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The human adenovirus type 5 (Ad5) E1B 55-kDa protein is required for selective nuclear export of viral late
mRNAs from the nucleus and concomitant inhibition of export of cellular mRNAs in HeLa cells and some other
human cell lines, but its contributions(s) to replication in normal human cells is not well understood. We have
therefore examined the phenotypes exhibited by viruses carrying mutations in the E1B 55-kDa protein coding
sequence in normal human fibroblast (HFFs). Ad5 replicated significantly more slowly in HFFs than it does
in tumor cells, a difference that is the result of delayed entry into the late phase of infection. The A143
mutation, which specifically impaired export of viral late mRNAs from the nucleus in infected HeLa cells (R. A.
Gonzalez and S. J. Flint, J. Virol. 76:4507–4519, 2002), induced a more severe defect in viral mRNA export in
HFFs. This observation indicates that the E1B 55-kDa protein regulates mRNA export during the late phase
of infection of normal human cells. Other mutants exhibited phenotypes not observed in HeLa cells. In HFFs
infected by the null mutant Hr6, synthesis of viral late mRNAs and proteins was severely impaired. Such
defects in late gene expression were the result of inefficient progression into the late phase of infection, for viral
DNA synthesis was 10-fold less efficient in Hr6-infected HFFs than in cells infected by Ad5. Similar, but less
severe, defects in viral DNA synthesis were induced by the insertion mutation H224, which has been reported
to inhibit binding of the E1B 55-kDa protein to p53 (C. C. Kao, P. R. Yew, and A. J. Berk, Virology 179:806–814,
1990).

During the late phase of human adenovirus type 5 (Ad5)
infection, cellular protein synthesis is severely inhibited, while
viral late proteins are made in large quantities (3, 6). Such
preferential expression of viral genes is the result of posttran-
scriptional regulatory mechanisms: several viral gene products,
including VA-RNA1 and the L4 100-kDa protein, contribute
to selective translation of viral late mRNAs (see references 18,
64, and 85 for reviews), while the E1B 55-kDa and E4 Orf 6
proteins induce selective export of these mRNAs from the
nucleus (reviewed in references 25, 33, and 39). In infected
cells, these last two early proteins form a complex (84) that has
been implicated in regulation of mRNA export (12, 19). In-
deed, the E1B 55-kDa and E4 Orf 6 proteins colocalize to
specific sites within infected cell nuclei, the peripheral zones of
replication centers (70). Transcription of viral late genes and at
least initial processing of viral pre-mRNAs take place at these
same sites (4, 14, 74, 75). Mutations that prevent synthesis of
the E4 Orf 6 protein or reduce binding of this to the E1B
55-kDa protein (83) result in both mislocalization of the E1B

55-kDa protein and defects in export of viral late mRNAs (39,
70). These properties indicate that E4 Orf 6 protein-dependent
recruitment of the E1B protein to the specialized nuclear sites
at which viral late pre-mRNAs are synthesized promotes se-
lective export of the processed mRNAs. The observation that
the accumulation of viral mRNAs at enlarged interchromatin
granules, which form in infected cells as the late phase
progresses, correlates with efficient late mRNA export (4, 13)
provides further support for the view that efficient mRNA
export is intimately coupled to the organization of infected cell
nuclei. However, the molecular basis of such coupling remains
unknown, nor has the cellular export pathway by which viral
late mRNAs are transported from the nucleus to the cytoplasm
been identified.

The E1B 55-kDa protein contains a leucine-rich nuclear
export signal (NES) that is recognized by the cellular exportin
1 export receptor and mediates shuttling of the viral protein
when it is synthesized either alone or in Ad5-infected cells (26,
58). It has also been reported that the E4 Orf 6 protein con-
tains a similar NES necessary for exportin-dependent shuttling
of the E1B 55-kDa–E4 Orf 6 protein complex and sufficient to
allow export when fused to an heterologous protein (24). The
specific inhibitor of exportin 1, leptomycin B, has been ob-
served to inhibit shuttling of this E4 protein substantially (78).
On the other hand, it has also been reported that the E4 Orf
6 NES failed to direct efficient export of a heterologous protein
and that export of this E4 protein is insensitive to leptomycin
B (26, 58). Regardless of whether the E4 Orf 6 protein leaves
the nucleus via the exportin 1 pathway, there is clear evidence
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that this export receptor does not mediate export of viral late
mRNAs: the inhibition of exportin 1 by leptomycin B or an
NES containing peptide had no effect on synthesis of viral late
proteins (15, 78) or viral late mRNA export (34).

Mutants of Ad5 null for expression of the E1B 55-kDa
protein coding sequence exhibit conditional phenotypes in
HeLa cells and other established lines of human cells. In the
first place, replication of such mutants is temperature depen-
dent, with significantly more-severe defects observed at 32.5 to
33°C than at 37°C and efficient growth at 38.5 to 39.5°C (41, 46,
51, 60, 86). Secondly, the yield of the mutants is increased by a
factor of 7 when HeLa cells are infected in S phase compared
to the yield from cells that are in G1 phase at the time of
infection (40). Both temperature-dependent and cell cycle-
restricted replication appear to be the result of defects in
export of viral mRNAs: late mRNA export and synthesis of
late proteins are substantially impaired when E1B mutant vi-
rus-infected cells are maintained at low temperatures (46, 60,
96) and when cells are infected in G1 phase (42). Furthermore,
the cell cycle-dependent replication of these mutants is sub-
stantially relieved at 39°C (41). These properties imply that
cellular components that are synthesized, active, or present at
a sufficient concentration only under specific conditions (e.g.,
elevated temperature) can compensate, at least partially, for
the absence of the E1B 55-kDa protein by facilitating export of
viral late mRNAs.

