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To begin to investigate the mechanism by which the human adenovirus type 5 E1B 55-kDa protein protects against the antiviral effects
of type 1 interferon (IFN) (J. S. Chahal, J. Qi, and S. J. Flint, PLoS Pathog. 8:e1002853, 2012 [doi:10.1371/journal.ppat.1002853]), we
examined the effects of precise amino acid substitution in this protein on resistance of viral replication to the cytokine. Only substitu-
tion of residues 443 to 448 of E1B for alanine (E1B Sub19) specifically impaired production of progeny virus and resulted in a large de-
fect in viral DNA synthesis in IFN-treated normal human fibroblasts. Untreated or IFN-treated cells infected by this mutant virus
(AdEasyE1Sub19) contained much higher steady-state concentrations of IFN-inducible GBP1 and IFIT2 mRNAs than did wild-type-
infected cells and of the corresponding newly transcribed pre-mRNAs, isolated exploiting 5=-ethynyluridine labeling and click chemis-
try. These results indicated that the mutations created by substitution of residues 443 to 448 for alanine (Sub19) impair repression of
transcription of IFN-inducible genes, by the E1B, 55-kDa protein, consistent with their location in a segment required for repression of
p53-dependent transcription. However, when synthesized alone, the E1B 55-kDa protein inhibited expression of the p53-regulated
genes BAX and MDM2 but had no impact whatsoever on induction of IFIT2 and GBP1 expression by IFN. These observations corre-
late repression of transcription of IFN-inducible genes by the E1B 55-kDa protein with protection against inhibition of viral genome
replication and indicate that the E1B 55-kDa protein is not sufficient to establish such transcriptional repression.

The E1B gene of species C human adenoviruses such as adeno-
virus type 5 (Ad5) encodes major, unrelated proteins of 19 and

55 kDa, each of which can cooperate with viral E1A gene products
to transform rodent cells and counter host cell responses detri-
mental to viral replication (1, 2). The E1B 19-kDa protein is a viral
homolog of cellular antiapoptotic proteins such as Bcl2 and blocks
induction of apoptosis by the E1A proteins in transformed and
infected cells (2, 3). The known protective functions of the E1B
55-kDa protein are fulfilled by a virus-specific E3 ubiquitin (Ub)
ligase assembled from the E1B and the viral E4 Orf6 proteins and
the cellular proteins cullin5, elongins B and C, and Rbx1 (4, 5),
which ubiquitinylates multiple cellular substrates to target them
for subsequent proteasomal degradation. These substrates include
the cellular tumor suppressor p53 (4–7) and the Mre11, Rad50,
and Nbs1 proteins, which comprise the MRN complex (8). As the
viral immediate-early E1A 243R protein can induce apoptosis via
stabilization of p53 (9–12), removal of the latter protein as a result
of the action of the E1B 55-kDa protein-containing E3 Ub ligase is
thought to prevent induction of G1 arrest or apoptosis in infected
cells (1, 2, 13). The proteins of the MRN complex recognize dou-
ble-strand breaks in DNA to activate signaling pathways that re-
sult in repair by recombination or nonhomologous end joining
(NHEJ) (14–17). It is well established that when MRN compo-
nents are not targeted for degradation by the virus-specific E3 Ub
ligase or relocalized by the viral E4 Orf3 protein (8, 18), viral DNA
synthesis is impaired in infected cells (19–21). Furthermore, late
in the infectious cycle, concatemers of randomly oriented copies
of the viral genome are formed in NHEJ-dependent reactions (8,
22, 23). Such concatemerization also requires the cellular enzyme
DNA ligase IV (8), another substrate that is targeted for protea-
somal degradation by the virus-specific E3 Ub ligase (24). Other
cellular proteins marked for degradation by this enzyme include
Bloom helicase (25) and integrin �3, which may be removed from

infected cells to facilitate release of progeny virus particles (26).
The assembly of the E1B 55-kDa protein- and E4 Orf6 protein-
containing E3 Ub ligase is also necessary for induction of selective
export of viral late mRNAs from the nucleus (27, 28), one of the
first functions in the infectious cycle to be ascribed to the E1B
55-kDa protein (29, 30).

In addition to its important functions as a component of the
virus-specific Ub ligase, in which it is thought to serve as a sub-
strate recognition subunit (6, 7, 31, 32), the E1B 55-kDa protein
exhibits additional, E4 Orf6-independent activities. For example,
it is also a Sumol E3 ligase (33, 34) that modifies p53 to induce
association of this cellular protein with nuclear Pml bodies and its
subsequent export from the nucleus (34). This mechanism of
blocking regulation of transcription by p53 is thought to contrib-
ute to the ability of the E1B 55-kDa protein to cooperate with viral
E1A proteins to transform rodent cells in culture (33, 34), as does
a second E4 Orf6 protein-independent activity, inhibition of p53-
dependent transcription. Early studies using transient expression
assays established that the E1B 55-kDa protein is sufficient to re-
press expression of p53-dependent reporter genes (35). Mutations
that result in impaired interaction of the E1B 55-kDa protein with
p53 (36), impaired function of the repression domain (37, 38), or
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inhibition of sumoylation and nuclear entry of the E1B protein
(39) inhibit E1B 55-kDa protein-dependent transformation. Con-
versely, a greater degree of repression of p53-dependent transcrip-
tion and more efficient transformation were observed when the
intranuclear concentration of the E1B protein was increased by
substitutions of critical residues within its nuclear export signal
(40).

In principle, inhibition of p53-dependent transcription by the
E1B 55-kDa protein could also represent a mechanism to ensure
prevention of induction of G1 arrest or apoptosis during the in-
fectious cycle. However, this viral protein is not required for inhi-
bition of expression of classic p53-dependent genes, such as p21
(CDKN1) and MDM2, in infected primary human epithelial cells
or established cell lines (41, 42), nor is apoptosis induced when the
p53 protein accumulates to high concentrations in cells infected
by E1B 55-kDa protein null mutants (42, 43). Furthermore, anal-
ysis of alterations in cellular gene expression by microarray hy-
bridization demonstrated that infection of normal human cells
with a mutant that cannot direct production of the E1B 55-kDa
protein (Hr6) blocked the p53 transcriptional program as effec-
tively as Ad5 infection did, even though over 600 cellular genes
were observed to be differentially expressed in Hr6- and Ad5-
infected cells (44). Subsequently, the E4 Orf3 protein has been
reported to be responsible for blocking the transcriptional activity
of p53 in infected cells (45).

The set of genes repressed by the E1B 55-kDa protein following
infection of normal human cells is highly enriched for those asso-
ciated with innate immune responses and antiviral defense (44),
notably, 130 genes previously identified to be inducible by alpha
or beta interferon (IFN-� or IFN-�; type I interferons here desig-
nated IFN) (46). Indeed, replication of Hr6 in normal human
fibroblasts or epithelial cells was observed to be several orders of
magnitude more sensitive to exposure of cells to IFN than repli-
cation of Ad5 (46). The identical phenotype was exhibited by an
E1B 55-kDa protein null mutant, AdEasyE1�2347, engineered to
contain the Hr6 mutation (deletion of bp 2347 [48]), which pre-
vents production of the E1B 55-kDa protein, but none of the other
mutations recently identified in the Hr6 genome (49). Further-
more, the concentrations of pre-mRNAs synthesized from several
IFN-inducible genes were increased substantially in cells infected
by Hr6 and AdEasyE1�2347 compared to those in cells infected by
the wild-type parental viruses in the absence or presence of exog-
enous IFN (46). These observations indicate that the E1B 55-kDa
protein makes an important contribution to the resistance of ad-
enoviral replication to IFN. The experiments reported here were
undertaken to investigate further the mechanism by which this
E1B protein blocks the action of IFN, in particular, the relation-
ship of this to the transcriptional repression function of the pro-
tein.

