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The E1B 55-kDa oncoprotein of adenovirus enables the virus to overcome restrictions imposed on viral
replication by the cell cycle. Approximately 20% of HeLa cells infected with an E1B 55-kDa mutant adenovirus
produced virus when evaluated by electron microscopy or by assays for infectious centers. By contrast, all HeLa
cells infected with a wild-type adenovirus produced virus. The yield of E1B mutant virus from randomly cycling
HeLa cells correlated with the fraction of cells in S phase at the time of infection. In synchronously growing
HeLa cells, approximately 75% of the cells infected during S phase with the E1B mutant virus produced virus,
whereas only 10% of the cells infected during G, produced virus. The yield of E1B mutant virus from HeLa cells
infected during S phase was sevenfold greater than that of cells infected during G, and threefold greater than
that of cells infected during asynchronous growth. Cells infected during S phase with the E1B mutant virus
exhibited severe cytopathic effects, whereas cells infected with the E1B mutant virus during G, exhibited a mild
cytopathic effect. Viral DNA synthesis appeared independent of the cell cycle because equivalent amounts of
viral DNA were synthesized in cells infected with either wild-type or E1B mutant virus. The inability of the E1B
mutant virus to replicate was not mediated by the status of p53. These results define a novel property of the
large tumor antigen of adenovirus in relieving growth restrictions imposed on viral replication by the cell cycle.

Adenovirus (Ad) encodes proteins that deregulate normal
cellular growth to the advantage of viral replication (reviewed
in references 7 and 67). The oncoproteins of Ad are encoded
within the early regions 1A (the E1A 12S and 13S proteins)
and 1B (the E1B 55-kDa and 19-kDa proteins). The E1A
proteins have been shown to deregulate the cell cycle and
induce cellular DNA synthesis by binding cellular regulatory
proteins such as pRb and p300 (reviewed in reference 17). Less
is known about the function of the large tumor antigen of Ad,
the E1B 55-kDa protein, during the lytic infection and during
cellular transformation or how these functions are linked (61,
69).

During the late stage of a lytic infection, the E1B 55-kDa
protein, in complex with the E4 34-kDa protein, preferentially
facilitates the transport of viral mRNA while impeding the
transport of cellular mRNA (4, 8, 23, 36, 45). Consequently,
Ad mutants that fail to express the E1B 55-kDa protein are
defective for expression of viral late proteins. The defect in
mRNA transport lies at an intranuclear step after mRNA
synthesis but before translocation through the nuclear pore
complex (36, 45). The E1B 55-kDa protein has also been dem-
onstrated to directly inhibit host protein synthesis by mecha-
nisms unrelated to the inhibition of mRNA transport (3).

Alone, the E1B 55-kDa protein has no transforming activity
(64). However, the E1B 55-kDa and E1B 19-kDa proteins
cooperate with the E1A proteins to fully transform non-
permissive cells (6, 18, 20, 54). The E1B 55-kDa protein con-
tributes to transformation by inactivating the cellular tumor
suppressor p53 (73). This inhibition of p53-mediated transac-
tivation is required for transformation by both the weakly on-
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cogenic group C and highly oncogenic group A Ad (30, 72, 74,
75). In addition, the E1B gene products have been shown to
cooperate with E1A proteins to down regulate p53-driven ex-
pression of cyclin D1, which is required for cells to progress
through the G, phase of the cell cycle (60). Also in cooperation
with E1A proteins, the E1B 55-kDa protein stimulates cellular
DNA synthesis in nonpermissive cells (50). Thus, in coopera-
tion with other viral proteins, the E1B 55-kDa protein appears
to promote a favorable cellular environment for the transfor-
mation of nonpermissive cells.

A potential role for the E1B 55-kDa protein in deregulating
the cell cycle during the lytic infection has been examined in
the work presented here. Ad mutants that fail to express the
E1B 55-kDa protein replicated poorly, producing approxi-
mately 35-fold fewer progeny virions than a wild-type virus.
Although each HeLa cell was infected, only 20% of the cells in
an infected population produced progeny E1B mutant virus.
However, as many as 75% of the HeLa cells infected with the
E1B 55-kDa mutant virus during S phase produced virus,
whereas only 10% of cells infected with the same virus during
G, produced virus. Cell populations infected during S phase
also produced higher titers of the E1B 55-kDa mutant virus
than cells infected during G;. These results suggest that the
E1B 55-kDa protein functions directly in overcoming the
growth restrictions imposed on viral replication by the cell
cycle.

MATERIALS AND METHODS

Cell culture. Cell culture media, cell culture supplements, and serum were
obtained from Life Technologies (Gibco/BRL, Gaithersburg, Md.) through the
Tissue Culture Core Laboratory of the Comprehensive Cancer Center of Wake
Forest University. HeLa (ATCC CCL 2, Rockville, Md.), A549 (ATCC CCL
185), and 293 (ATCC CRL 1573) cells were maintained as monolayers in Dul-
becco-modified Eagle’s minimal essential medium (DMEM) supplemented with
10% newborn calf serum (CS), 100 U of penicillin, and 100 wg of streptomycin
per ml. Saos-2 (ATCC HTB 85) cells were maintained as monolayers in DMEM
supplemented with 5% fetal bovine serum (FBS), 100 U of penicillin, and 100 g
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of streptomycin per ml. NCI-H460 (ATCC HTB 117) and NCI-H358 (ATCC
CTL 5807) were purchased from the American Type Culture Collection (Rock-
ville, Md.) and maintained in antibiotic-free RPMI 1640 supplemented with 10%
FBS and essential amino acids. Cells were maintained in subconfluent adherent
cultures in a 5% CO, atmosphere at 37°C by passing twice weekly at a 1:10
dilution. Cells were preserved in liquid nitrogen in 93% FBS and 7% dimethyl
sulfoxide.

Synchronization of the HeLa cell cycle was achieved by a combination of
mitotic detachment and hydroxyurea block modified from previously described
methods (11). HeLa cells were passaged 1:5 into 75-cm? flasks for synchroniza-
tion 16 to 24 h prior to the mitotic detachment. All but 5 ml of growth media was
removed, and the flasks were tapped sharply five times on each of the three flat
sides. The detached cells were resuspended in DMEM + 10% CS + 2 mM
hydroxyurea (Sigma, St. Louis, Mo.), replated at 2 X 10° cells per ml, and
incubated at 37°C in a 5% CO, atmosphere. After 1 h, the medium and nonad-
herent cells were replaced with fresh DMEM + 10% CS + 2 mM hydroxyurea
and incubated for 11 h at 37°C in a 5% CO, atmosphere. At the completion of
the incubation with hydroxyurea, the cells were washed twice with warm phos-
phate-buffered saline (PBS) (137 mM NaCl, 3 mM KCl, 1.76 mM KH,PO,, 10
mM NaHPO,) and the last wash was replaced with normal growth medium to
release the G1/S block.

Viruses. The phenotypically wild-type Ad type 5, dI309 (26), used in these
studies served as the parent virus to the mutant viruses containing a large
deletion in the gene encoding the E1B 55-kDa protein, d/338 (45), or the E1B
19-kDa protein, di337 (44). The E1B 55-kDa mutant virus, d/1520D, has been
described previously (6). The propagation of these viruses has been described
elsewhere (26). In brief, virus stocks were prepared by infecting 293 cells at a
multiplicity of infection of 1 to 3. Virus was harvested 3 days after infection from
a concentrated freeze-thaw lysate by sequential centrifugation in discontinuous
and equilibrium cesium chloride gradients (25). The gradient-purified virus was
supplemented with 5 volumes of 12 mM HEPES (pH 7.4), 120 mM NaCl, 0.1 mg
of bovine serum albumin (fraction V; Life Technologies Inc.) per ml, 50%
glycerol (Fisher Scientific, Pittsburgh, Pa.) and stored at —20°C. The titers of
dI309 (8 X 10° PFU per ml) and d/338 (2.5 X 10° PFU per ml) were determined
by plaque assays using 293 cells as previously described (25).