Reproduction of mutants that cannot direct synthesis of the
E1B 55-kDa protein also varies with the identity of the host
cells (8, 41, 44, 46, 82, 94). In some established lines of human
cells, including A549, the yield of these mutants, compared to
that of the wild type, is reduced only two- to fivefold, whereas
in others, including H1299 and U2OS, growth defects of sev-
eral orders of magnitude have been observed. The molecular
mechanisms responsible for these differences in host cell per-
missiveness are not fully understood (see references 21 and 45
for reviews) and appear to be cell type specific (28). However,
in at least one case (H1299 cells), defects in viral late gene
expression have been shown to make a major contribution to
the low replication efficiency of an E1B 55-kDa protein null
mutant (46).

The conditional replication and mRNA export regulation
phenotypes exhibited by viruses carrying mutations in the E1B
55-kDa protein coding sequence in established lines of human
cells raise the question of whether regulation of mRNA export
is necessary for efficient growth of Ad5 in normal human cells.
To address this issue, we have examined the phenotypes ex-
hibited by the E1B 55-kDa protein null mutant Hr6 (51, 96)
and a set of mutants carrying insertions in this gene (97, 98) in
normal human foreskin fibroblasts. These normal host cells
have allowed identification of defects in entry into the late
phase of the infectious cycle associated with certain mutations,
phenotypes that are not observed in transformed human host
cells.

MATERIALS AND METHODS

Cells and viruses. Maintenance of HeLa and 293 cells in monolayer cultures
and propagation and plaque assay of Ad5 and mutant viruses carrying alterations
in the E1B 55-kDa protein coding sequence were as described previously (39).
Primary human foreskin fibroblasts (HFFs), the gift of C. Patterson and T.
Shenk, were maintained in monolayer cultures in Dulbecco’s modified Eagle’s

medium supplemented with 10% (vol/vol) fetal calf serum (Gibco-Invitrogen
Corp.) for no more than 15 passages. Unless otherwise stated, HFFs were
infected with Ad5 or E1B mutant viruses at 30 PFU/cell.

Viral yields. To examine the kinetics of Ad5 replication, HFFs and HeLa cells
at 90% confluence were infected at 0.1 or 10.0 PFU/cell, and infected cells were
harvested after increasing periods of infection. Cells were washed in phosphate-
buffered saline (Gibco-Invitrogen Corp) and suspended in 0.25 M Tris-HCl, pH
7.4, containing 0.15 M KCl, 5 mM KCl, 10 mM MgCl2, and 0.1% (vol/vol)
dextrose. Following five cycles of freezing and thawing, cellular debris was re-
moved by centrifugation. Concentrations of extracted virions were determined by
plaque assay on HeLa cells. To compare yields of Ad5 and E1B mutant viruses,
HFFs at 90% confluence were infected in parallel with 10 PFU/cell and har-
vested 72 h after infection. Virus particles were extracted as described above, and
the concentrations of virions were determined by plaque assay on 293 cells, which
synthesize the viral E1B 55-kDa protein (2).

Detection of viral DNA. Nuclei and cytoplasmic extracts were prepared from
HFFs infected with Ad5 for increasing periods, or from cells infected in parallel
with Ad5 and E1B mutant viruses, by extraction with NP-40 as described previ-
ously (32, 39). Nuclei were lysed by addition of five volumes of 0.01 M Tris-HCl,
pH 7.5, containing 0.5 M NaCl and 1 mM EDTA. An equal volume of 0.01 M
Tris-Cl, pH 7.5, containing 1 mM EDTA and 2% (wt/vol) sodium dodecyl sulfate
(SDS), was then added, and samples were incubated with 100 �g/ml proteinase
K for 30 min at 37°C. Nucleic acids were purified by phenol-CHCl3 extraction
and ethanol precipitation. They were then collected by centrifugation, dissolved
in 0.01 M Tris-HCl, pH 7.5, containing 0.05 M NaCl and 1 mM EDTA, and
digested sequentially for 30 min at 37°C with 80 �g/ml RNase A and 50 �g/ml
proteinase K. Following phenol-CHCl3 extraction and ethanol precipitation,
DNA samples were digested with 200 units EcoRI for 90 min at 37°C. Equal
quantities of DNA were then denatured and loaded onto nylon membranes as
described previously (53). Membrane-bound DNA was hybridized to plasmids
containing the viral IVa2 or E1A gene, viral L3 DNA or human ribosomal DNA
labeled with [�-32P]dCTP (3,000 Ci/mmol; Perkin Elmer Life Sciences) by the
random priming method (31). Signals were quantified using the PhosphorImager
Storm system and ImageQuant software (Molecular Dynamics).

Steady-state concentrations of viral proteins. The kinetics of accumulation of
viral proteins were examined by immunoblotting of cytoplasmic extracts pre-
pared as described in the previous section from equal numbers of HFFs infected
with Ad5 for increasing periods. SDS-polyacrylamide gel electrophoresis, trans-
fer of proteins to membranes, and detection of bound antibodies were done as
described previously (39). The viral E1A, E1B 55-kDa, E2 72-kDa, and E4 Orf
6 proteins were detected by using monoclonal antibodies M73 (48), 2A6 (84), B6
(79), and M45 (69), respectively. To compare the concentrations of the E1B
55-kDa protein accumulating in cells infected by Ad5 and E1B mutant viruses,
total cell lysates were prepared from cells infected for 20 or 40 h as described
previously (39). Extracts from equal numbers of infected cells were analyzed by
immunoblotting using the 2A6 monoclonal antibody (84). Viral late proteins
were examined by immunoblotting of cytoplasmic extracts prepared as described
in the previous section from HFFs infected in parallel with Ad5 or E1B mutant
viruses for 30 h. Protein V was detected using monoclonal antibody F58 #4 (61).