MATERIALS AND METHODS
Cells and viruses. Human 293 and A549 cells were maintained in mono-
layer culture in Dulbecco’s modified Eagle medium (DMEM; Gibco-BRL)
containing 5% calf serum (Gibco-BRL) and 5% HyClone bovine growth
serum (Thermo-Fisher Scientific). Normal human foreskin fibroblasts
(HFFs) were maintained in the same medium supplemented with 7.5%
HyClone bovine growth serum.

Isolation of the E1B 55-kDa protein null mutant viruses
AdEasyE1�2347 and AdEasyE1G�2347 has been described previously
(47, 48). Mutations designed to result in precise substitutions of specific
amino acids with a gain or loss of a restriction endonuclease cleavage site

were introduced into the coding sequence of the E1B 55-kDa protein
present in the shuttle plasmid pShuttleE1 or pShuttle E1-G by using a
QuikChange II site-directed mutagenesis kit (Stratagene-Agilent Tech-
nologies) (48). The presence of an expression cassette for enhanced green
fluorescent protein (eGFP) upstream of the viral E1A transcription unit in
the latter plasmid (47) facilitated subsequent identification of mutant
virus plaques. Following initial screening by cleavage of the products of
mutagenesis with the appropriate restriction endonuclease, the presence
of the desired mutation(s) and the absence of other changes in the E1B
gene were confirmed by sequencing (Genewiz). The altered E1 regions
were recovered into the viral genome by homologous recombination be-
tween the shuttle plasmids and pAdEasy (50) in Escherichia coli, and mu-
tant viruses were isolated from these genomes and validated as described
previously (44, 48). The mutants and their wild-type parent, AdEasyE1 or
AdEasyE1G, were propagated in 293 cells (51), and the concentrations of
infectious particles were determined by plaque assay on these same cells.

Type I IFN (peripheral blood leukocyte interferon source) was diluted
in phosphate-buffered saline containing 0.1% (wt/vol) bovine serum al-
bumen (BSA; Sigma-Aldrich). To assess the sensitivity of viral replication
to IFN, HFFs were incubated with medium containing 250 units/ml IFN
or only the BSA vehicle for 24 h prior to infection with the multiplicities of
wild-type or mutant viruses indicated. Following adsorption, incubation
was continued in medium containing IFN or only BSA for various peri-
ods. Viral yields were determined by using plaque assays in 293 cells.

Isolation of HFFs stably expressing the Ad5 E1B 55-kDa protein-
coding sequence. The segment of the Ad5 genome from bp 2019 to
3601, which encompasses the complete E1B 55-kDa protein-coding
sequence, was amplified by PCR using FideliTaq polymerase (Af-
fymetrix) according to the manufacturer’s instructions and 0.2 �M
forward primer GCAGTTACCGGTGGAGCAGGAGCAATGGAGCGA
AGAAAC and reverse primer GCAGTCGAATTCTGCACCTGCACCTG
CACCGCGGCTGCTGCTGCAAAA, which carry AgeI and EcoRI restric-
tion endonuclease sites, respectively. This segment was ligated into the
multiple-cloning site of the pLJM1-eGFP plasmid (Addgene) (52) after
removal of the eGFP-coding sequence via AgeI and EcoRI digestion. The
sequence of the E1B 55-kDa insert was verified by sequencing (Genewiz).
The parental pLJM1-eGFP plasmid was used in parallel experiments as a
control for exposure to lentivirus and transduction. Transducing lentivi-
rus particles were generated by triple transfection of 293FT cells with
either the pLJM1-eGFP control or the pLJM1-E1B 55-kDa protein con-
struct with packaging (pCMV-dR8.91) and envelope (vesicular stomatitis
virus glycoprotein) vectors (53). HFFs were transduced with these lenti-
virus preparations, and stable transductants were selected by maintenance
in medium containing 0.5 �g/ml puromycin (Sigma-Aldrich).

Immunoblotting. To examine accumulation of viral proteins, HFFs
were infected with AdEasyE1, AdEasyE1G, or the mutants indicated for
increasing periods, and cell extracts were prepared as described previously
(54). Steady-state concentrations of the viral E1A and E1B 55-kDa pro-
teins and late protein V were examined by immunoblotting with mono-
clonal antibodies M73 (55), 2A6 (56), and F58#1 (57), respectively, as
described previously (54). Cellular �-actin was examined in parallel using
a horseradish peroxidase-conjugated monoclonal antibody (Abcam) to
provide an internal control. The cellular proteins p53 and Stat1 phosphor-
ylated at Y701 were detected by using the mouse monoclonal antibodies
DO1 conjugated to horseradish peroxidase (Santa Cruz) and 5806 (Cell
Signaling, Inc.), respectively.

Immunofluorescence. The localization of the E1B 55-kDa protein in
wild-type- and mutant-infected HFFs was examined using mouse mono-
clonal antibody 2A6 and Alexa Fluor 488 anti-mouse IgG as described
previously (54).

Measurement of viral DNA concentrations. HFFs at 80 to 90% con-
fluence were infected with 3 PFU/cell AdEasyE1, AdEasyE1�2347, or
AdEasyE1Sub19 for 2 or 72 h. Total cell DNA was isolated as described
previously (47), and concentrations of viral DNA were determined by
using real-time PCR and SBYR green (Applied Biosystems) detection of a
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90-bp amplicon in the major late transcription unit with a cellular �-actin
amplicon as an internal control exactly as described previously (46). All
samples were assayed in triplicate.

Measurement of relative mRNA concentrations. HFFs were infected
with 200 PFU/cell AdEasyE1, AdEasyE1�2347, or AdEasyE1Sub19 for 48
h. Cells were harvested using the TRIzol reagent (Invitrogen), and whole-
cell RNA was prepared according to the manufacturer’s instructions. Fol-
lowing resuspension in DNase I digestion buffer (Roche), the nucleic acid
samples were incubated with 0.4 units/�l DNase I prior to phenol-CHCl3
extraction and ethanol precipitation. RNA samples were resuspended in
10 mM Tris, pH 7.5, containing 5 mM NaCl and 0.5 U/�l RNasin (Pro-
mega). RNA concentrations were determined from A260 readings made
using a NanoDrop ND-1000 spectrophotometer. cDNA was synthesized
from RNA by priming with 200-ng random hexamers (Roche) per 1 �g of
RNA and extension with SuperScript II reverse transcriptase (Invitrogen)
using the conditions recommended by the manufacturer. Quantitative
real-time PCR was carried out using an ABI Prism 7900HT sequence
detection system with SYBR green master mix and SDS, version 2.1, soft-
ware (Applied Biosystems). For IFIT2 mRNA, the PCR primers were for-
ward primer AATTGAGGTGGCAACATAGTTTGA and reverse primer
CCCGTCGCTTCTAGCTATGTATC; for GBPl mRNA, they were for-
ward primer GTCAACGGGCCTCGTCTAGA and reverse primer CCCA
CTGCTGATGGCAATG; for BAX mRNA, they were forward primer TT
TCTGACGGCAACTTCAACTG and reverse primer GGTGCACAGGGC
CTTGAG; for hMDM2 mRNA, they were forward primer TCCTCTCAA
GCTCCGTGTTTG and reverse primer TCATGATGTGGTCAGGGTAG
ATG; and for the �-actin internal control, they were forward primer TC
CTCCTGAGCGCAAGTACTC and reverse primer ACTCGTCATACTC
CTGCTT. Relative amplicon concentrations were determined by the
standard curve method using a 10-fold dilution series of the IFN-treated,
AdEasyE1�2347-infected HFF cDNA as the standards for GBP1 and
IFIT2 and DNA of a recombinant human cytomegalovirus bacterial arti-
ficial chromosome containing the genomic human �-actin sequence (a
kind gift of Thomas Shenk) as the standard for �-actin.