For infection with Ad, cells were passaged 16 to 24 h prior to infection to
achieve approximately 40% confluence at the time of infection. Cells were
washed twice with PBS, and the final wash was replaced with virus (5 to 10 PFU
per cell) in Ad infection medium (PBS supplemented with 0.2 mM CaCl,, 0.2
mM MgCl,, 2% CS, 100 U of penicillin, and 100 wg of streptomycin per ml). The
virus was added at one-fourth the normal culture volume, and the cells were
gently rocked for 60 to 90 min at 37°C. The virus suspension was then replaced
with normal growth medium, and the infected cells were returned to 37°C.

Electron microscopy. HeLa cells were fixed for transmission electron micros-
copy with 2.5% glutaraldehyde in PBS + 1.5 mM MgCl, at 20 h postinfection.
The fixed cell pellet was postfixed with osmium tetroxide in phosphate buffer and
dehydrated in a graded series in alcohol. Specimens were infiltrated with Spurr’s
resin-propylene oxide and cut into approximately 100-nm-thick sections with a
diamond knife. Sections were collected on copper grids and stained with uranyl
acetate and lead citrate and analyzed at 80 keV with a Philips 400 transmission
electron microscope. Specimens were embedded and sectioned by MicroMed,
the Electron Microscopy Core Laboratory of the Comprehensive Cancer Center
of Wake Forest University.

Indirect immunofluorescence. Indirect immunofluorescence and photomicros-
copy of whole cells was performed as described previously (43). For staining the
Ad E2A 72-kDa DNA-binding protein, the E2A 72-kDa-specific monoclonal
antibody (clone B6-8) (51) was used as hybridoma cell medium diluted 1:2 in
Tris-buffered saline (137 mM NaCl, 3 mM KCI, 25 mM Tris-Cl [pH 8.0], 1.5 mM
MgCl,, 0.5% bovine serum albumin, 0.1% glycine, 0.05% Tween 20, 0.02%
sodium azide). The primary antibody was visualized with fluorescein-conjugated
goat antibodies specific for mouse immunoglobulin G (Jackson Immunore-
search, West Grove, Pa.). Cells were examined and photographed by epifluores-
cence with a Leitz Dialux 20 EB microscope.

Plaque assay for infectious centers. The percentage of cells producing virus
was determined by a modified plaque assay for infectious centers (34, 58). Either
asynchronous or synchronized HeLa cells were passed to 2 X 10° cells per ml 16
to 24 h prior to infection. HeLa cells were infected with 5 to 10 PFU per cell of
either the wild-type (d/309) or the E1B 55-kDa mutant (d/338) virus. The in-
fected cells were incubated with virus for 2 h at 37°C to allow viral attachment
and penetration. The virus was removed, and cells were washed twice with PBS.
The cells were collected, and the extracellular virus was inactivated by incubation
with 0.25% trypsin-EDTA for 10 min at 37°C. The trypsin was neutralized with
DMEM + 10% CS. The infected cells were diluted to various cell densities
(4,000, 2,000, 1,000, 500, and 250 cells per ml) in DMEM + 10% CS, and 0.1 ml
of each cell dilution was added to 0.1 ml of 2.8% agarose type VII (Sigma) in
DMEM with 0.6% sodium bicarbonate at 42°C. The cells were gently overlaid
onto subconfluent 293 cells plated in 65-mm-diameter dishes. Once the initial
agar overlay solidified, cells were overlaid with 0.7% SeaKem ME agarose
(FMC, Rockland, Maine) in DMEM with 0.75% sodium bicarbonate and 4% CS.
The infected cells were scored as plaques by staining with neutral red on day 9
after infection. The data were analyzed by plotting the number of infectious
centers (plaques) obtained versus the number of infected cells plated.
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TCIDs, assay for infectious centers. The percentage of HeLa cells producing
virus was statistically determined from a modification of the 50% tissue culture
infectious dose (TCIDsy) assay (15). Asynchronous or synchronized HeLa cells
were passaged, infected, and harvested 2 h postinfection as previously described
for the plaque assay for infectious centers. The infected cells were diluted in
growth medium to 1,000, 250, 64, 16, 4, 1, and 0.24 cells per ml, and mock-
infected HeLa cells were diluted to 1,000 cells per ml. One-tenth milliliter of
each dilution was added to each of 12 wells of a 96-well culture dish, and the
infected HeLa cell culture was returned to growth conditions. At 48 h postin-
fection, the infected HeLa cells were lysed in the 96-well dish by freezing and
thawing three times. The entire HeLa cell lysate containing any released progeny
virus was transferred onto subconfluent monolayers of 293 cells grown in a
96-well dish. The plate was scored for infected wells 5 days later by evaluating the
293 cell monolayer at low power through an inverted microscope for cytopathic
effect. The fraction of infected wells was expressed as a function of the number
of infected HeLa cells added to each well, and the data were fit to equation 1:

1
F= T amy

where f is the fraction of infected wells and n is the number of cells added per
well. The parameters a and b were determined by the method of nonlinear, least
squares analysis using MacCurvefit (Kevin Raner Software, Waverley, Austra-
lia). When b is fixed at 1, a is the TCIDs,. By assuming a Poisson distribution for
the number of infected cells and setting b = 1, the number of cells required to
obtain an infectious center (virus-producing cell) was determined by solving
equation 1 for n when f = 1/e = 0.632. The error associated with b after b was
forced to 1 was typically +0.15 and did not exceed =0.35 for any values presented
in Table 1.

Flow cytometry. HeLa cells were detached with trypsin and fixed in 70%
ethanol for 1 h to overnight. The ethanol was removed, and the cells were
resuspended to approximately 10° cells per ml in propidium iodide buffer (100
mM NaCl, 36 mM sodium citrate, 50 pg of propidium iodide per ml, 0.6%
Nonidet P-40) supplemented with 0.04 mg of RNase (Sigma) per ml and Nonidet
P-40. The cells were filtered through nylon mesh and passed through a 27.5-
gauge needle to achieve a single-cell suspension. The DNA content of individual
cells was measured by fluorescence-activated cell sorting (FACS) using a Coulter
Epics XL flow cytometer (Coulter Corp, Miami, Fla.) with an argon laser as the
excitement source (488 nm). The emitted light was analyzed for forward and 90°
scatter, pulse width (to discriminate doublets), and red fluorescence (>630 nM)
of propidium iodide to determine the DNA content per nucleus. In most cases,
40,000 events were measured in each analysis. The resulting data were acquired
in list mode for discriminatory analysis such as the use of standard gating
procedures to define distinct populations of cells, doublets, and debris. All flow
cytometric analyses were conducted by the Steroid Receptor Laboratory in
cooperation with the Hematology Flow Cytometry Laboratory of North Carolina
Baptist Hospital.

Plaque assays. Detailed methods for Ad plaque assays have been described
elsewhere (25). In brief, virus was harvested from HeLa cells in culture medium
48 to 72 h postinfection by multiple cycles of freezing and thawing. The cell
lysates were clarified by centrifugation and serially diluted in infection medium
for infection of 293 cells for plaque assays. After incubation with lysates for 1 h,
the 293 cells were overlaid with 0.7% SeaKem ME agarose (FMC) in DMEM
supplemented with 0.75% sodium bicarbonate and 4% CS. The cells were fed
with additional overlays every third day for 7 days. The plaques were visualized
by staining with neutral red in an agarose overlay.