Synthesis of viral and cellular proteins. HFFs were infected in parallel with
Ad5 and E1B mutant viruses or mock infected. At 29 h after infection, the
medium was removed and replaced with Dulbecco’s modified Eagle medium
lacking methionine and cysteine (Gibco-Invitrogen Corp.) supplemented with
5% fetal bovine serum. Cells were then incubated with 100 �Ci/ml 35S Easy Tag
Express (175.0 Ci/mmol; Perkin Elmer Life Sciences) from 30 to 32 h after
infection and harvested. Cytoplasmic and nuclear fractions were separated by
NP-40 extraction as described above. The newly synthesized cytoplasmic proteins
recovered from equal numbers of infected cells were examined by electrophore-
sis in 10% polyacrylamide-SDS gels and autoradiography of dried gels.

Immunofluorescence. HFFs infected with Ad5 or the mutant A143 or mock
infected were processed for immunofluorescence as described previously for
HeLa cells (34, 39). The viral E1B 55-kDa and 72-kDa DNA-binding proteins
were detected by using monoclonal antibody 2A6 immunoglobulin G labeled
with AlexaFlour 488 and the B6 monoclonal antibody (80) and Cy5-labeled
antimouse immunoglobulin G (Jackson Laboratories), respectively. Double-la-
beled samples were examined using a Zeiss LSM 510 confocal microscope with
a C-Apochromat 1.2 NA water objective.

Steady-state concentrations of viral late RNA. HFFs were infected with Ad5
or E1B mutant virus for 30 to 32 h. Nuclear and cytoplasmic fractions were
separated by NP-40 extraction, and the cytoplasmic extract was digested with 100
�g/ml proteinase K as described above. RNA was then purified by phenol-CHCl3
extraction and ethanol precipitation. Precipitates were collected by centrifuga-
tion, dissolved in 0.01 M Tris-HCl, pH 7.5, containing 0.05 M NaCl and 0.01 M
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MgCl2, and incubated with 50 units DNase I (RNase free; Promega) for 30 min
at 37°C. Samples were then digested with proteinase K as described and RNA
purified by organic extraction and ethanol precipitation. Nuclear pellets were
resuspended in 0.01 M Tris-HCl, pH 7.5, containing 0.5 M NaCl and 0.01 M
MgCl2 and vortexed extensively. Following nuclear lysis, samples were diluted 1
to 2 with water and digested sequentially with 100 units DNase I and 100 �g/ml
proteinase K, phenol-CHCl3 extracted, and ethanol precipitated. Nucleic acids
were collected by centrifugation, dissolved in 0.01 M Tris-HCl, pH 7.5, contain-
ing 0.05 M NaCl and 0.01 M MgCl2, and subjected to a second cycle of DNase
I and proteinase K digestion under the same conditions.

Viral late mRNAs were detected and quantified by using two-step real time
reverse transcription-PCR (RT-PCR). Reverse transcription was performed
manually under the conditions described previously (17, 56). Reaction mixtures
contained cytoplasmic or nuclear RNA isolated from equal numbers of cells
infected by Ad5 or E1B mutant viruses, 4.5 pmol of the reverse primer of a
human �-actin amplicon (Applied Biosystems), and 15 pmol oligonucleotide
primers specific for processed L2 penton or L5 fiber mRNAs. These last two
primers spanned the splice junctions between the ML tripartite leader sequence
and the mRNA bodies. Both primers were complementary to 11 bases upstream
of the splice sites, and the penton and fiber primers were complementary to 12
and 14 bases, respectively, downstream of the splice junctions. cDNAs were then
quantified by multiplex, real-time PCR using the AB1 Prism 7700 sequence
detection system and TaqMan (Applied Biosystems) chemistry. The probes of an
amplicon within the major late (ML) tripartite sequence, which was designed
using Primer Express software (Applied Biosystems), and the human �-actin
amplicon were labeled with VIC and 6-carboxyfluorescein, respectively. The ML
amplicon comprised a forward primer corresponding to positions 69 to 90 of the
tripartite leader sequence, a probe corresponding to positions 94 to 114, and a
reverse primer complementary to positions 135 to 150. Relative cDNA, and
hence mRNA, concentrations were determined by the standard curve method.

RESULTS

The kinetics of Ad5 replication in normal human fibro-
blasts. The vast majority of studies of the productive cycle of
human subgroup C adenoviruses, such as Ad5, have used es-
tablished human cell lines as hosts. Such immortal cell lines are
transformed and indeed are often derived from human tumors
(e.g., HeLa cells, the most common laboratory host for Ad5).
They are therefore abnormal (and no doubt variable) in both
genotype and many aspects of growth and metabolism. In con-
trast, the human foreskin fibroblasts used in these experiments
were diploid cells that exhibited such characteristic properties
of normal primary cells as contact inhibition and senescence
after a finite number of passages in culture (data not shown).
As the infectious cycle of Ad5 in these normal cells had not
been characterized previously, we initially examined the kinet-
ics of production of virions, viral DNA synthesis, and viral early
and late gene expression.