Isolation of newly synthesized RNA. HFFs at 80 to 90% confluence
were infected with 50 PFU/cell AdEasyE1 or AdEasyE1Sub19 or mock
infected. The medium was replaced with DMEM containing 0.5 mM
5-ethynyluridine (5-EU) (Invitrogen), and incubation at 37°C continued
for an additional 40 min. The cells were then harvested, and total RNA was
purified as described in the previous paragraph. The RNA newly labeled
with 5-EU was biotinylated using click chemistry and isolated by binding

to streptavidin attached to magnetic beads using a click-iT nascent RNA
capture kit (Invitrogen) following the protocol recommended by the
manufacturer. cDNA was synthesized from the newly synthesized RNA
populations isolated from equal numbers of cells infected by the different
viruses as described above, and IFIT2 and interleukin-6 (IL-6) pre-
mRNAs were detected by PCR with the primers spanning exon-intron
junctions described previously (47). Viral E1A pre-mRNA was examined
using such pre-mRNA-specific PCR primers with the sequences GACCT
GTGGCATGTTTGTCTACA (forward primer) and CACCAAACCCAC
CACTCTATCA (reverse primer), while �-actin mRNA was detected with
the primers described in the previous section. All PCR products were
examined by electrophoresis in 8% polyacrylamide gels cast and run in 40
mM Tris-acetate, pH 8.3, containing 1 mM EDTA, followed by staining
with 2.5 �g/ml ethidium bromide.

RESULTS
Identification of substitutions within the E1B 55-kDa protein
that render viral replication sensitive to IFN. Previous studies
have suggested that the Ad5 E1B 55-kDa protein does not com-
prise discrete structural and functional domains, as the stability,
localization, and interactions of the protein are sensitive to even
relatively small insertions at multiple sites throughout the coding
sequence (54, 58, 59). To identify sequences required for this pro-
tein to confer resistance of viral replication to IFN (46), we there-
fore introduced mutations that result in precise amino acid sub-
stitutions. These mutations were designed to alter previously
described sequence motifs, residues reported to be required for
specific functions of the protein, and/or sequences predicted to be
exposed on the surface of the protein (Table 1). Mutations were
introduced into the E1B 55-kDa protein-coding sequence in shut-
tle plasmids that contain both the E1A and E1B genes (47, 48)
and recovered in viral genomes prior to isolation, validation, and
propagation of mutant viruses as described in Materials and
Methods. Four of the mutations were introduced into a viral ge-
nome that contains an expression cassette for eGFP upstream of
the E1A transcription unit (47). To assess the effects of the muta-
tions on the sensitivity of viral replication to IFN, HFFs were in-
cubated with 250 units/ml IFN or a BSA-only control for 24 h

TABLE 1 Summary of effects of E1B 55-kDa protein substitution mutations on sensitivity of replication to IFN

Name Substitution Motif/sequence target
Protein
stabilityg

IFN
sensitivity

AdEasyE1Sub1a C25G, E26A, T27Aa Surface exposedb �c �e

AdEasyE1Sub2a R37G, P38A, P39Aa Surface exposedb �c �e

AdEasyE1Sub3a E67A, S68A, R69A, P70Aa Surface exposed �c �e

AdEasyE1GSub4 L83A, L87A, L91A Nuclear export signal �d �e

AdEasyE1GSub6 T211A, E212A, R214A, V215A Surface exposed ND �e

AdEasyE1GSub7 V239E, R240A, F241A p53 binding � �f

AdEasyE1Sub12 A284S, F285L RNPI motif �d �e

AdEasyE1Sub13 R295A, P296A, K297A, S298A, R299A RNPI motif �d �e

AdEasyE1GSub14 R240A p53 binding �d �e

AdEasyE1Sub17 S490A, S491A C-terminal phosphorylation sites, repression domain �/�d �/�
AdEasyE1Sub18 H373A Surface-exposedb putative C2-H2 zinc finger ND �e

AdEasyE1Sub19 R443A, Y444A, D445A, E446A, T447A, R448A Surface exposedb; repression domain ��d �f

a The mutations that alter the E1B 55-kDa protein-coding sequence did not alter the overlapping coding sequence for the E1B 19-kDa protein.
b Predicted from hydropathy plots (54).
c Based on comparison of steady-state concentrations in cells transfected with pAdEasyE1 shuttle vectors carrying wild type or mutated E1B genes.
d Based on comparison to wild type in infected cells. � and ��, more stable than the wild type; �, decreased stability.
e Ratios of yields in the presence and absence of 250 units/ml IFN were within a factor of 2 of wild-type values.
f Ratios of yields in the presence and absence of 250 units/ml IFN were �10-fold lower than that of wild type.
g ND, not determined.
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prior to and following infection. Cells were infected in parallel
with 3 PFU/cell of the substitution mutants and the correspond-
ing phenotypically wild-type parent and E1B 55-kDa protein null
mutant viruses, as summarized in Table 1. Viral yields were deter-
mined 72 h after infection, as described in Materials and Methods.
The results of the initial screen based on two independent infec-
tions with each mutant are summarized in Table 1.

It is well established that replication of wild-type Ad5 is
quite refractory to inhibition by IFN (46, 60, 61). The majority
of the E1B 55-kDa substitution mutations did not reduce such
resistance significantly: the ratios of viral yields in the presence
compared to those in the absence of IFN were within a factor of
2 of the values observed for the corresponding wild-type virus
(Table 1). However, the replication of three mutants in the
presence of IFN was observed to be decreased to a greater de-
gree than that of the wild type (Table 1). Replication of
AdEasyE1GSub7 and AdEasyE1Sub17 was 25-fold more sensi-
tive to IFN than that of their wild-type parents, whereas
AdEasyE1Sub19 replication was some 10-fold more sensitive.
To determine whether any of these defects was a trivial conse-
quence of alterations in protein concentration, the steady-state
concentrations of the viral E1B 55-kDa proteins were com-
pared by immunoblotting 24 h after infection with 50 PFU/cell
mutant or wild-type virus. Viral E1A proteins were examined
in parallel, to provide an internal control. As summarized in
Table 1, the substitutions introduced into AdEasyE1GSub7 re-
duced substantially the steady-state concentration of the E1B
55-kDa protein in infected cells, with no effect on E1A protein
accumulation (data not shown). Two of the three substitutions
present in this mutant replaced large hydrophobic residues
with Ala (Table 1), consistent with the conclusion that the
stability of this altered E1B protein was reduced. Regardless,
the very small quantities of the E1B 55-kDa protein produced
in AdEasyE1GSub7-infected cells account for the sensitivity of
the replication of this mutant to IFN. The accumulation of the
E1B 55-kDa protein was also observed to be reduced in cells
infected for 24 h with AdEasyE1Sub17 compared to cells in-
fected with its wild-type parent, but by 36 h after infection, the
concentration of this altered E1B protein increased signifi-
cantly (Table 1; data not shown). These observations suggested
that the increased sensitivity to IFN of replication of this mu-
tant observed in the low-multiplicity-of-infection screen (Ta-
ble 1) was at least in part the result of delayed accumulation of
the E1B 55-kDa protein. Consistent with this view, replication
of this mutant was considerably less sensitive to IFN when
HFFs were infected at a high multiplicity (50 PFU/cell) (data
not shown).