DNA slot blot. The DNA slot blotting procedure has been described previously
(2, 29) and is briefly described here. Total cellular DNA was isolated from
infected HeLa cells. HeLa cells were collected, pelleted, and resuspended in 10
mM Tris, pH 8.0. An equal volume of lysis buffer was added (400 mM Tris-HCl
[pH 8.0], 100 mM EDTA, 1% sodium dodecyl sulfate, and 200 g of proteinase
K per ml), and the cells were kept at 50°C for 1 h. DNA was extracted with
phenol-chloroform, precipitated, and quantified by spectrophotometry (A,4)-
Equivalent amounts of total cellular DNA were blotted onto Nytran nylon
membranes (Schleicher & Schuell, Inc., Keene, N.H.) using a manifold device
(Life Technologies, Gaithersburg, Md.) and vacuum. The immobilized DNA was
denatured, neutralized, and cross-linked to the matrix with UV light (Stratal-
inker; Stratgene, La Jolla, Calif.). The DNA was then hybridized with an excess
of [a-*?P]dATP-labeled (ICN, Costa Mesa, Calif.) DNA probe generated by
random-primed synthesis of wild-type Ad DNA (2). Hybridized probe was quan-
tified with the use of a Molecular Dynamics PhosphorImager and ImageQuant
analysis software (Molecular Dynamics, Sunnyvale, Calif.).

RESULTS

The E1B 55-kDa mutant Ad produces virions in a subpopu-
lation of infected HeLa cells. Previous work demonstrated that
HeLa cells infected with the E1B 55-kDa mutant Ad di338
produce nearly 2 orders of magnitude fewer progeny virus than
cells infected with the wild-type Ad, dI309 (45). However, not
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FIG. 1. Only 20% of HeLa cells infected with an E1B 55-kDa mutant virus contain viral particles, whereas all cells infected with a wild-type virus contain viral
particles. Monolayers of HeLa cell were mock infected (A to D) or infected with either the wild-type virus, dI309 (E to H), or the E1B 55-kDa mutant virus, d/338 (I
to L), at a multiplicity of 10 PFU per cell. At 20 h postinfection, cells were fixed in 2.5% glutaraldehyde, embedded, and sectioned for transmission electron microscopy.
Nearly all (>97%) cells infected with wild-type virus contained electron-dense viral particles in the nucleus by 20 h postinfection. Four representative wild-type
virus-infected cells are shown in panels E through H. Of the four representative cells infected with the E1B mutant virus (I to L), only the cell in panel L displays viral
particles in the nucleus. All cells shown are representative of each infected population. Bar, 2 pm.

all cells infected with the E1B 55-kDa mutant virus contained
progeny viral particles when evaluated by electron microscopy,
as shown in Fig. 1. HeLa cells were mock infected or infected
with either wild-type or E1B 55-kDa mutant Ad and processed
for transmission electron microscopy 20 h after infection. The

nuclear structures evident in the mock-infected cells seen in
Fig. 1A to D include the nucleolus, cellular chromatin, and
granules of chromatin or ribonucleoprotein. In cells infected
with wild-type virus, the nuclear membrane has become crenu-
lated, the nucleolus has changed in appearance, and cellular
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chromatin has condensed at the periphery of the nucleus. In
addition, virus-specific inclusions and virus particles were evi-
dent in the nuclei of nearly all cells infected with the wild-type
virus (Fig. 1E to H). At the magnification of Fig. 1, the virus
particles appear as small, densely stained particles. At higher
magnification, the Ad particles are icosahedral in symmetry
and are uniform in size and shape (Fig. 2B, inset).

Strikingly, the majority of cells infected with the E1B 55-kDa
mutant virus failed to produce any intranuclear viral particles,
although all cells contained the characteristic viral nuclear
inclusions and displayed crenulated nuclear membranes (Fig.
11 to L). In more than 400 infected cells evaluated by transmis-
sion electron microscopy, approximately 20% of the E1B mu-
tant virus-infected population contained virus. Of the four re-
presentative cells infected with the E1B 55-kDa mutant virus in
Fig. 11 to L, only the cell in panel L contained progeny virus par-
ticles. In addition, those E1B 55-kDa mutant virus-infected cells
that contained progeny virus particles appeared to contain
fewer progeny virions than any wild-type-infected cell examined.
Thus, although 20% of the population of E1B mutant virus-in-
fected cells appeared to permit replication of the mutant virus,
these cells produced less than a wild-type yield of virus. This
result is to be expected because if 20% of the cells (1 in 5) pro-
duced E1B mutant virus, each cell would have to produce ap-
proximately 20-fold fewer virus particles than those seen in a wild-
type virus-infected cell to account for the 100-fold reduced
yield compared with cells infected with the wild-type virus.

The cells in Fig. 1K and L, are shown at higher magnification
in Fig. 2A and B, respectively. The cell shown in Fig. 2A failed
to produce intracellular virus and represents approximately
80% of the E1B 55-kDa mutant virus-infected cell population.
The cell seen in Fig. 2B contains intracellular virus that can be
seen in the enlarged inset of a representative region of the
nucleus. This cell is typical of 20% of the HeLa cells infected
with the E1B mutant virus. Except for the paucity of virus
particles in the nucleus, the ultrastructural morphology of cells
infected with the E1B 55-kDa mutant virus was similar to that
of cells infected with the wild-type virus.

Among cells infected with either the E1B 55-kDa mutant or
the wild-type virus, all cells appeared to be infected as deter-
mined by electron microscopy. During the late phase of infec-
tion, the nucleus becomes occupied by clear fibrillar inclusions,
referred to here as viral inclusions (Fig. 2, VI). The viral
inclusions seen in the electron micrographs indicated a suc-
cessful infection by either the wild-type or E1B 55-kDa mutant
Ad infection. These inclusions were apparent in all infected
cells that were examined and can be recognized in the low
magnification images of Fig. 1E to L. Mock-infected cell nuclei
were devoid of structures resembling viral inclusions (Fig. 1A
to D). Viral inclusions have been shown to be the centers of
viral DNA synthesis and accumulation (9, 38, 40, 47, 48, 66)
and late viral RNA synthesis and processing (38, 40, 46, 49, 70).

An alternative assay using indirect immunofluorescent stain-
ing for the Ad E2A 72-kDa DNA-binding protein confirmed
that essentially all cells (>99%) were infected with either wild-
type or E1B 55-kDa mutant virus under the conditions used in
this study. HeLa cells were infected with either the wild-type or
the E1B 55-kDa mutant virus at 10 PFU per cell and processed
for indirect immunofluorescence at 14 h postinfection. Cell
nuclei were visualized by staining with 4,6-diamidino-2-phe-
nylindole (DAPI, Sigma) a nonspecific DNA-binding stain
(Fig. 3A and C). The cells were also stained with a monoclonal
antibody (B6-8) against the Ad DNA-binding protein that lo-
calizes to the viral inclusions late in infection (51). Viral inclu-
sions were visualized as discrete points of fluorescence in the
infected cell nucleus. The representative fields of wild-type
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FIG. 2. The E1B 55-kDa mutant virus appears to replicate in only 20% of the
infected HeLa cells. The E1B 55-kDa mutant virus-infected cells in panels K and
L of Fig. 1 are shown at higher magnification in panels A and B of this figure,
respectively. The cell in panel A is representative of approximately 80% of the
cells in an E1B 55-kDa mutant virus-infected population. The cell in panel B is
representative of 20% of the E1B 55-kDa mutant virus-infected cells. The insets
are threefold enlargements of the boxed regions of the nucleus. Adenovirus
particles are clearly evident (arrowhead) in the enlarged inset of panel B, where-
as no virus particles are apparent in panel A. The presence of viral inclusions
(VI) in nearly all cells examined indicates that all cells were infected. Bar, 1 pm.

virus- and E1B mutant virus-infected cells shown in Fig. 3
demonstrate that all cells were infected (compare Fig. 3A with
B and C with D). Taken together, the electron microscopic and
immunofluorescent analysis indicated that all cells were in-
fected, although not all cells in the E1B 55-kDa mutant virus-
infected populations contained intracellular virus.
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FIG. 3. All cells infected with the wild-type or E1B 55-kDa mutant virus are infected, as determined by an immunofluorescent assay for the E2A DNA-binding
protein. HeLa cells were infected with either the wild-type virus, di309, or the E1B 55-kDa mutant virus, d/338, at a multiplicity of 10 PFU per cell. The cells were
processed for indirect immunofluorescence at 16 h postinfection. All cells in the field are visualized by DAPI staining as seen in panels A and C. The E2A 72-kDa
DNA-binding protein was visualized by indirect immunofluorescence in cells infected with the wild-type virus in panel B and in cells infected with the E1B 55-kDa
mutant virus in panel D. Typically, greater than 99% of the cells visualized with DAPI also demonstrated DNA-binding protein-specific fluorescence. Bar, 20 pm.