We first compared the time courses of production of infec-
tious virus particles in HeLa cells and HFFs. Typical results
obtained when cells were infected at low multiplicity, 0.1 PFU/
cell, are shown in Fig. 1. The replication of Ad5 proceeded
considerably more slowly in HFFs than in HeLa cells. Produc-
tion of progeny virions in HeLa cells began between 18 and
24 h after infection and was complete by 36 h. By contrast,
progeny virions were not detected until 36 h after infection of
HFFs, and their concentration increased at a slower rate than
that observed with HeLa cells until 72 h after infection (Fig. 1).
Increasing the multiplicity of infection to 10 PFU/cell did not
alter the time at which virions were first detected in either cell
type (data not shown).

At the latest time point examined following low-multiplicity
infection, the yield of infectious virus particles per cell was an
order of magnitude lower in HFFs than in HeLa cells (Table

1). Infection at 10 PFU/cell did not change this ratio (Table 1).
This difference in yield per cell could indicate that production
of virions is significantly less efficient in HFFs than in HeLa
cells or that a multiplicity of infection sufficient for infection of
all HeLa cells (10 PFU/cell) failed to result in infection of all
normal fibroblasts. To distinguish between the possibilities, we
first used indirect immunofluorescence to measure the per-
centage of HFFs that produced the viral hexon protein as a
function of multiplicity of infection. While a multiplicity of 50
PFU/cell resulted in infection of all cells, only some 80%
stained positive for hexon when 25 PFU/cell was used (data not
shown). This observation indicates that HFFs are significantly
less susceptible to Ad5 infection than are HeLa cells. Conse-
quently, a multiplicity of 30 PFU/cell was used in all subse-
quent experiments. Furthermore, measurement of virus yield
when all cells were infected indicated that each normal fibro-
blast supports production of a smaller number of virions than
does a HeLa cell (Table 1).

Entry into the late phase of infection is delayed in Ad5-
infected HFFs. To investigate the reason for the slow Ad5
replication in HFFs compared to that in HeLa cells, we first
examined the kinetics of viral DNA synthesis. HFFs infected
with 30 PFU/cell Ad5 were harvested at regular intervals and
DNA purified as described in Materials and Methods. DNA
recovered from an equal numbers of cells was loaded onto

FIG. 1. The kinetics of Ad5 replication in HeLa cells and HFFs.
Following infection at 0.1 PFU/cell, cells were harvested at regular
intervals, and yields of infectious particles were determined by dupli-
cate plaque assays of multiple dilutions of each sample. p.i., postinfec-
tion.

TABLE 1. Comparison of yields of Ad5 in HeLa cells and HFFs

Multiplicitya

of infection

Yield, PFU/cellb
Yield ratioc

HFF HeLa

0.1 1.7 14 0.12
10.0 36.7 322.2 0.11
50.0 125.0 319.4 0.39

a Based on titer determined by plaque assay with HeLa cells.
b Yields were determined by duplicate plaque assays with HeLa cells. For

clarity, standard deviations (� 15%) are not shown.
c Ratio of yield for HFFs to that for HeLa cells.
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nylon membranes and hybridized to 32P-labeled viral E1A
DNA as described in Materials and Methods. Following quan-
tification of signals, membranes were stripped and hybridized
to 32P-labeled human ribosomal DNA to provide an internal
control. As shown in Fig. 2A, a large increase in the concen-
tration of viral DNA was first detected between 20 and 24 h
after infection, and synthesis of viral DNA ceased by 36 to 40 h
after infection. The length of the period during which the
concentration of intranuclear viral DNA increased is very sim-
ilar to that observed with HeLa cells (66). Furthermore, cyto-
plasmic fiber mRNA reached its maximal concentration some
8 to 10 h after the onset of viral DNA synthesis in HFFs (data
not shown), indicating that the kinetics of viral late gene ex-
pression are also similar in HFFs and HeLa cells. By contrast,
the onset of viral DNA replication occurs much earlier in
HeLa cells, between 6 and 8 h after infection (66). We there-
fore conclude that the early phase of Ad5 infection is extended
by some fourfold in normal human fibroblasts compared to
that in transformed HeLa cells.

We next examined the accumulation of viral early proteins in
Ad5-infected HFFs by using immunoblotting of soluble ex-
tracts prepared from cells harvested after increasing periods of
infection. The immediate-early E1A proteins are the first to be
synthesized and are required for efficient expression of viral
early genes (see references 35, 87, and 88). Although these
proteins are present from 2 to 4 h after infection of HeLa cells,
they were only just detectable at 14 h after infection of HFFs
(Fig. 2B). The various forms of the E1A proteins (48) then
increased in concentration until 20 h after infection. Consistent
with the requirement of E1A proteins for efficient transcrip-
tion of viral early genes, the E1B 55-kDa protein was not made
at 14 h after infection and was present at a low concentration
by 20 h (Fig. 2B). This protein attained its maximal concen-

tration by 32 h after infection, well into the late phase of
infection (Fig. 2A), as is also the case with established lines of
human cells (9, 83, 90, 92). The kinetics of accumulation of the
E2 72-kDa DNA-binding protein and the E4 Orf 6 protein
were similar to those of the E1B 55-kDa protein (data not
shown). These results indicate that expression of the viral E1A
gene is much less efficient in normal human fibroblasts than in
HeLa cells. Because efficient expression of E2 coding se-
quences for the viral replication proteins requires both the
289R and 243R E1A proteins (see references 35 and 67 for
reviews), this property makes a major contribution to the ex-
tended-early-phase characteristic of Ad5 infection of HFFs
(Fig. 2A).

We also examined the intracellular locations of the E1B
55-kDa and E4 Orf 6 proteins as the infectious cycle pro-
gressed by immunofluorescence using monoclonal antibodies
2A6 and M45, respectively. The intracellular localization of
both proteins closely resembled the patterns previously de-
scribed for Ad5-infected HeLa cells (39, 70), albeit with de-
layed kinetics of entry into the nucleus (data not shown).