As summarized in Table 1, replication of AdEasyE1Sub19 ex-
hibited an increase in sensitivity compared to that of the wild-type
parent of some 10-fold, without a defect in the accumulation of
the E1B 55-kDa protein. Indeed, increased steady-state concen-
trations of both this and the E1A proteins were observed in mu-
tant virus-infected cells (see, e.g., Fig. 2A). As these initial obser-
vations indicated that the enhanced sensitivity of replication of
this mutant to IFN is not a trivial consequence of failure to syn-
thesize stable E1B protein, we examined the properties of this
mutant in more detail. We first compared its sensitivity to IFN to
that of the corresponding E1B 55-kDa protein null mutant,
AdEasyE1�2347 (48), following infection of HFFs at a high mul-
tiplicity (50 PFU/cell) for 36 h or at a low multiplicity (3 PFU/cell)

for 88 h. The former condition corresponds to a single infectious
cycle with the great majority of cells initially infected (62). In con-
trast, the low-multiplicity protocol allowed spread of infection
from the small number of cells initially infected and is therefore
likely to be more representative of infection and the impact of host
antiviral defenses in vivo. In agreement with our previous studies
(46), replication of AdEasyE1�2347 was much more sensitive to
inhibition by IFN than that of its phenotypically wild-type parent,
particularly following low-multiplicity infection (Fig. 1). The 2- to
3-order-of-magnitude decreases in yield of this null mutant ob-
served when cells were not exposed to IFN are also consistent with
the requirement for the E1B 55-kDa protein to allow maximally
efficient viral DNA synthesis in HFFs (47, 62). In the absence of
IFN, no significant impact of the E1B Sub19 substitutions on virus
yield was observed (Fig. 1). However, replication of this mutant
was more sensitive to IFN-induced inhibition than that of the wild
type following infection at either a high or a low multiplicity,
although it was less sensitive than replication of AdEasyE1�2347
(Fig. 1). For example, following low-multiplicity infection, the
ratio of the yields of AdEasyE1Sub19 in the presence and absence
of IFN was some 13-fold lower than that of the wild type. We
therefore next assessed the effects of the E1B Sub19 substitutions
on expression of viral genes and genome replication.

The Sub19 substitutions impair viral genome replication
only in IFN-treated HFFs. To examine expression of viral early
and late genes, HFFs were infected with 30 PFU/cell AdEasyE1,
AdEasyE1�2347, or AdEasyE1Sub19 for increasing periods or
mock infected, and the accumulation of immediate-early E1A
proteins, the early E1B 55-kDa protein, and late protein V was
monitored by using immunoblotting, as described in Materials
and Methods. As expected (48), the E1B 55-kDa protein could not
be detected at any time after infection with AdEasyE1�2347, and
production of late protein V was severely impaired (Fig. 2A).
Higher concentrations of the E1A and E1B 55-kDa proteins were
observed in cells at 20 and 40 h after infection with
AdEasyE1Sub19 than in cells infected in parallel by the wild type,
and higher concentrations of late protein V were observed by 40 h
postinfection (p.i.) (Fig. 2A). Quantification of the E1B 55-kDa
protein signal at 20 h. p.i., using �-actin as the internal control,
indicated that the E1B protein accumulated to a 10-fold higher
concentration in AdEasyE1Sub19-infected cells than in wild-
type-infected cells. This value was in excellent agreement with

FIG 1 Inhibition of AdEasyE1Sub19 replication by exogenous IFN. HFFs
were treated with IFN as described in Materials and Methods or with the
vehicle-only control (BSA) and infected with 50 PFU/cell AdEasyE1 (wild type
[WT]), AdEasyE1�2347 (�E1B), or AdEasyE1Sub19 (S19) for 36 h (A) or with
3 PFU each virus for 88 h (B). In both cases, virus yields were determined by
plaque assay on complementing 293 cells. The results represent those of two
independent experiments, and error bars indicate cumulative standard devia-
tions.
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the 11-fold increase measured in an independent experiment in
which dilutions of extracts of AdEasyE1Sub19-infected cells
harvested 24 h after infection were compared to those of Ad-
EasyE1-infected cell extracts, again using �-actin as an internal
control (data not shown). We attribute the increased concen-
trations of all viral proteins examined in AdEasyE1Sub19-
compared to those in wild-type-infected cells (Fig. 2A) to un-
derestimation of the titer of the mutant virus, which formed
exceptionally small plaques on complementing 293 cells. Re-
gardless, it is clear that the increased sensitivity of replication of
AdEasyE1Sub19 to IFN-induced inhibition is not merely an
uninteresting consequence of destabilization of the E1B 55-
kDa protein. Furthermore, like the protein synthesized in the
wild type, the altered E1B 55-kDa protein synthesized in
AdEasyE1Sub19-infected cells was concentrated in nuclei (Fig.
2B).

We have reported previously that when the E1B 55-kDa pro-
tein is not present during infection of normal human cells, expo-
sure to exogenous IFN induces inhibition of viral DNA synthesis
(46). The effect of the Sub19 substitutions on this reaction in the
infectious cycle was therefore examined by using quantitative
PCR, as described in Materials and Methods. Consistent with our
previous observations (46), replication of the E1B 55-kDa protein
null mutant AdEasyE1�2347 genome was impaired in HFFs that
were not treated with IFN (Fig. 2C). However, replication of this
mutant genome was inhibited far more severely than that of the
wild type when HFFs were exposed to IFN (Fig. 2C), as was pre-
viously observed in normal human bronchial/tracheal epithelial

cells (NHBECs) (46). In the latter experiments, the majority of
cells were infected using a relatively high multiplicity for a period
(24 h) insufficient to allow significant release of progeny virus
particles. In contrast, HFFs, which are poorly infected by Ad5
(62), were infected with a multiplicity (3 PFU/cell) at which only
some 5% of cells became infected for a period longer than the
infectious cycle. This protocol, which permits secondary infection
and hence amplification of any inhibitory effects of IFN, seems
likely to account for the degree of IFN-induced inhibition of viral
DNA synthesis observed in both the E1B 55-kDa protein null mu-
tant- and wild-type-infected HFFs (Fig. 2C) greater than that ob-
served previously in NHBECs (47).

No significant difference in the efficiencies of viral DNA syn-
thesis was detected in AdEasyE1Sub19-infected and AdEasyE1-
infected cells that were not treated with IFN (Fig. 2C). However,
replication of this mutant genome was considerably more sensi-
tive to inhibition in IFN-treated cells, exhibiting a decrease some
300-fold greater than that of the wild type (Fig. 2C). In these ex-
periments, increases in viral DNA concentration in infected cells
were calculated relative to the input value measured 2 h after in-
fection, an approach that accounts for any differences in the quan-
tities of viral DNA entering wild-type- and mutant-infected cells.
This value was, in fact, some 5-fold higher in cells infected by
AdEasyE1Sub19 than those infected by AdEasyE1, consistent with
the results of analysis of viral early proteins described previously.
Replication of this mutant was also observed to be some 300-fold
more sensitive to exogenous IFN than that of AdEasyE1 when cells
were infected with equal numbers of genomes, and mutant-in-

FIG 2 Viral DNA synthesis is inhibited in AdEasyE1Sub19-infected cells treated with IFN. (A) HFFs were infected with 30 PFU/cell AdEasyE1 (wild type [WT]),
AdEasyE1�2347 (�E1B), or AdEasyE1Sub19 (S19) for the periods indicated or mock infected (M). The proteins listed at the right were examined by immuno-
blotting of total cell lysates as described in Materials and Methods. (B) HFFs were infected with 30 PFU/cell AdEasyE1 (wild type [WT]) or AdEasyE1Sub19 (S19)
for 36 h or mock infected (mock), and the E1B 55-kDa protein was visualized by immunofluorescence as described in Materials and Methods. DAPI, 4=,6-
diamidino-2-phenylindole. (C) HFFs were treated with IFN or untreated (BSA) and infected with 3 PFU/cell of the virus indicated for 2 or 72 h. Viral DNA
concentrations were measured by quantitative PCR, with cellular �-actin DNA used as an internal control, as described in Materials and Methods, and are
expressed relative to the input (2 h) concentrations. The values represent the averages of two independent experiments, with cumulative standard deviations
indicated by the error bars.
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fected cells did not accumulate higher concentrations of viral E1A
proteins than wild-type-infected cells (data not shown). We there-
fore conclude that replacement of residues R443 to R448 with Ala
in the E1B Sub19 55-kDa protein results in impaired viral genome
replication specifically in cells exposed to IFN.