The failure of the cells infected with dI338 to produce virus
in most infected cells is a property shared by another E1B
55-kDa mutant virus, dl1520. The large deletion and prema-
ture termination codon in the E1B 55-kDa coding region of
dl1520 precludes expression of any E1B 55-kDa-related pro-
tein (6), whereas the deletion present in the d/338 genome
could allow expression of a truncated (17-kDa) E1B 55-kDa
protein. HeLa cells were infected with the E1B 55-kDa mutant
virus, d/1520D, or the E1B 19-kDa mutant virus, dl337, at 10
PFU per cell. At 20 h postinfection, the infected cells were
processed for transmission electron microscopy. In an identical
manner to HeLa cells infected with d/338, only 20% of the cells
infected with dl1520 produced progeny virions (data not
shown). By contrast, all cells infected with the E1IB 19-kDa
mutant virus, dI337, produced progeny virus (data not shown).
These results suggest that the inability to replicate in all in-
fected cells is a property of viruses containing mutations that
specifically inactivate or delete the E1B 55-kDa coding region
and is not common to all mutations within the early region 1B.

The results obtained by electron microscopy suggest that
only 20% of the HeLa cells infected with the E1B 55-kDa
mutant virus produce particles that appear to be progeny viri-
ons. These morphological data were confirmed by a plaque
assay modified to measure virus-producing cells or infectious
centers. For this assay, HeLa cells were infected with either the
wild-type or the E1B 55-kDa mutant virus at 10 PFU per cell
for 90 min. The extracellular virus was inactivated by incubat-
ing the cells with a mixture of trypsin and EDTA for 10 min.

Various numbers of infected HeLa cells in molten agar were
overlaid onto a monolayer of 293 cells. 293 cells express the
early region 1 products of Ad5 and are permissive for the
replication of all Ad E1 mutants (21). Plaques were formed
when an infected HeLa cell in the agar overlay successfully
replicated the virus and lysed and infected 293 cells below the
agar overlay. The number of plaques obtained was plotted on
the abscissa as a function of the number of infected cells
plated. In the representative experiment shown in Fig. 4, the
line corresponding to cells infected with the wild-type virus
(circles) has a slope of 0.24 = 0.05 infectious centers per cell,
whereas the slope of the line corresponding to cells infected
with the E1B mutant virus (squares) is 0.060 = 0.003. The ratio
of these values (0.06/0.24) is 0.25, indicating that cells infected
with mutant virus produce infectious centers at 25% of the
frequency of cells infected with the wild-type virus. From six
independent experiments, an average of 22 * 4% of cells
infected with the E1B 55-kDa mutant virus produced infec-
tious progeny virus compared to cells infected with the wild-
type virus. These results precisely agree with the results ob-
tained by electron microscopy.

Replication of the E1B 55-kDa mutant Ad is dependent on
cell density. Because not all HeLa cells in an infected popula-
tion replicate the E1B 55-kDa mutant virus, it seems likely that
differences in the physiological state among individual cells
dictate permissivity for replication of an Ad mutant that fails to
express the E1B 55-kDa protein. Because the physiological
state of the cells, including the specific stage of the cell cycle at
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FIG. 4. A plaque assay for infectious centers indicates that fewer HeLa cells
infected with the E1B 55-kDa mutant virus replicate the virus than cells infected
with the wild-type virus. HeLa cells were infected with either the wild-type virus,
dI309, or the E1B 55-kDa mutant virus, d/338, at a multiplicity of 5 to 10 PFU per
cell. The virus was inactivated, and the infected HeLa cells were harvested 90
min postinfection and diluted in molten agar. Various numbers of infected cells
in agar were overlaid onto a monolayer of 293 cells. Plaques were formed when
an infected HeLa cell in the agar overlay successfully replicated the virus and
lysed and infected 293 cells below the agar overlay. The number of plaques
obtained was plotted on the abscissa as a function of the number of infected cells
plated (ordinate). A representative experiment is shown with results obtained
from HeLa cells infected with the wild-type virus (O) and HeLa cells infected
with the E1B mutant virus (OJ). The standard error associated with the depen-
dent variable (infectious centers) is plotted for each datum. The error associated
with the value in the ordinate (cell number) was not determined.

the time of infection, is sensitive to cell density, this relation-
ship was systematically investigated (Fig. 5). For this experi-
ment, HeLa cells were plated at various densities prior to
infection. The cells were infected with the wild-type or the E1B
mutant virus at 10 PFU per cell, and the virus yield was mea-
sured by a plaque assay. Identically treated cells were har-
vested at the time of infection and analyzed by FACS to de-
termine if the cell cycle distribution in the population of cells
varied with cell density. The results shown in Fig. SA demon-
strate that wild-type Ad replication is largely independent of
cell density. By contrast, the yield of the E1B 55-kDa mutant
virus showed an inverse dependence on cell density (Fig. 5B).
In two independent experiments, HeLa cells infected at in-
creasing cell densities produced lower yields of E1B mutant
virus per cell. Furthermore, as the HeLa cell density increased,
the percentage of cells in S phase decreased (Fig. 5C) and the
percentage of cells in G, increased (not shown). These results
agree with previous findings suggesting that as HeLa cells grow
to increased density, they partially arrest in G, (32, 71). Indi-
rect immunofluorescent staining for the Ad DNA-binding pro-
tein demonstrated that the lower virus yields associated with
increasing cell density were not the result of decreased infec-
tivity. All cells in each wild-type or mutant virus-infected pop-
ulation expressed the viral DNA-binding protein, irrespective
of cell density (data not shown). The dependence of the E1B
55-kDa mutant virus on cell density for replication coupled
with the observation that only ~20% of HeLa cells infected
with the E1B 55-kDa mutant virus replicate the virus suggests
that, in contrast to the wild-type virus, the E1B 55-kDa mutant
virus requires cells to be in S phase for viral replication.