Effects of mutations in the E1B 55-kDa protein coding se-
quence on Ad5 replication in HFFs. To assess the role of the
E1B 55-kDa protein in regulation of mRNA export in normal
cells infected by Ad5, we examined the phenotypes displayed
by mutant viruses carrying insertions in the E1B protein coding
sequence. These mutants, A143, H224, and H354 (Fig. 3A),
which are a subset of a series that has been characterized in
some detail (37, 55, 83, 97), were chosen on the basis of the
properties exhibited by the altered E1B 55-kDa proteins in
HeLa cells. We first compared the steady-state concentrations
of the E1B 55-kDa protein in HFFs infected with Ad5 or the
mutant viruses by using immunoblotting of total cell extracts
prepared 20 or 40 h after infection. As illustrated in Fig. 3B,

FIG. 2. The kinetics of synthesis of viral DNA and early proteins in Ad5-infected HFFs. A. The concentrations of viral DNA present in HFFs
infected with 30 PFU/cell Ad5 for the periods indicated were determined by blotting and hybridization to viral DNA as described in Materials and
Methods. Signals were quantified and corrected using rRNA genes as an internal control and are expressed relative to the maximal quantity of viral
DNA detected. The values shown represent means for two independent experiments. B. Total cell extracts prepared from HFFs infected with 30
PFU/cell Ad5 for the periods indicated were assayed for the presence of the E1A and E1B 55-kDa proteins by using immunoblotting as described
in Materials and Methods. p.i., postinfection.
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none of the mutations resulted in reduced accumulation, com-
pared to the wild-type level, of the altered E1B proteins either
early or late in infection. On the other hand, all of the muta-
tions impaired viral replication in HFFs (Table 2), although
the defect induced by the H354 mutation was modest.

The synthesis of viral late proteins in HFFs infected with
these mutants was then examined. The E1B 55-kDa protein

null virus Hr6 (51) was included in this and subsequent anal-
yses. Cells infected by the mutants or Ad5, as well as mock-
infected cells, were labeled with [35S]methionine and [35S]cys-
teine for 2 h during the late phase of infection, as described in
Materials and Methods. Newly synthesized cytoplasmic pro-
teins were analyzed by SDS-polyacrylamide gel electrophoresis
and autoradiography. In Ad5-infected HFFs, efficient synthesis
of viral late protein was accompanied by severe inhibition of
cellular protein synthesis (Fig. 4A, compare lanes 1 and 2).
Production of viral late protein was also readily evident in
H354-infected cells, although it was somewhat less efficient,
and cellular protein synthesis was partially inhibited (Fig. 4A,
compare lanes 1, 2, and 5). By contrast, reduction in labeling of
cellular proteins was not observed in cells infected by any of
the other mutants (Fig. 4A, lanes 1, 3, 4, and 6). Furthermore,
reduced quantities of viral proteins (for example, hexon
polypeptide II and pVII) were synthesized in A143-infected
HFFs but could not be detected readily in cells infected by
H224 or Hr6 (Fig. 4A, compare lanes 2, 3, 4, and 6). To

FIG. 3. Effects of insertion mutations on accumulation of the E1B 55-kDa protein. A. The 496-residue Ad5 E1B 55-kDa protein is represented
by the rectangle at the top, on which are shown the positions of the leucine-rich export signal (NES), an RNP RNA-binding motif (RNP), and a
putative C2H2 zinc finger (Zn finger). The sites at which the protein is modified are indicated above the protein. The sites of the four-amino-acid
insertions carried by the mutants used in these experiments are indicated below the protein. The effects of these mutations on binding of the E1B
55-kDa protein to other proteins (34, 55, 83) and on viral late mRNA export in HeLa cells (39) are summarized below the insertion sites, where
- and – indicate inhibition of the activity or function listed at the left. B. HFFs were infected for 20 or 40 h with 30 PFU/cell Ad5 (lanes 1 and 6),
A143 (lanes 2 and 7), H224 (lanes 3 and 8), or H354 (lanes 4 and 9) or mock infected (lanes 5 and 10). The E1B 55-kDa protein was examined
by immunoblotting, as described in Materials and Methods.

TABLE 2. Replication of E1B mutant viruses in HFFs

Virus
Relative yielda

Expt 1 Expt 2

Ad5 1.0 1.0
A143 3.3 � 10�3 7.6 � 10�3

H224 1.6 � 10�2 7.3 � 10�3

H354 1.4 � 10�1 6.9 � 10�1

Hr 6 3.5 � 10�3 1.5 � 10�3

a Yields, determined by plaque assay with 293 cells, are shown relative to the
values determined for Ad5.
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circumvent the difficulty in detecting small quantities of newly
synthesized viral proteins when cellular proteins were also la-
beled, we used immunoblotting to compare the steady-state
concentrations of protein V 30 h after infection of HFFs with
Ad5 and the two mutants. As illustrated in Fig. 4B, this late
protein was indeed produced in cells infected by H224 or Hr6
but at concentrations some 50-fold lower than those observed
with Ad5-infected HFFs.