The Sub19 substitutions impair repression of IFN-inducible
genes by the E1B 55-kDa protein. When fused to the DNA-bind-
ing domain of the Saccharomyces cerevisiae transcriptional activa-
tor Gal4, the E1B 55-kDa protein can act as a strong repressor of
transcription from promoters that contain Gal4 binding sites
(38). Such repression is severely impaired by the insertion of 4
amino acids at R443 in the E1B protein (38), the first of the 6
charged or hydrophilic residues replaced by Ala by the Sub19 mu-
tations (Table 1). Our previous studies have established that the
E1B 55-kDa protein inhibits expression of over 100 IFN-inducible
genes and synthesis of pre-mRNA from such genes (44, 46). As it
was therefore of considerable interest to investigate whether the
Sub19 substitutions had any impact on this function of the E1B
protein, we compared expression of IFN-inducible genes in cells
infected by the wild-type and mutant viruses.

HFFs exposed to IFN or the vehicle-only control were infected
with AdEasyE1, AdEasyE1�2347, or AdEasyE1Sub19 for 30 h or
mock infected. To allow a quantitative comparison, cDNAs were
synthesized from total cell RNA using random priming, and
their relative concentrations were measured by quantitative
PCR as described in Materials and Methods with primer pairs
specific for mRNAs encoded by the IFN-inducible GBP1 and
IFIT2 genes or, as an internal control, for �-actin mRNA. Typ-
ical results of these experiments are shown in Fig. 3. Exposure
of mock-infected cells to IFN induced substantial increases in
the concentrations of both GBP1 and IFIT2 mRNAs of some
30- and 100-fold, respectively (Fig. 3). The low levels of IFIT2
mRNA observed in mock-infected cells in the absence of IFN
treatment (Fig. 3B) and the greater induction of synthesis of
this than of GBP1 mRNA by IFN (Fig. 3A and B) are in excellent
agreement with the results of our previous qualitative analyses
of the responses of HFFs and NHBECs to IFN (46). The expres-
sion of the IFN-inducible genes was not decreased in wild-
type- compared to mock-infected cells (Fig. 3), as we observed
previously in normal human cells both untreated and exposed
to IFN (46). This difference can be attributed to infection until
significantly later in the late phase of infection in these exper-
iments (47 h p.i.) compared to previous experiments (24 h
p.i.): at such very late times of infection, expression of IFN-

inducible genes increases significantly in wild-type-infected
cells (D. Miller, B. Rickards, and S. J. Flint, unpublished obser-
vations). Nevertheless, consistent with our previous observa-
tions summarized above, both these IFN-inducible mRNAs ac-
cumulated to higher concentrations in both untreated and
IFN-treated cells infected with the E1B 55-kDa protein null
mutant than in cells infected by its wild-type parent (Fig. 3).
The same pattern was observed in AdEasyE1Sub19-infected
cells exposed to IFN (Fig. 3), indicating that substitution of
residues 443 to 448 impairs the ability of the E1B 55-kDa pro-
tein to block expression of genes in response to IFN. However,
synthesis of the E1B Sub19 55-kDa protein in cells that were
not treated with IFN led to accumulation of concentrations of
GBP1 and IFIT2 mRNAs significantly higher than those ob-
served in null mutant-infected cells (Fig. 3).

This disparity between the phenotypes exhibited by the null
and substitution mutants might appear to be paradoxical. How-
ever, it can be explained by differences in another important func-
tion of the E1B 55-kDa protein during the adenoviral infectious
cycle, induction of selective export of viral late mRNAs from the
nucleus during the late phase of infection and, hence, maximally
efficient expression of viral late genes (29, 30, 58): cells infected by
the AdEasyE1�2347 mutant lack the E1B 55-kDa protein and,
hence, selective regulation of mRNA export, whereas the E1B
Sub19 substitutions do not impair this function, as indicated by
the absence of defects in viral late gene expression (Fig. 2C). Fur-
thermore, the virus-specific E3 ubiquitin ligase, which is required
for selective export of viral late mRNAs (27, 28), assembles effi-
ciently in AdEasyE1Sub19-infected cells (see Fig. 5). The set of
mRNAs selectively exported in an E1B 55-kDa protein-depen-
dent manner during the late phase of infection includes not
only viral late mRNAs but also mRNAs encoded by cellular
genes transcriptionally activated during the late phase of infec-
tion (63–65). In HFFs not exposed to IFN, the latter class in-
cludes the IFN-inducible genes repressed by the E1B 55-kDa
protein (44; J. S. Chahal and S. J. Flint, unpublished observa-
tions). As such mRNAs that are not exported selectively do not
accumulate in the nucleus (65), their concentration would be
expected to be lower when the E1B 55-kDa protein does not
induce selective export than when it does, as indeed was ob-
served for the representative IFN-inducible mRNAs in
AdEasyE1�2347-infected cells compared to AdEasyE1Sub19-
infected cells (Fig. 3).

We have previously reported that the concentrations of the

FIG 3 The Sub19 substitutions impair repression of expression of IFN-inducible genes by the E1B 55-kDa protein. HFFs untreated (BSA) or treated with IFN (IFN) were
infected with 200 PFU/cell AdEasyE1 (wild type [WT]), AdEasyE1�2347 (�E1B), or AdEasyE1Sub19 (S19), and total cell RNA was isolated 47 h after infection. The
concentrations of GBP1 (A) and IFIT2 (B) mRNAs were determined by quantitative PCR, after synthesis of cDNA by reverse transcription from random primers, as
described in Materials and Methods. The values shown represent the averages and cumulative standard deviations (bars) of two independent experiments.
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pre-mRNAs synthesized from several IFN-inducible genes are
increased in infected HFFs (and NHBECs) when the E1B 55-
kDa protein is not present (46). This observation, in conjunc-
tion with the significant stimulation of expression of such
genes induced by the E1B Sub19 mutations that alter the pre-
viously described transcriptional repression domain, suggested
that the E1B 55-kDa protein acts as a repressor of transcription
of IFN-inducible genes. To test this inference directly, we ex-
ploited pulse-labeling of RNA with 5-ethynyluridine and sub-
sequent click chemistry (66, 67) for attachment of biotin to
isolate newly transcribed RNA, as described in Materials and
Methods. HFFs infected with 50 PFU/cell AdEasyE1 or
AdEasyE1Sub19 for 24 h or mock infected were exposed to the
uridine analogue for 40 min, a period sufficient to complete
synthesis and processing of pre-mRNAs but short enough to
minimize the impact of any differences in turnover. The con-
centrations of pre-mRNAs as well as of control �-actin mRNA
were compared by PCR, following reverse transcription using
random priming of newly synthesized RNA isolated from the
same number of cells. The concentrations of �-actin mRNA in
these populations were similar in mock-, wild-type-, and mu-
tant-infected cells (Fig. 4). Consistent with the levels of viral
proteins described previously (Fig. 2A), somewhat higher con-
centrations of E1A pre-mRNA were observed in cells infected
by the mutant virus (Fig. 4). Consistent with previous obser-
vations (46), significantly more IFIT2 and IL-6 pre-mRNAs
was detected in AdEasyE1Sub19-infected cells than AdEasyE1-
infected cells (Fig. 4).