The E1B 55-kDa mutant virus produces virus in a greater
percentage of cells infected during S phase than cells infected
during G,. To determine if the stage of the cell cycle at the
time of infection impacts replication of the E1B 55-kDa mu-
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tant virus, HeLa cells were synchronized and infected at vari-
ous points throughout the cell cycle. For all experiments using
synchronized cells, a parallel set of cells was analyzed by
FACS. The DNA content of each cell was measured, and this
value was used to determine the stage of the cell cycle for each
cell. The results of a typical synchronization procedure are
shown in Fig. 6. Asynchronously growing HeLa cells (Fig. 6A)
were found to contain 65% cells in G, (or G,), 11% in G, or
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FIG. 5. Replication of the E1B 55-kDa mutant virus depends on cell density.
HeLa cells were passed to various cell densities and infected 24 h after attach-
ment with either the wild-type virus, d/309, or the E1B 55-kDa mutant virus,
dI338, at a multiplicity of 10 PFU per cell. Virus yields were measured by plaque
assay using 293 cells and are expressed as PFU per cell on the abscissa versus the
initial cell density on the ordinate. (A) Replication of the wild-type virus is poorly
correlated with the density of the cells at the time of infection (@). The expo-
nential curve shown fits the data with a correlation coefficient of 0.247. The data
also fit a horizontal line (not shown) with a correlation coefficient of 0.243. (B)
Replication of the E1B 55-kDa mutant virus demonstrated an inverse relation-
ship to cell density (O). The data are shown fit to an exponentially decaying curve
with a coefficient of correlation equal to 0.93. (C) The percentage of HeLa cells
in S phase was also inversely related to cell density (). The data in panel C were
obtained by plating HeLa cells at the indicated densities and harvesting the cells
24 h after attachment. After staining with propidium iodide, the DNA content of
the cells was measured by FACS and used to determine the number of cells in S
phase. The data fit an exponentially decaying curve that asymptotically ap-
proaches 15%, with a correlation coefficient equal to 0.94.
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FIG. 6. HelLa cells were synchronized to achieve a high degree of synchrony
as determined by FACS analysis. HeLa cells were synchronized by a combination
of mitotic detachment and a hydroxyurea block. The hydroxyurea block was
released with normal growth medium, and the HeLa cells were allowed to enter
S phase synchronously. Asynchronously growing cells as well as synchronized
cells obtained 0, 4, and 15 h after release of the hydroxyurea block were fixed and
stained with propidium iodide. The intensity of the propidium iodide fluores-
cence in individual cells was measured by FACS to determine DNA content. The
distribution of cells between G,/G,, S, and G,/M phases of the cell cycle was
determined by standard means as described in Materials and Methods. The
histograms display the number of cells counted at the indicated fluorescence
intensity; these values were scaled to accommodate the maximum value for each
panel. Typically 40,000 cells were analyzed for each sample. Panel A shows the
cell cycle distribution of cells in an asynchronous population. Panel B shows the
distribution of cells immediately after the release of the hydroxyurea block in
which 87% of the cells occur at the G,-S boundary. The shoulder in the curve
appearing between channel numbers 20 and 68 was infrequently observed in
synchronized cell populations. These values most likely are due to dead or
apoptotic cells and were not included in the analysis. Panel C shows the syn-
chronous shift of 82% of the HeLa cells into S phase 4 h after release of the
hydroxyurea. Panel D shows that 89% of the cells were found in G, (or G,) phase
15 h after hydroxyurea release.

M, and 22% in S phase. HeLa cells were synchronized by a
combination of mitotic detachment and hydroxyurea block
(11). Hydroxyurea is selectively cytotoxic to cells in S phase
and blocks progression through the cell cycle at the G,/S
boundary. Removal of the hydroxyurea block permitted the
HeLa cell populations to enter S phase synchronously. An
effect of the hydroxyurea treatment can be seen in the histo-
grams of cell number versus DNA content in Fig. 6B. The
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shoulder preceding the G, peak represents cell debris resulting
from apoptosis of S phase cells collected by mitotic detach-
ment and treated with hydroxyurea (63). As the synchronized
cells progressed through the cell cycle (Fig. 6C and D), this
shoulder decreased as apoptotic cells detached from the plates
and were washed away. For each experiment a high degree of
synchrony was achieved as populations of cells shifted to ap-
proximately 87% G,/S phase (Fig. 6B), 82% S phase (Fig. 6C),
or 89% G, phase (Fig. 6D).

HeLa cells were synchronized and infected with the wild-
type and E1B mutant virus both during early S phase (corre-
sponding to the cells analyzed in Fig. 6B) and during G, (cor-
responding to cells analyzed in Fig. 6D). The infected cells
were analyzed by transmission electron microscopy 20 h
postinfection. HeLa cells infected with the wild-type virus both
during S phase (Fig. 7A) and during G, (Fig. 7B) contained
progeny viral particles as expected. Viral particles from a rep-
resentative portion of the nucleus are shown in the insets. No
ultrastructural differences were noted between HelLa cells in-
fected with the wild-type virus at S phase or G;. By contrast,
cells infected with the E1B 55-kDa mutant virus during S phase
(Fig. 7C) appeared more permissive for replication of the
mutant virus than cells infected during G, (Fig. 7D) or cells
infected as asynchronous populations (Fig. 1 and 2). Greater
than 75% of the S phase cells infected with the E1B 55-kDa
mutant virus produced intracellular virus particles, as deter-
mined by electron microscopy. The percentage of S phase cells
that failed to produce mutant virus may be partially accounted
for by cells that were not in S phase (=18%) or were in late S
phase at the time of infection due to incomplete synchrony.
Only 10% of cells infected with the E1B mutant virus during
G, produced progeny virus particles (Fig. 7D). The majority of
the cells infected with the E1B 55-kDa mutant virus during G,
were devoid of any particles resembling virions. The small
percentage of cells in a G, population that produced E1B
mutant virions may result from the presence of cells that were
in other phases of the cell cycle (S) at the time of infection due
to incomplete synchronization. The cells depicted in the mi-
crographs are representative of the majority of each infected
population. The presence of viral inclusions in the nuclei of all
the cells in each population indicated that all cells were in-
fected (Fig. 7). The results of this electron microscopy study
suggest that the replication of an Ad mutant that fails to
express the E1B 55-kDa protein depends on a transient envi-
ronment present in S phase cells at the time of infection.

An endpoint or TCIDs, assay for infectious centers con-
firmed that a greater percentage of cells infected with the E1B
55-kDa mutant virus during S phase were permissive for rep-
lication of the mutant virus (Table 1) than cells infected in G;.
The TCIDs, assay for infectious centers was developed for
these experiments because the efficiency of detection of infec-
tious centers was greater than that of the plaque assay for
infectious centers. HeLa cells infected in an asynchronous
state of growth as well as synchronized HeLa cells infected in
early S phase or G; were compared using this assay. For these
experiments, HeLa cells were infected and harvested as for the
plaque assay for infectious centers. The infected HeLa cells
were replated at various cell numbers (100, 25, 6.4, 1.6, 0.4, 0.1,
and 0.024 cells per well) in a 96-well tissue culture dish. After
2 days of incubation to allow virus growth, the infected HelLa
cells were lysed in situ to ensure the quantitative release and
recovery of progeny virions. The HeLa cell lysates were as-
sayed for the presence of infectious centers by using the lysate
to infect a monolayer of 293 cells in a new 96-well tissue
culture dish.

The data obtained were fit to equation 1 to determine the
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FIG. 7. HeLa cells infected during S phase appear permissive for replication of the E1B 55-kDa mutant virus, whereas cells infected during G, do not. HeLa cells
were infected at specific points during the cell cycle with either (A and B) the wild-type virus, d/309, or (C and D) the E1B 55-kDa mutant virus, d/338, at a multiplicity
of 10 PFU per cell. The cells in panels A and C were synchronized to S phase at the time of infection. The cells in panels B and D were synchronized to G, at the
time of infection. At 20 h postinfection, the cells were prepared for transmission electron microscopy. The cells infected with the wild-type virus in panels A and B are
representative of the typical wild-type virus-infected cell. The cell seen in panel C is representative of greater than 75% of the cells infected during S phase with the
E1B mutant virus. The cell shown in panel D is representative of greater than 85% of the cells infected during G, phase with the E1B mutant virus. The insets are
threefold enlargements of the boxed regions of the nucleus. Virus particles (arrowheads) are evident in the insets (A, B, and C but not D). All cells were infected as
determined by the presence of viral inclusions (VI). Bar, 1 wm.