Previous studies have established that mutations in the E1B
55-kDa protein coding sequence that result in impaired export
of viral late mRNAs from the nucleus induce severe defects in
synthesis of viral late proteins (40, 41, 42, 46, 73, 96). Quanti-
tatively, these defects are significantly greater than can be
accounted for by the reduced quantities of viral late mRNAs
entering the cytoplasm. However, it is not clear whether the
E1B 55-kDa protein facilitates late mRNA translation directly
or indirectly as a result of efficient export of viral mRNAs
encoding proteins necessary for efficient ML transcription
(IVa2 protein [62, 71, 93]) or late mRNA translation (L4 100-
kDa protein 49, 85). As impaired export of viral late mRNAs
from the nucleus to the cytoplasm could account for the de-
fects in synthesis of viral late proteins illustrated in Fig. 4, we
compared this process in HFFs infected by Ad5 or the mutant
viruses. Measurement of the concentrations of processed fiber
mRNA in the cytoplasmic fractions of the Ad5-infected HFFs
used for analysis of the kinetics of viral DNA synthesis (Fig.
2A) established that this late mRNA attained its maximal
concentration between 28 and 32 h after infection (data not
shown). Cells infected with 30 PFU/cell Ad5 or the mutants
were therefore harvested 30 to 32 h after infection, and cyto-
plasmic and nuclear RNAs were purified from them as de-
scribed in Materials and Methods. The relative concentrations
of processed L2 penton and L5 fiber mRNAs were then de-
termined by using quantitative RT-PCR. Reverse transcription
was performed manually with primers complementary to the
splice junctions between the coding exons of these mRNAs and
the ML tripartite leader sequence. Relative cDNA, and hence
mRNA, concentrations were then determined by using real-

time PCR to amplify a segment of the ML tripartite sequence
common to all ML mRNAs. A human �-actin mRNA se-
quence was reverse transcribed and amplified in the same
reactions to provide an internal control. No amplification of
either the viral or the cellular sequence was observed when
reverse transcriptase was omitted from primer extension reac-
tions (data not shown), confirming the specificity of the detec-
tion method for RNA. The results obtained for fiber mRNA
production and export in several independent experiments are
summarized in Fig. 5.

FIG. 4. Synthesis of viral late proteins in HFFs infected by E1B mutant viruses. A. HFFs infected with 30 PFU/cell of the viruses indicated at
the top or mock infected (M) were labeled with [35S]methionine plus [35S]cysteine during the late phase of infection, and cytoplasmic proteins were
examined by SDS-polyacrylamide gel electrophoresis and autoradiography. The positions to which prestained molecular mass markers migrated
are listed at the left, and those of prominent viral late proteins are indicated at the right. B. The steady-state concentrations attained by protein
V 30 h after infection of HFFs with the viruses indicated at the top or in mock-infected cells (M) were compared by immunoblotting as described
in Materials and Methods.

FIG. 5. Effects of E1B mutations on the production and export of
L2 fiber mRNA in HFFs. The concentrations of mature fiber mRNA
present in nuclear and cytoplasmic fractions of HFFs infected for 30 to
32 h with 30 PFU/cell of the viruses indicated were determined by
real-time RT-PCR as described in Materials and Methods. The nu-
clear concentrations and cytoplasmic/nuclear (C:N) concentration ra-
tios, a measure of export efficiency, are expressed relative to the values
observed for Ad5-infected cells. The values represent the means for
three independent experiments.
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We have previously reported that the A143 mutation, which
results in impaired interaction of the E1B 55-kDa protein with
the E4 Orf 6 protein (83), induces a specific defect in export of
viral late mRNAs and disrupts the association of the E1B
protein with the peripheral zones of viral replication centers in
infected HeLa cells (39). The same mRNA export defect was
observed in HFFs, although the effects of the mutation were
more dramatic: export of fiber mRNA was reduced by a factor
of 5, with a concomitant 2.5-fold increase in nuclear mRNA
concentration (Fig. 5). It is likely that increased intranuclear
turnover of fiber mRNA molecules that are not exported ac-
counts for the difference between the degree of export inhibi-
tion and the increase in nuclear concentration of the mRNA.
We also examined the effects of the A143 mutation on the
location of the E1B 55-kDa protein by using immunofluores-
cence, as described in the Materials and Methods section. In
Ad5-infected HFF nuclei, this viral protein was concentrated
around viral replication centers, which were identified by the
presence of the 72-kDa single-stranded DNA-binding protein
(Fig. 6e to i). Some colocalization of the two viral proteins was
observed (Fig. 6, panels h and i), but much less than that seen
in Ad5-infected HeLa cells (39, 70). Rather, the E1B 55-kDa
protein more typically was present in a reticular network that
surrounded and connected viral replication centers (Fig. 6,
panels h and i). This difference seems likely to reflect the larger
size and greater flatness of infected HFF nuclei compared to
infected HeLa cell nuclei and hence increased spatial resolu-
tion in the former. Regardless, the A143 mutation severely

reduced the association of the E1B 55-kDa protein with viral
replication centers in HFF nuclei (Fig. 6, panels j to n); in
A143-infected cells, the protein was seen diffusely distributed
throughout the nucleus and in speck-like structures well sep-
arated from viral replication centers.

The only other mutation associated with a specific (albeit
modest) defect in late mRNA export was H354. In cells in-
fected by this mutant, the nuclear concentration of fiber
mRNA was not significantly altered, but export efficiency was
reduced to some 50% of the value observed in Ad5-infected
HFFs (Fig. 6). By contrast, production and export of the viral
mRNA were decreased to closely similar extents in H224-
infected cells (Fig. 5). Since it is not known whether the rate of
viral late mRNA export is a function of the nuclear concen-
tration of the export substrates, we can draw no conclusion
about the effect of the H224 mutation on viral mRNA export.
In HeLa cells, Hr6 and other E1B 55-kDa protein null mutants
are defective for selective export of viral late mRNAs but
exhibit neither other primary phenotypes nor perturbations in
progression through the early phase of infection (60, 72, 73,
96). By contrast, only very small quantities of fiber (or penton)
mRNA were detected in the nuclei of Hr6-infected HFFs, and
the cytoplasmic concentrations were too low to allow measure-
ment of export efficiency (Fig. 5).