The E1B 55-kDa protein does not prevent activation of Stat1.
Binding of exogenous IFN to its heterodimeric receptor initi-
ates a signal transduction cascade to result in phosphorylation
of Stat1 and Stat2 at specific tyrosine residues, their entry into
the nucleus, and formation of the sequence-specific activator
of transcription of IFN-inducible genes, Isgf3, by association
with Irf9 (68–70). As the E1B 55-kDa protein acts upstream of
transcription of such genes, we assessed the impact of this pro-
tein on activation of Stat1. HFFs were infected with AdEasyE1,
AdEasyE1�2347, or AdEasyE1Sub19 for increasing periods,

and the accumulation of Stat1 phosphorylated on Tyr701 was
examined by immunoblotting. Extracts of mock-infected cells
treated with 250 units/ml IFN for 40 h or untreated were ex-
amined in parallel to provide a positive control for induction of
Stat1 phosphorylation. As described previously, somewhat
higher concentrations of the E1A and E1B 55-kDa proteins
were observed in cells infected by AdEasyE1Sub19 than in cells
infected by its wild-type parent (Fig. 5). In wild-type-infected
cells, Tyr701-phosphorylated Stat1 attained a level only slightly
lower than that observed in IFN-treated, uninfected cells, but
not until between 20 and 40 h after infection (Fig. 5). Neither
the absence of the E1B 55-kDa protein nor the presence of
higher-than-wild-type concentrations of the Sub19 derivative,
which cannot block expression of IFN-inducible genes (Fig. 3
and 4), induced reduced phosphorylation of Stat1 (Fig. 5). In
fact, this modification was accelerated in AdEasyE1Sub19-
infected cells, in parallel with the alterations in expression of
viral immediate-early and early genes (Fig. 5). No differences
in the largely nuclear localization of Stat1 phosphorylated on
Tyr701 could be discerned in cells infected by AdEasyE1Sub19
and AdEasyE1 (data not shown).

We also wished to investigate the impact, if any, of the E1B
Sub19 alterations on the assembly of the Ad E3 Ub ligase and
therefore also examined the concentrations of a classic sub-
strate of this enzyme, p53 (see Introduction), by immunoblot-
ting. As expected, p53 accumulated to high concentrations in
cells infected by the E1B 55-kDa protein null mutant but was
barely detectable in cells infected with either the wild-type vi-
rus or AdEasyE1Sub19 (Fig. 5). As different sequences of the
E1B 55-kDa protein mediate recognition of different substrates
of the Ad E3 Ub ligase (32, 48), it remains possible that replace-
ment of residues 443 to 448 by Ala impairs the effects on one or
more other substrates. Nevertheless, this observation indicates
that the E1B Sub19 mutations do not impair assembly or the
catalytic activity of this enzyme.

The E1B 55-kDa protein is not sufficient to repress expres-
sion of IFN-inducible genes. We have previously reported that
mutations that prevent assembly of the virus-specific E3 ubiquitin
ligase that contains the E1B 55-kDa and E4 Orf6 proteins do not

FIG 4 Stimulation of synthesis of primary transcripts of IFN-inducible genes
in AdEasyE1Sub19-infected cells. Newly synthesized RNA was isolated from
HFFs infected with 50 PFU/cell AdEasyE1 (wild type [WT]) or
AdEasyE1Sub19 (S19) for 29 h or mock infected (M), and the concentrations
of E1A, IFIT2, and IL-6 pre-mRNAs and �-actin mRNA were examined as
described in Materials and Methods. The positions of DNA molecular mass
markers (in bp) are indicated at the left.

FIG 5 Effects of the E1B 55-kDa Sub19 alterations on activation of Stat1.
Mock-infected HFFs were treated with 250 units/ml IFN or vehicle-only con-
trol (BSA) for 24 h. Cells were infected with 200 PFU/cell AdEasyE1 (wild type
[WT]), AdEasyE1�2347 (�E1B), or AdEasyE1Sub19 (S19) for the periods
indicated, and the proteins listed at the right were examined by immunoblot-
ting of whole-cell lysates as described in Materials and Methods. Stat1 phos-
phorylated on Tyr701 is designated Stat1-P.
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increase the sensitivity of viral replication to inhibition by exoge-
nous IFN (46). These observations establish that the ability of the
E1B 55-kDa protein to block the inhibitory effects of IFN, in con-
trast to the majority of its functions during the infectious cycle (see
Introduction), does not depend on interaction with the E4 Orf6
protein but provide no information about whether other viral
proteins might be required. As the E1B 55-kDa protein alone can
repress transcription of appropriate reporter genes in in vitro and
transient expression assays (37, 71), it was of particular interest to
determine whether it was also sufficient to inhibit expression of
IFN-inducible genes in normal human cells.

To address this question, derivatives of HFFs that stably ex-
press the E1B 55-kDa protein or, as a control, the eGFP-coding
sequence under the control of the human cytomegalovirus imme-
diate-early enhancer/promoter were isolated by puromycin selec-
tion following transduction with lentiviral vectors, as described in
Materials and Methods. Expression of the exogenous genes was
then examined by immunoblotting of total cell extracts. The E1B
55-kDa protein was readily detected in HFFs transduced with vec-
tor carrying the expression cassette for this protein (HFF-E1B
cells), as was eGFP in the control, HFF-GFP cells (Fig. 6A). To
determine whether the E1B protein made in HFFs in the absence
of other viral proteins was functional, its ability to complement
the defect in genome replication in IFN-treated cells infected by
the E1B 55-kDa protein null mutant was assessed. HFF-E1B or
control HFF-GFP cells were exposed to exogenous IFN or the
BSA-only control, as described above, and infected with 3 PFU/
cell AdEasyE1 or AdEasyE1�2347, and the accumulation of viral
DNA at 40 h after infection was measured by quantitative PCR. In
HFF-GFP cells infected by the null mutant, synthesis of viral DNA

was reduced somewhat in the absence of IFN treatment and was
reduced very severely when the cells were exposed to this cytokine
(Fig. 6B), exactly as observed in the parental HFFs (Fig. 2B). In
contrast, no significant differences in the efficiencies of replication
of mutant and wild-type genomes were observed in infected HFF-
E1B cells (Fig. 6B). Such efficient complementation of the defects
in viral genome replication characteristic of AdEasyE1�2347-in-
fected, IFN-treated HFFs established unequivocally that the E1B
55-kDa protein made in HFF-E1B cells is functional and present at
sufficient concentrations.

We therefore next compared the effect of exogenous IFN on
expression of IFN-inducible genes in HFF-E1B and HFF-GFP
cells. Cells were incubated with 250 units/ml IFN or the BSA-only
control for 8.5 h, and the concentrations of GBP1 and IFIT2
mRNAs relative to the concentration of �-actin mRNA were mea-
sured as described in a previous section. In HFF-GFP cells, IFN
induced large increases in expression of both the GBP1 and IFIT2
genes, and closely similar increases were observed in HFF-E1B
cells (Fig. 6C and D). For example, the concentrations of GBP1
mRNA were increased 11.6- and 14.5-fold following IFN treat-
ment of HFF-GFP and HFF-E1B cells, respectively. We therefore
conclude that, when synthesized in the absence of other viral pro-
teins, the E1B 55-kDa protein cannot repress expression of IFN-
inducible genes.