number of infected cells producing virus. These results indicate
that essentially each HeLa cell infected with the wild-type virus
was an infectious center regardless of stage of the cell cycle at
the time of infection (Table 1). This result is consistent with
the results obtained by electron microscopic analysis of HeLa
cells infected with the wild-type virus. In addition, this result
suggests that the TCIDs,-based assay was more efficient than

the plaque-based assay for the detection of infectious centers.
The reason for this difference is not known but may be due to
inefficient cell lysis and release of progeny virus from cells
embedded in the agar in the plaque-based assay. Cells infected
during G, appeared slightly better able to replicate the wild-
type virus compared to a randomly cycling population or S
phase population of cells (1 in 0.8 cells versus 1 in 1.4 cells). By
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TABLE 1. Infectious centers from asynchronously growing and
synchronized HeLa cells infected with wild-type
or E1B mutant virus

Frequency of infectious centers

Virus Cell cycle” : Fraction
Ei]eapfllllgsbte Avg wild type
(%)
Wild type Asynch 13202
1.6 0.3 1.4 +£0.15 100 = 11
1.1 0.3
G, 0.72 = 0.1
0.85+0.3 0.8 £0.12 175 = 26
0.80 £ 0.2
S 1.2+04
1.3+04 1.4 +0.23 100 = 16
1.7+04
E1B mutant Asynch 6.7+ 1.8
50x25 54+1.0 26 £5
45=+1.0
G, 7.8 £2.0
8.6 38 9.1x19 15+3
10.8 = 4.1
S 43*+1.5
32+0.7 3.8 £ 0.65 376
39+1.2

“ The cells were infected at the stage of the cell cycle indicated. Asynch, cells
infected as a randomly cycling population.

b The number of cells required to obtain an infectious center = standard error
was determined with the use of equation 1 in three independent replicates.

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

contrast, only a fraction of the HeLa cells infected with the
E1B mutant virus produced virus. Only 1 in 5.4 cells in a
randomly cycling population of HeLa cells infected with the
E1B mutant virus was productive. Normalized to the number
of wild-type virus-infected cells that produce virus (1 in 1.4),
this assay would suggest that 26 * 5% of the E1B mutant-
infected cells were productive. This value agrees closely with
the value of 20% estimated by electron microscopy (Fig. 1) and
the value of 22% estimated by the infectious centers assay by
plaque formation (Fig. 4). Also in accord with the electron
microscopic analysis, the results in Table 1 reveal that HeLa
cells infected in S phase were better able to support replication
of the E1B mutant virus than cells infected in G,. Approxi-
mately 2.5-fold more HeLa cells infected in S phase produced
the E1B mutant virus than HeLa cells infected in G, (1 in 3.8
versus 1 in 9.1). Nonetheless, the normalized fraction of cells
infected with the E1B mutant virus during S phase that yielded
infectious centers (37 = 6%) was less than the value of 75%
estimated by electron microscopy. The reason for this differ-
ence is not understood. Because the infectious centers assay
measures infectious virus and electron microscopy visualizes
physical particles, it remains possible that some of the cells
observed to contain intranuclear viral particles contained non-
infectious virions. Finally, the fraction of cells that produced
E1B mutant virus after being infected in G, (15 = 3%) is close
to the value estimated by electron microscopic analysis. The
differences between these two assays could partially be due to
variations in the number of non-G; cells in the synchronized
population arising from incomplete synchronization and a loss
of synchrony after progression through one complete cell cycle.
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Cells infected during S phase with the E1B 55-kDa mutant
virus produce greater yields of progeny virus than do cells
infected during G,. The total yield of virus from cells infected
at S and G, phase was measured and compared to the yield
from asynchronously growing populations of cells. Asynchro-
nous populations of cells infected with the E1B 55-kDa mutant
virus produced approximately 35-fold less virus than the wild-
type infection (Fig. 8). Infection of synchronized cells with the
wild-type virus demonstrated that all cells were permissive for
replication of the wild-type virus irrespective of the stage of the
cell cycle at the time of infection. However, cells infected with
the wild-type virus during G, produced threefold more virus
than cells infected during S phase. By contrast, the E1B 55-
kDa mutant virus replicated most successfully in cells infected
during S phase, producing approximately sevenfold more prog-
eny virus than cells infected during G, and threefold more
virus than asynchronous populations of cells. These results,
taken together with the previous infectious center data ob-
tained from synchronized cells, indicate that G, cells are better
suited for the replication of wild-type virus whereas S phase
cells are better suited for the replication of the E1B mutant
virus.

Although HeLa cells infected during S phase were better
suited for replication of the E1B 55-kDa mutant virus than G,
cells or asynchronously growing cells, S phase did not entirely
complement the defect in viral replication. S phase cells in-
fected with the E1B mutant virus produced ninefold less virus
than did wild-type infection. Nonetheless, the data presented
thus far indicate that S phase cells are the primary cells per-
missive for replication of the E1B 55-kDa mutant virus. Ad
mutants that fail to express the E1B 55-kDa protein have
acquired a dependence on S phase to produce progeny virus.
Therefore, the E1B 55-kDa protein appears to overcome re-
strictions imposed on viral replication by the cell cycle.

HeLa cells infected during different stages of the cell cycle
exhibited differing degrees of cytopathic effect, as seen by cell
rounding. HeLa cells were infected as an asynchronous popu-
lation or synchronized and infected in S phase or G,. The cells
were analyzed by phase-contrast microscopy between 24 and
48 h after infection. During this time, mock-infected cells grew

Asynchronous Synchronized

109 3
- E
5
S 3
i i i
X [ [
= |
g

7 E =

= 10 E r

108 &~ - %

Gl 8 Gt §

FIG. 8. HelLa cells infected during S phase produce more E1B mutant virus
than do asynchronously growing HeLa cells or HeLa cells infected during G,.
Asynchronously and synchronously growing monolayers of HeLa cells were in-
fected with either the wild-type virus, d/309, or the E1B 55-kDa mutant virus,
dI338, at a multiplicity of 10 PFU per cell. The phase of the cell cycle at the time
of infection is indicated below the appropriate bar. Cells were lysed 48 h postin-
fection, and virus yield was measured by plaque assay using 293 cells. The yield
(PFU per milliliter) and upper range of the standard error are shown. mm |
wild-type virus; EZ3, E1B mutant virus.
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to confluence and only mitotic cells (<5%) exhibited cell
rounding (Fig. 9A). The cytopathic effect induced by the wild-
type Ad consisted of severe cell rounding of approximately
70% of the asynchronous infected population by 48 h after
infection (Fig. 9B). Asynchronously growing HeLa cells in-
fected with the E1B 55-kDa mutant virus contained approxi-
mately 10 to 20% rounded cells (Fig. 9C). All HeLa cells
infected with the wild-type Ad during either S phase or G,
exhibited a cytopathic effect similar to that seen in asynchro-
nous cells (Fig. 9D and F, respectively). However, HeLa cells
infected during S phase with the E1B 55-kDa mutant virus
showed markedly more severe cytopathic effect than did asyn-
chronous cells or cells infected during G, (Fig. 9 compare E
with G). Mock-infected synchronized cells exhibited cell
rounding only during mitosis at 11 and 33 h after removal of
the hydroxyurea block (data not shown). The cell rounding
seen in cells infected during either S phase or G; was not
coincident with the anticipated time of mitosis. This observa-
tion indicates that the cell rounding exhibited by cells infected
during either S phase or G; was due to virus-induced cyto-
pathic effect and not cell division. Although an increased cy-
topathic effect does not necessarily correlate with virus pro-
duction, HeLa cells infected in S phase with the E1B 55-kDa
mutant virus showed both an increased cytopathic effect and
produced more virus than cells infected in G;. These results
lead to the hypothesis that cells infected with the E1B 55-kDa
mutant Ad during S phase support an infection that more
closely resembles the wild-type virus infection.