As these data suggested that entry into the late phase of
infection was blocked or delayed by the Hr6 mutation, viral
DNA synthesis was examined in HFFs infected by Ad5 or the
mutant viruses. Total nuclear DNA was isolated 30 h after

FIG. 6. Effects of the A143 mutation on the intracellular location of the E1B 55-kDa protein. HFFs infected with 30 PFU/cell of Ad5 or A143
or mock infected, as indicated, were processed for immunofluorescence 30 h after infection, and the locations of the viral E1B 55-kDa and E2
72-kDa proteins were examined as described in Materials and Methods. Panels i and n show merged images of Ad5- and A143-infected cells,
respectively, at higher magnification. White arrows show colocalization of the two viral proteins.
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infection and examined by blotting, as described in Materials
and Methods. The raw data from one such experiment are
shown in Fig. 7A. Quantification of this same experiment using
rRNA genes as a control and of the signals observed in three
independent infections are summarized in Fig. 7B (gray and
black bars, respectively). These data clearly indicate that viral
DNA synthesis was significantly impaired in cells infected by
H224 or Hr6 compared to HFFs infected by Ad5 or the other
mutant viruses. This difference was not the result of delayed
entry into the late phase of infection, since incubation of in-
fected cells until 40 h after infection did not increase the
relative concentrations of viral DNA accumulating in cells in-
fected by either H224 or Hr6 (data not shown).

DISCUSSION

The low susceptibility of human foreskin fibroblasts to Ad5
infection (Table 1) is consistent with the results of previous
studies of infection of human fibroblasts from various tissues
(22, 50, 82). In the case of adult lung fibroblasts, this property
has been attributed to the absence from the cell surface of the
major receptor for Ad5, CAR (50). Whether the foreskin fi-
broblasts used in these experiments also lack CAR has not

been established, but the high concentration of virions re-
quired to achieve efficient infection would be consistent with
entry via one or more lower-affinity receptors, such as major
histocompatibility complex class I proteins (7), heparan sulfate
(20), or �v�3 or �v�5 integrins, which appear to mediate entry
in the absence of the viral fiber-CAR interaction (50). At a
multiplicity at which essentially all HFFs were infected, Ad5
replicated considerably more slowly than it does in trans-
formed HeLa cells (Fig. 1). Similar kinetics of virion produc-
tion and/or viral DNA synthesis have been observed with nor-
mal human lung cells (68, 89). In HFFs, it is the early phase
that is extended, primarily because the E1A immediate-early
proteins are not produced in appreciable quantities until 14 h
after infection (Fig. 2). This property could be a consequence
of inefficient transcription of the E1A gene, for example, a
result of repression by Kruppel-related proteins (36), or of
slow rates of one or more steps preceding the onset of viral
gene expression, such as uncoating or movement of the viral
genome to and into the nucleus.

Considerable effort is being devoted to the development of
replicating, oncolytic derivatives of human adenoviruses for
the treatment of cancer (reviewed in references 23, 30, and 54).
Nevertheless, all but a few studies of adenovirus replication
and the functions of viral gene products have employed as
hosts established lines of transformed human cells. Indeed,
HeLa cells, which were derived from a cervical carcinoma (38),
have been the most commonly used host. Such transformed
cell lines are genetically abnormal (often aneuploid) and have
lost many mechanisms that restrain growth and proliferation of
normal cells. Consequently, it remains unclear whether the
molecular actions of viral gene products that allow efficient
replication in, for example, HeLa cells are sufficient or func-
tion in the identical manner when the virus infects normal
human cells. This question is particularly acute in the case of
regulation of mRNA export by the E1B 55-kDa protein (see
the introduction). The properties of the A143 mutant reported
here establish that the E1B 55-kDa protein regulates viral late
mRNA export in normal human fibroblasts, as it does in HeLa
cells, and is required for maximally efficient replication. Fur-
thermore, the A143 mutation also disrupted association of the
E1B protein with the peripheral zones of viral replication cen-
ters in infected HFF nuclei (Fig. 6), as previously observed
with HeLa cells (39). The close similarities of the phenotypes
exhibited by A143 in HeLa cells and HFFs are consistent with
the conclusion that the E1B 55-kDa protein promotes selective
export of viral late mRNAs by the same mechanism(s) in
transformed HeLa cells and normal foreskin fibroblasts. While
these studies were in progress, O’Shea and colleagues reported
that the Ad5 E1B 55-kDa protein is required for efficient
export of viral late mRNAs in primary small airway epithelial
cells (68). The results reported here extend this conclusion to
a second, distinct type of normal human cell. Furthermore,
they have revealed a previously undescribed requirement for
the E1B 55-kDa protein during the early phase of infection.

The insertion mutant H224 and the null mutant Hr6 exhib-
ited defects in HFFs that have not been observed when HeLa
cells are used as hosts (39, 96, 97). The H224 mutation, which
has been reported to perturb the interaction of the E1B 55-
kDa protein with both the viral E4 Orf 6 protein (83) and the
cellular p53 proteins (55) (Fig. 3A), impaired both production

FIG. 7. Effects of E1B mutations on viral DNA synthesis in HFFs.
Viral DNA was purified from HFFs infected for 30 h with the viruses
indicated, loaded onto nylon membranes, and hybridized to labeled
Ad5 DNA sequences as described in Materials and Methods. In the
example shown in panel A, hybridization was to L3 viral DNA. Quan-
tification of several such blots using rRNA genes as the internal control
is shown by the gray bars in panel B. The variance shown for Ad5 was
obtained by arbitrarily setting one of the signals as 1.0 and calculating
the others relative to it. The black bars summarize the results obtained
from three separate infections.
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of viral late mRNA (Fig. 5) and replication of the viral genome
(Fig. 7). Similar but more-severe defects were observed in
HFFs infected by Hr6; in the absence of the E1B 55-kDa
protein, only very small quantities of viral late mRNA and
proteins were made (Fig. 4 and 5), and viral DNA synthesis
was reduced by a factor of 5 to 10 (Fig. 7).