In parallel, we compared expression of the p53-regulated BAX
and MDM2 genes in HFFs that produce the E1B 55-kDa protein
or eGFP. Even though untreated, uninfected HFFs contain low
concentrations of p53 (43), the concentrations of BAX and
MDM2 mRNAs were some 2-fold lower in HFF-E1B cells than in
HFF-GFP cells (Fig. 6E).

FIG 6 The E1B 55-kDa protein cannot repress expression of IFN-inducible genes in uninfected cells. HFFs that stably express the sequences encoding the E1B
55-kDa protein (E1B) or eGFP (GFP) were isolated as described in Materials and Methods. (A) The proteins listed at the right were examined by immunoblotting
of total cell lysates. (B) Cells were infected with 3 PFU/cell AdEasyE1 (wild type [WT]) or AdEasyE1�2347 (�E1B), and the concentrations of viral DNA attained
by 44 h after infection relative to those at 2 h p.i. were determined by quantitative PCR as described in Materials and Methods. The values shown represent the
results of two independent experiments, and bars represent the cumulative standard deviations. (C) Cells were incubated with medium containing 250 units/ml
IFN or the vehicle-only control (BSA) for 24 h, and the concentrations of GBP1 mRNA were measured as described in the legend to Fig. 3. The values shown
indicate the averages of two independent experiments, and bars represent the cumulative standard deviations. (D) As for panel C, except that the concentrations
of IFIT2 mRNA were measured. (E) The concentrations of BAX and MDM2 mRNAs were compared in HFF-GFP and HFF-E1B cells as described for panel C and
in Materials and Methods.
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Efficient viral DNA synthesis in A549 cells exposed to inter-
feron does not require the E1B 55-kDa protein. The phenotypes
exhibited by AdEasyE1Sub19 correlate with the ability of the E1B
55-kDa protein to protect against IFN-induced inhibition of viral
genome replication with repression of expression of IFN-induc-
ible genes. The set of 300 genes repressed by the E1B 55-kDa pro-
tein in HFFs (44) contains 130 identified to be IFN inducible,
including several associated with induction of apoptosis (46).
However, as IFN-induced inhibition of viral replication in the
absence of the E1B protein cannot be attributed to programmed
cell death (46), the relevant gene(s) remains unknown. To facili-
tate identification of these genes or their products, we wished to
identify lines of established human cells in which replication of the
E1B 55-kDa protein null mutant virus is inhibited by exogenous
IFN. We therefore examined the effects of IFN treatment on rep-
lication of the AdEasyE1, AdEasyE1�2347, and AdEasyE1Sub19
genomes in human cell lines commonly used in studies of adeno-
virus replication and known to be sensitive to IFN, namely, HeLa
(72) and A549 (60) cells. In the former, replication of the mutant
virus genomes was 70-fold lower than that of the wild type follow-
ing infection of cells exposed to IFN at a multiplicity of 1 PFU/cell
(data not shown).

Treatment of A549 cells with 1,000 units/ml IFN using the
protocol described above for HFFs had no significant effect on
accumulation of wild-type genomes (Fig. 7). Remarkably, IFN
treatment induced only 5- and 2-fold reductions in the quantities
of viral DNA molecules synthesized in AdEasyE1�2347- and
AdEasyE1Sub19-infected A549 cells, respectively (Fig. 7). As these
differences are insubstantial in comparison to those of several or-
ders of magnitude resulting from these E1B mutations in HFFs
(Fig. 2B), we conclude that the E1B 55-kDa protein is not neces-
sary to prevent IFN-induced inhibition of viral genome replica-
tion in A549 cells. These cells are not simply refractory to type I
IFN, as exposure to this cytokine activates expression of numerous
IFN-inducible genes (73). It seems likely that these tumor-derived
cells physically or functionally lack one or more IFN-inducible
gene products that inhibit viral genome replication and that are
targeted by the E1B 55-kDa protein.

DISCUSSION

Although no structural information about the multifunctional
species C adenovirus E1B 55-kDa protein is available, a consider-
able body of information about sequence motifs, sites of post-
translational modification, and sequences required for interaction
with various viral or cellular proteins has been collected (reviewed
in reference 58). None of the substitution mutations in the E1B
protein-coding sequence that altered such previously character-
ized features, including the nuclear export signal, RNP motif, and
C-terminal sites of phosphorylation, examined in these experi-
ments specifically impaired viral replication in normal human
cells exposed to IFN (Table 1). In conjunction with our previous
observation that mutations that prevent assembly of the virus-
specific E3 ubiquitin ligase in infected cells also fail to render viral
replication sensitive to exogenous IFN (46), these data suggest
that the E1B 55-kDa protein blocks the antiviral action of IFN by
a mechanism that does not depend on previously described prop-
erties of the protein. Several Ala substitutions in segments of the
E1B 55-kDa protein predicted to be surface exposed and not pre-
viously studied, such as the alterations in the N-terminal segment
that also encodes the C terminus of the E1B 19-kDa protein in a
different reading frame introduced by the AdEasyE1Sub1,
AdEasyE1Sub2, and AdEasyE1Sub3 mutations, were also without
effect (Table 1). In fact, only the replacement with Ala of residues
443 to 448, a run of 6 charged or hydrophilic residues, in the E1B
Sub19 mutations increased the sensitivity of viral replication to
IFN (Fig. 1) independently of any reductions in accumulation of
the altered protein (Fig. 2A). As mentioned previously, estimation
of the impact of the Sub19 mutations on viral yield in IFN-treated
cells was complicated by the very small plaque phenotype exhib-
ited by AdEasyE1Sub19 (see Results), which suggests that this al-
tered E1B 55-kDa protein acts as a dominant negative. This inter-
pretation is consistent with both the larger quantities of the E1B
Sub19 protein than of the endogenous wild-type protein likely
produced in AdEasyE1Sub19-infected 293 cells (Fig. 2A) and the
ability of the E1B 55-kDa protein to self-associate when synthe-
sized in the absence of other viral proteins (71, 74). Regardless,
measurement of the increase in the concentration of viral ge-
nomes over the value determined soon after entry (2 h p.i.), a
parameter that is independent of any differences in the numbers
of infecting particles or genomes, established that the E1B Sub19
mutations result in a severe defect in viral DNA synthesis specifi-
cally in IFN-treated cells (Fig. 2C).

We have previously reported that expression of some 130 IFN-
inducible genes is increased significantly when the E1B 55-kDa
protein is not present in infected cells, as are the concentrations of
several pre-mRNAs synthesized from such genes (44, 46). The
large increases in accumulation of IFN-inducible mRNAs in un-
treated or IFN-treated cells infected with AdEasyE1Sub19 over the
levels measured in AdEasyE1-infected cells (Fig. 3) suggested that
protection of viral replication and DNA synthesis against IFN-
induced inhibition depends on transcriptional repression by the
E1B protein: insertion of 4 amino acids at R443, the first residue
replaced by Ala in the E1B Sub19 protein (Table 1), impairs both
repression of p53-dependent transcription and the ability of an
E1B 55-kDa protein–Gal4 DNA-binding domain fusion protein
to act as a direct repressor of transcription in transient expression
assays (35, 38). The increases in concentrations of newly synthe-
sized, IFN-inducible pre-mRNAs observed in AdEasyE1Sub19-

FIG 7 Replication of E1B 55-kDa protein null mutant genomes is not sensitive
to IFN in A549 cells. A549 cells were treated with 1,000 units/ml IFN or the
vehicle-only control (BSA) for 24 h prior to and during infection with 0.5
PFU/cell AdEasyE1 (wild type [WT]), AdEasyE1�2347 (�E1B), or
AdEasyE1Sub19 (S19). Relative viral DNA concentrations at 46 h after infec-
tion were determined as described in the legend to Fig. 2. These values repre-
sent the average of two independent experiments, and the error bars represent
the cumulative standard deviations.
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infected cells compared to AdEasyE1-infected cells (Fig. 4) pro-
vide direct experimental support for the conclusion that the E1B
55-kDa protein represses transcription of specific genes in in-
fected normal human cells.