Cells infected with the E1B 55-kDa mutant virus synthesize
viral DNA to levels of the wild-type virus infection. The failure
of G; cells to allow replication of the E1B 55-kDa mutant virus
could reflect a dependence of the E1B 55-kDa mutant virus on
S phase and the cellular program of DNA synthesis in order to
synthesize viral DNA. However, the presence of viral centers in
the nuclei of all cells in an infected population indicated that
viral DNA was synthesized in all cells whether or not they
produce progeny virions. In addition, hybridization analysis of
total DNA isolated from asynchronous populations of HeLa
cells infected with either the wild-type virus or the E1B 55-kDa
mutant virus demonstrated that E1B 55-kDa mutant virus-
infected cells synthesized viral DNA to levels equivalent to
those of wild-type virus-infected cells (Fig. 10). In two inde-
pendent experiments, the amount of viral DNA synthesized in
E1B mutant virus-infected cells either equaled or exceeded the
amount of viral DNA synthesized in wild-type virus-infected
cells. These data indicate that, in HeLa cells, the E1B 55-kDa
mutant virus successfully completes the early phase of viral
replication and synthesizes viral DNA to levels equivalent to
those of the wild-type infection. Therefore, the lesion of the
E1B 55-kDa mutant virus, and presumably the role of the E1B
55-kDa protein, appears to reside in the late phase of viral
replication.

The wild-type and E1B 55-kDa mutant viruses not only
synthesized equivalent amounts of viral DNA during the
course of an infection but also induced the synthesis of viral
DNA at the same time in infection. Incorporation of bromode-
oxyuridine (BrdU) into mock-infected, wild-type-infected or
E1B mutant-infected HeLa cells at various times postinfection
demonstrated that both the wild-type virus- and the E1B 55-
kDa mutant virus-infected cells induced viral DNA synthesis at
approximately 9 h after infection (data not shown). Prior to 9 h
after infection, approximately 25 to 30% of both mock-infected
and Ad-infected populations of cells incorporated BrdU. By
9 h after infection, 85 to 90% of the cells in both wild-type-
infected and E1B 55-kDa mutant virus-infected cultures
stained positively for incorporation of BrdU. These results
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indicate that both the wild-type and E1B mutant Ad initiate
viral DNA synthesis at the same time in infection.

The failure of the E1B 55-kDa mutant virus to replicate in
all infected cells is not mediated by p53. The experiments
discussed above were conducted with HeLa cells that contain a
wild-type p53 gene. Normally, the HeLa p53 protein is inacti-
vated by the human papillomavirus early protein E6 (56, 68).
However, Ad infection of HeLa cells has been shown to elevate
levels of p53, which could hinder viral replication by inducing
a G, growth arrest and inhibiting viral DNA synthesis (13, 22).
During an Ad infection, the E1B 55-kDa protein binds and
inactivates p53 (55, 72, 75). Thus, the failure to inactivate p53
may account for the inability of the E1B 55-kDa mutant virus
to replicate in all infected cells. To address this hypothesis, two
wild-type p53 cell lines, H460 and A549 (10, 35), and two
p53-null cell lines, H358 and Saos-2 (39, 62), were analyzed for
the ability to allow replication of the E1B mutant virus. If the
failure of the E1B 55-kDa mutant virus to replicate was me-
diated by p53, we would expect that the mutant virus would
replicate to levels approaching those of the wild-type virus in a
p53-null cell line and replicate poorly in cells containing a
wild-type p53. As can be seen in virus yields in Table 2, this
effect was not observed.

The E1B 55-kDa mutant virus replicated to the highest titer
in H460 and A549 cells expressing the wild-type p53 protein. In
addition, both the greatest (18-fold) and least (1.9-fold) differ-
ence between replication of the wild-type and E1B mutant
virus was observed in the cell lines reported to contain a wild-
type p53 gene. Finally, to within 1 log unit, the wild-type virus
replicated to the same extent in all cell lines. These results
suggest that although replication of the E1B 55-kDa mutant
virus is dependent on the cell type, these differences may not
be mediated by p53. Taken with the previous results, these
findings suggested that the E1B 55-kDa protein relieves growth
restrictions by a p53-independent mechanism, perhaps by in-
teracting with other unidentified cellular growth regulatory
proteins.

DISCUSSION

The Ad E1B 55-kDa tumor antigen relieves restrictions im-
posed on viral growth by the cell cycle. Mutant viruses (d/338
and dI1520) that failed to express the E1B 55-kDa protein
produced progeny virions in only 20% of the infected cells as
determined by electron microscopy (Fig. 1 and 2 and data not
shown). Similarly, assays for infectious centers showed that
only 20 to 25% of the cells infected with the E1B 55-kDa
mutant virus allowed replication of the mutant virus compared
to 100% of the cells infected with the wild-type virus (Fig. 4
and Table 1). The fraction of cells that support growth of the
E1B mutant virus is the same as the fraction of cells in S phase
in an asynchronously growing culture of HeLa cells (Fig. 5C).
The contribution of the cell cycle to growth of the E1B mutant
virus was determined by infecting HeLa cells synchronized to S
phase or G,. Compared to cells infected in G,, cells infected in
S phase with the E1B mutant virus had a greater number of
infectious centers (Fig. 7 and Table 1), produced higher levels
of virus progeny (Fig. 8), and demonstrated a near wild-type
cytopathic effect (Fig. 9). These data demonstrate that Ad
mutants that fail to express the E1B 55-kDa protein have
acquired a dependence on the cell cycle for virus production.

When infected during S phase, HeLa cells support efficient
replication of Ads that fail to express the E1B 55-kDa protein.
It is not known whether the environment that complements the
defect in virus production exists at the time of infection or
develops during the course of the infection. Because cells in-
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FIG. 9. HeLa cells infected with the E1B 55-kDa mutant virus during S phase exhibit a more severe virus-induced cytopathic effect than asynchronous cells or cells
infected during G,. Asynchronously growing HeLa cells (A to C), HeLa cells in S phase (D and E), or HeLa cells in G, phase (F and G) were either mock infected
(A) or infected with the wild-type virus (B, D, and F) or the E1B 55-kDa mutant virus (C, E, and G) at 10 PFU per cell. At 48 h postinfection, cells were analyzed
by phase-contrast microscopy. The Ad-induced cytopathic effect is characterized by cell rounding, as evidenced by the light-refractive bodies.

fected with either wild-type or E1B mutant virus fail to enter
mitosis (data not shown), we favor the hypothesis that Ad
infection halts normal progression of the cell cycle. Clearly the
very definition of the cell cycle following infection remains
uncertain. Although cells infected in S phase with the E1B
mutant virus produced more virus than asynchronous or G,
cells, they produced ninefold less virus than S phase cells
infected with the wild-type virus (Fig. 8). Furthermore, by
electron microscopy it appeared that each E1B 55-kDa mutant
virus-infected cell containing viral particles produced fewer
particles than any cell infected with the wild-type virus (com-
pare Fig. 7A or B to C). Moreover, when applied to synchro-
nized HeLa cells infected in S phase, both the TCIDj, assay for
infectious centers (Table 1) and the plaque assay for infectious
centers (data not shown) determined that between 24 to 37%
of the S phase cells produced infectious E1B mutant virus; this
range of values is significantly less than the 75% estimated by
electron microscopy. Perhaps some of the productive cells
identified by morphological means contain noninfectious par-
ticles. If so, it seems likely that the ratio of particles to PFU for
virus obtained from synchronized cells infected in S phase is
higher than that for virus obtained from cells infected at other
stages of the cell cycle. Nonetheless, a property of S phase
enables production of the E1B mutant virus although it cannot
fully restore viral replication to wild-type levels.

