infected in S phase.

A limiting dilution assay for infectious centers was used to
determine the total number of E1B-55K/E4orf3 double-
mutant-virus-infected cells producing virus in order to confirm
the electron microscopy data. Unlike electron microscopy,
which enumerates cells containing viral particles, the infectious
centers assay reveals the number of cells containing infectious
virus. For these studies, HeLa cells synchronized to either G,
or S phase were infected with each of the viruses indicated in
Table 1, and the fraction of infected cells producing virus was
determined as previously described (5). The results of three
independent experiments are summarized in Table 1. Each
HeLa cell infected with the wild-type virus or E4orf3-mutant
virus produced infectious progeny virus, in agreement with
observations made with the electron microscope (Fig. 3). As
anticipated, a greater fraction of S-phase cells infected with the
E1B-55K-mutant virus contained infectious virus than G,-in-
fected cells (45 and 16%, respectively). Finally, the infectious
centers assay shows that only 4% of G,-infected cells and 2%
of S-phase-infected cells permitted replication of the double-
mutant virus. Collectively, the plaque assay for virus yield,
electron microscopy, and the infectious centers assay support
the conclusion that E4orf3 is necessary for the enhanced S
phase growth shown by the E1B-55K single-mutant virus.

Although the absence of the E4orf3 protein has little appar-
ent impact on a productive wild-type Ad infection in vitro, the
E4orf3 gene is required for enhanced S phase growth when
cells are infected with viruses defective in either the E1B-55K
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TABLE 1. Frequency of infectious centers from cells infected in
G, or S phase

Frequency of infectious centers

Cell

Cycle“ Replicate
values?

Virus Fraction wild
type (%)

1.1+0.2 100

Avg

di309 G, 12
0.7
1.5

S 1.5
1.0
0.7

1.1+0.2 105

dl1520 G, 3.6 6.9 1.6 16
7.2

10.0

25*02 45

di341 G, 1.5
0.8
0.7

1.0+0.2 110

S 0.5
0.8
0.8

0.7+0.1 156

55K /orf3™ G, 28.6 258 £ 4.1 4
17.7

31.1

S 44.2
38.4
57.2

46.6 = 5.6 2

“ HeLa cells were infected at the stage of the cell cycle indicated.

 The number of cells required to obtain an infectious center * standard error
was determined from three independent replicates.

¢ The fraction of infectious centers (1/number of cells required to obtain an
infectious center) is expressed as a percentage of the fraction of infectious
centers for G, cells infected with the wild-type virus.

gene, as shown here, or the E4orf6 gene, as shown previously
(6). Additionally, the E4orf3 protein promotes efficient viral
replication of the E1B-55K-mutant virus in both G;- and S-
phase-infected cells. Together, these results suggest a shared
role for the E4orf3 protein with the complex of E1B-55K and
E4orf6 proteins. The E1B-55K-E4orf6 protein complex can
apparently compensate for the loss of E4orf3. However, if
either E1B-55K or E4orf6 is absent, E4orf3 is required for viral
replication, and the E4orf3 function is more effective in S-
phase-infected cells than in G,-infected cells. Potential func-
tions for E4orf3 in this context may include the regulation of
mRNA processing (11), the promotion of mRNA transport
(2), the inhibition of host translation, the suppression of host
antiviral responses, or the prevention of viral DNA concatemer
formation (14). The findings reported here may also be signif-
icant for the development of oncolytic Ads for the treatment of
cancer. It is possible that the selective replication in cancer
cells shown by viruses that lack the E1B-55K gene (9) requires
the Edorf3 gene.
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The ability of the E4orf3 protein to enhance replication of
the E1B-55K-deficient virus may be significant in the course of
a natural Ad infection in humans. Recently, Garnett and as-
sociates recovered group C Ad from mucosal T lymphocytes of
children (4). Studying the regulation of the E1A and E3 pro-
moter in T-cell lines, Mahr et al. have suggested that upregu-
lation of the E3 promoter may occur in activated T cells in an
El1A-independent manner (10). Because the E1B promoter
depends strongly on E1A for activation (3), a virus that reac-
tivates in the absence of E1A expression may express little if
any E1B-55K. This virus could potentially establish a produc-
tive infection independent of the E1 region through products
of the E4 region (12). Under this circumstance, we would
predict that the E4orf3 protein is required to enhance repli-
cation in the absence of expression of E1B.
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