Binding of the E1B 55-kDa protein to the N terminus of the
cellular p53 protein blocks activation of p53-dependent tran-
scription and, in in vitro reactions, converts p53 from a tran-
scriptional activator to a repressor (55, 63, 98). In conjunction
with the E4 Orf 6 protein, the E1B protein also induces deg-
radation of p53, via formation of a complex that contains these
and several additional components, including a cullin E3 ubiq-
uitin ligase (43, 47, 76, 81, 90). These activities of the E1B
protein have been postulated to facilitate adenovirus replica-
tion by blocking p53-dependent apoptosis induced by viral
E1A proteins (reviewed in references 11 and 77). Our results
indicate that disruption of the interaction of the E1B and p53
proteins correlates with inefficient viral DNA synthesis in
HFFs; the H224 and Hr6 mutations disrupt this interaction,
whereas the A143 insertion alters neither the efficiency of viral
DNA synthesis nor association with p53 (55). It is therefore
possible that failure to counter activation and/or accumulation
of p53 accounts for inefficient progression through the early
phase of infection in HFFs infected by H224 or Hr6 (Fig. 7).
However, the E1B 55-kDa protein also interacts with the E4
Orf3 protein during the early phase of infection, and these two
proteins colocalize to nuclear, PML protein-containing struc-
tures, termed PML bodies or nuclear domain 10s, that are
reorganized early in infection (16, 27, 57, 59). Furthermore,
the cellular double-stranded-DNA break repair complex that
contains the Mre11, Rad50, and Nbs1 proteins (the MRN
complex) is relocalized to similar structures by the E4 Orf3
protein (29). Inactivation of this complex prevents concatamer-
ization of the viral genome (10, 91, 95) and is necessary to
allow replication of the linear viral DNA genome (29). The
defects in viral DNA synthesis observed in HFFs infected by
H224 and Hr6 could therefore also be, at least in part, a
consequence of impaired interaction of the E1B 55-kDa pro-
tein with the E4 Orf3 protein early in infection. Experiments
are in progress to define in more detail the effects of these
mutations on early events in the infectious cycle.

In stark contrast to the properties of Hr6 described here, it
has been reported that OXNYX015 (dl1520), which is also a
mutant null for production of the E1B 55-kDa protein (5),
exhibits no defects in viral DNA synthesis in small airway
epithelial cells (68). Furthermore, compared to the wild-type
yield, the yield of this mutant was reduced only some 20-fold
(68), compared to the 500- to 1,000-fold decrease observed in
Hr6-infected HFFs (Table 2). These differences could be con-
sequences of the nature of the cells used as hosts. Indeed,
variations in the contributions of the E1B 55-kDa protein to
Ad5 replication with the type of primary cell used as a host
have been observed (68, 82). It is also possible that the prolif-
erative state of primary cells at the time of infection modulates
the requirement for the E1B 55-kDa protein: in our experi-
ments, HFFs were infected prior to becoming contact inhibited
and supplied with fresh growth factors immediately after virus
adsorption, whereas O’Shea and colleagues employed contact-
inhibited cells with no addition of growth factors (68). This

explanation implies that one or more functions of the E1B
55-kDa protein are important during the early phase, when
infected cells are not only subject to the mitogenic actions of
the viral E1A proteins (65, 67) but also receive external signals
that induce proliferation. In this context, it is noteworthy that
replication of ONYX015 (dl1520) is more severely impaired in
proliferating than in contact-inhibited human mammary epi-
thelial cells (68). We are currently evaluating the effects of
primary host cell type and proliferation status on early steps in
the replication of null mutant viruses.

It has been proposed that the induction of selective export of
viral late mRNAs by the E1B 55-kDa protein is the major
determinant of selective replication of E1B 55-kDa protein
null mutants of Ad5, such as ONYX015, in tumor cells (68).
The implication of this hypothesis, that viral late mRNAs and
cellular mRNAs encoding proteins important for proliferation
or tumorigenesis are exported by the same mechanism, has yet
to be examined. Nevertheless, the notion that the efficiency of
viral late mRNA export determines tumor cell selectivity ap-
pears overly simplistic. Regulation of mRNA export during
adenovirus infection and the roles of the E1B 55-kDa and E4
Orf 6 proteins in this process were first identified for HeLa (6,
19, 73, 96), a tumor-derived cell line. More importantly, in
these tumor cells at 37°C, the reductions in viral late mRNA
export efficiency observed in the absence of the E1B 55-kDa
protein (39, 52, 73, 96) are similar to or greater in magnitude
than that measured in ONYX015-infected small airway epithe-
lial cells (68). Rather, the data available from these and many
previous studies of the basis of selective replication of E1B
55-kDa-null mutants (21, 68) suggest that multiple functions of
the E1B 55-kDa protein can be important for Ad5 replication.
Furthermore, the relative contributions of mRNA export reg-
ulation by, and other functions of, the E1B protein appear to
depend on the repertoire of cellular genes expressed in both
tumor and normal cells and the outcome of a complex inter-
play between this viral protein and multiple cellular compo-
nents.
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