Other viruses such as the parvoviruses, depend on S phase
and the normal progression of the cell cycle for their replica-
tion. Replication of the bovine gammaherpesvirus 4 (BHV-4)
DNA was shown to depend on transition through S phase. In
this study, the number of cells expressing late proteins and
synthesizing viral DNA among BHV-4-infected cells was in-
versely correlated with cell density (65). We identified only one
other report of a mutant virus that acquired a dependence on
the cell cycle for replication. The herpes simplex virus type 1
Vmw65 (VP16) insertion mutant was shown to depend on cells

DNA (ug)
40 10 025 0.06

asoo § |

as3s § |

Mock

FIG. 10. E1B 55-kDa mutant virus-infected cells synthesize viral DNA at the
same level as wild-type virus infection. HeLa cells were infected with either the
wild-type virus, d/309, or the E1B 55-kDa mutant virus, d/338, at a multiplicity of
10 PFU per cell. Total cellular DNA was isolated from equal numbers of Ad-
infected HeLa cells 20 h postinfection. Total DNA in the amount indicated
above each lane was transferred to a nylon membrane, denatured, and hybridized
with radioactive Ad-specific DNA probes generated by random-primed synthe-
sis. Hybridized probe was quantified by densitometry, and mock-infected back-
ground was subtracted. Identical amounts of viral DNA were measured in E1B
55-kDa mutant virus-infected cells and wild-type virus-infected cells.

infected during S phase for early protein synthesis and repli-
cation (14). However, any relationship between the Vmwo65
mutant herpesvirus and the E1B 55-kDa mutant Ad is unclear.

By contrast to synchronized cells infected with the E1B 55-
kDa mutant virus, cells infected with the wild-type virus during
G, appear slightly better suited for replication of the wild-type
virus than cells infected during S phase. G,-infected cells pro-
duced threefold more wild-type virus than S phase-infected
cells. Similarly, the results in Table 1 indicate that more cells
infected in G, produced wild-type virus than cells infected
during S phase. Similar results were obtained with a plaque
assay for infectious centers (data not shown). These observa-
tions suggest that infection of cells in G, permits the wild-type
virus to more effectively establish a program of virus replica-
tion. During an Ad infection, the E1A gene products relieve
growth suppression and elicit unscheduled cellular DNA syn-
thesis by inactivating growth suppressors associated with G, (5,
33, 41). Therefore, it may be suggested that the E1 region of
Ad is poised to promote progression from G, into S. When
cells are infected during S phase, a cellular program of DNA
synthesis has already been established, and the virus may be
forced to compete with the cell for limiting factors, such as free
nucleotides, that are essential for DNA and RNA synthesis.
Support for this possibility can be derived from the findings of
Hodge and Scharff (24) who showed that when Ad DNA syn-
thesis began prior to initiation of cellular DNA synthesis (S
phase), the subsequent initiation at the next S phase was pre-
vented. However, when viral DNA synthesis began after the
onset of cellular DNA synthesis, cellular DNA synthesis was
not completely inhibited (24). Together, these findings offer an
hypothesis as to why G, phase cells better replicate the wild-
type virus than S phase cells.

In contrast to the well-established role played by the E1A
proteins in deregulating the cell cycle during lytic growth, (re-
viewed in references 17 and 67), the E1B 55-kDa protein has
not been shown to function directly in deregulating the cell
cycle during virus replication. It has, however, been hypothe-
sized that the E1B 55-kDa protein permits E1A-induced DNA
synthesis by preventing p53-mediated G, growth arrest or ap-
optosis (50, 59). Such a response by p53 to viral challenge
would severely hinder if not shut down the ability of the virus

TABLE 2. Virus yield following infection of wild-type
p53 and p53-null cell lines®

53 Virus yield (10° PFU per ml)®
Cell line o
status E1B mutant Wild type  Fold difference*
H460 Wild type 6.6 (4.5,10) 120 (40, 230) 18
A549 44 (33, 58) 84 (46, 99) 1.9
H358 Null 29 (1.3,4.7) 19 (7, 41) 6.4
Saos-2 11(05,22) 14 (7,24) 13

@ A total of 8 X 10° of the indicated cells in 4 ml were infected with 5 PFU per
cell of either the wild-type virus, d/309, or the E1B mutant virus, d/338. The cells
were lysed in a volume of 4 ml 2 days postinfection, and the titer of the progeny
virus was determined by plaque assay with 293 cells.

b The virus yield was obtained by averaging the results of 6 to 10 independent
measurements. The results are presented as the average (minimum/maximum).

¢ The fold difference is the ratio of wild-type virus yield to E1B mutant virus
yield in the indicated cell line.
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to transform cells or synthesize viral DNA and establish a lytic
infection (16, 37, 69). However, replication of the E1B 55-kDa
mutant virus was not related to the status of p53 in the five cell
lines examined in this study (Fig. 8 and Table 2). Thus, these
data suggest that the E1B 55-kDa protein relieves growth con-
straints of the cell cycle by mechanisms independent of p53.
Other interactions between the E1B 55-kDa protein and cel-
lular regulatory factors may exist to permit virus production in
the wild-type Ad infection. Such positively acting regulatory
factors may be made available or negatively acting factors may
be absent when cells are infected during the S phase of the cell
cycle.

Based on the known functions of the E1B 55-kDa protein in
Iytic infection, the inability of the E1B mutant virus to produce
progeny virions in all infected cells may be linked to the defect
in viral mRNA transport. The E1B 55-kDa mutant virus ap-
pears able to enter the late phase of viral replication. However,
although late genes are transcribed, the transcripts never reach
the cytoplasm (45). S phase cells may provide a property or
factor that partially compensates for the E1B 55-kDa protein
in promoting transport of viral mRNA. Work is in progress to
determine if a correlation exists between the cell cycle-depen-
dent replication and the mRNA transport defect of the E1B
55-kDa mutant virus. For example, if cell cycle-dependent viral
replication and the mRNA transport defect are linked, the E4
34-kDa mutant virus may also depend on the cell cycle for virus
production. As previously suggested, the E1B 55-kDa—E4 34-
kDa protein complex may interact with and recruit a limiting
cellular factor to the sites of viral RNA processing to aid in the
transport of viral mRNA (43). Perhaps this factor is abundant
in cells infected in S phase and can promote the transport of
viral RNA in the absence of the E1B 55-kDa-E4 34-kDa com-
plex. If such a factor exists, our previous work suggests that the
cellular factor may be unique to primate cells (19). Several
cellular proteins have been shown to function in cell cycle
regulation and mRNA transport such that these two regulatory
processes may be linked to some extent. For example, Ran/
TC4 (31, 52, 53, 57) and the regulator of chromatin conden-
sation-1, RCC1 (1, 12, 27, 28, 42), are cellular proteins involved
in mediating both RNA transport and cell cycle progression.
These or similar proteins would be potential targets of the E1B
55-kDa protein.
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ADDENDUM IN PROOF

After this article was accepted, Bischoff et al. (J. R. Bischoff,
D. H. Kirn, A. Williams, C. Heise, S. Horn, M. Muna, L. Ng,
J. A. Nye, A. Sampson-Johannes, A. Fattaey, and F. McCor-
mick, Science 274:373-376, 1996) reported that the E1B mu-
tant virus d/1520 selectively replicates in and kills p53-deficient
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human tumor cells. These authors also reported that dl1520
fails to replicate in and kill human tumor cells expressing
wild-type p53. In contrast to the findings of these investigators,
we found that replication of the E1B mutant virus d/338 was
not necessarily blocked by the presence of wild-type p53. Our
findings, which include an analysis of the replication of d/1520
in HeLa cells, suggest that the fraction of cells in S phase at the
time of viral challenge, rather than the status of p53, is prog-
nostic for a productive infection by an E1B mutant virus. This
hypothesis, if substantiated, would suggest that the range of
human tumor cells that can be killed by the E1B mutant virus
extends beyond p53-deficient cells.
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