Although the mechanism of such repression is not yet known
(see below), it can be distinguished in several respects from that
proposed for inhibition of transcription of p53-regulated genes
(2, 38), which has been implicated in the ability of the E1B 55-kDa
protein to cooperate with viral E1A proteins in transformation of
rodent cells (see Introduction). Substitutions of the C-terminal
sites of phosphorylation of the Ad5 or Ad12 E1B protein reduced
its ability to inhibit p53-dependent transcription or to act as a
repressor when fused to a heterologous DNA-binding domain
(37, 75, 76). However, such mutations neither induced increased
expression of E1B 55-kDa protein-repressed genes in infected
HFFs (44) nor increased the sensitivity of viral replication (Table
1) or DNA synthesis (data not shown) to IFN. The E1B protein
alone is sufficient to repress p53-dependent transcription in cells
transiently or stably synthesizing the viral protein (35, 37, 38, 75–
78). The E1B 55-kDa protein fully competent to rescue the defects
in genome replication of the null mutant AdEasyE1�2347 when
stably produced in HFFs (Fig. 6B) also inhibited accumulation of
mRNAs encoded by the p53-regulated BAX and MDM2 genes
(Fig. 6E). In contrast, it had no effect whatsoever on activation of
expression of IFN-inducible genes by exogenous IFN (Fig. 6C and
D). It therefore appears that the E1B 55-kDa protein can inhibit
transcription of cellular genes by multiple mechanisms, depend-
ing on whether it is synthesized in the absence of other viral pro-
teins or in the context of infected cells.

The impaired repression of transcription of IFN-inducible
genes in cells infected by AdEasyE1�2347 or AdEasyE1Sub19
could not be attributed to alterations in the kinetics or degree of
activation of Stat1 (Fig. 5) or its nuclear localization (data not
shown), suggesting that the E1B 55-kDa protein does not target
the signal transduction pathway responsible for activation of tran-
scription of IFN-inducible genes. However, it is not clear whether
this protein acts directly to repress transcription of IFN-inducible
genes as it can in in vitro or transient expression assays. The prox-
imity of the E1B Sub19 substitutions to the R443 insertion in the
previously described repression domain is consistent with such a
mechanism, and the well-characterized E1B protein-containing
E3 ubiquitin ligase is dispensable for protection against IFN-in-
duced inhibition of viral replication (47). On the other hand, mu-
tations that prevent binding by the only motif in the protein im-
plicated in interaction with nucleic acids, the RNP motif (79), did
not reduce the resistance of viral replication to IFN (Table 1), nor
did analysis of the clusters of genes differentially expressed in cells
infected by Ad5 and an E1B 55-kDa protein null mutant (44) by
using FIRE (Finding Informative Regulatory Elements) (80) iden-
tify any sequence motif(s) common to or overrepresented among
the promoters of E1B-repressed genes (data not shown). Further-
more, the E1B 55-kDa protein has more recently been demon-
strated to function as a Sumol E3 ligase (33, 34) and could there-
fore regulate transcription indirectly via this activity.

The failure of the E1B protein to block activation of expression
of IFN-inducible genes in response to exogenous IFN when syn-
thesized in uninfected HFFs (Fig. 6) implies that either one or
more additional viral gene products or, perhaps less likely, altera-
tions in the host cell environment induced by infection are also
required. Analysis of proteins associated with the E1B 55-kDa

protein by mass spectrometry identified the viral IVa2 and L4 100-
kDa proteins (4). The E1B-IVa2 protein interaction was con-
firmed by coimmunoprecipitation (4) but seems unlikely to con-
tribute to inhibition of expression of IFN-inducible genes:
although this protein possesses sequence-specific DNA-binding
activity, it contributes to activation of transcription from the viral
major late promoter (81, 82). Furthermore, only 15 cellular genes
were found to carry sequences corresponding to the sequence rec-
ognized by the IVa2 protein between positions �1000 and �500,
and none were repressed by the E1B 55-kDa protein (44, 83). The
small RNA VA-RNAI was the first of several adenovirus-encoded
inhibitors of the antiviral effects of IFN to be identified (84). How-
ever, this RNA acts downstream of expression of IFN-inducible
genes by blocking activation of a specific effector of the IFN re-
sponse, interferon-induced double-stranded RNA activated pro-
tein kinase E1 (E1F2AK2, or Pkr) (85). The viral E1A proteins
prevent inhibition of replication of vesicular stomatitis virus by
exogenous IFN (60) and inhibit the activation of transcription of
IFN-inducible genes (86–88). Such inhibition is the result of sup-
pression of the Jak-Stat signaling pathway that leads to assembly in
the nucleus of the crucial activator Isgf3 (89–92) and also seques-
tration of the coactivator p300 (93). Although the E1A proteins
are potent repressors of expression of IFN-inducible genes when
synthesized in the absence of any other viral proteins (86–88, 90),
they are incapable of maintaining suppression of expression of
such cellular genes (Fig. 3), even when produced in large quanti-
ties in AdEasyE1Sub19-infected cells (Fig. 2A and 5).

Like the E1B 55-kDa protein (Fig. 2) (46), the viral E4 Orf3
protein prevents inhibition of viral genome replication in cells
exposed to exogenous IFN (61). This protective function of the E4
Orf3 protein, which has long been known to reorganize compo-
nents of Pml nuclear bodies, including the Pml protein, into track-
like structures (94–96), becomes dispensable when production of
Pml or Daxx is impaired by RNA interference (97). Although the
relocalization of Pml and association with the E4 Orf3 protein are
indistinguishable in IFN-treated (or untreated) HFFs infected by
wild-type and E1B 55-kDa protein null mutant viruses (46), it is
possible that the E1B protein functions downstream of E4 Orf3-
dependent Pml body disruption. Indeed, IFN-treated cells in-
fected by E1B 55-kDa protein null or E4 Orf3 protein null mutants
display a strikingly similar failure in the formation of viral repli-
cation centers (46, 61). Furthermore, the E1B protein has been
reported to interact with both E4 Orf3 (96) and Daxx (98) and to
induce proteasomal degradation of the latter by a mechanism that
does not require the Ad E3 ubiquitin ligase (99). The species C
human adenovirus E4 orf3 protein also sequesters components of
the Mre11-Rad50-Nbs1 (MRN) double-strand break repair com-
plex into the track-like structures (8, 18, 22), a function that is
necessary for efficient viral DNA synthesis when these cellular
proteins cannot be targeted for proteasomal degradation by the
virus-specific E3 ubiquitin ligase (19). Replication of the genome
of a double mutant virus null for production of both the E1B
55-kDa and E4 Orf3 proteins proved to be so defective in HFFs
that it was not possible to compare the sensitivity of its replication
to exogenous IFN to that of the single mutant parents (data not
shown). It will therefore be of considerable interest to determine
whether the E1A or E4 Orf3 proteins allow repression of IFN-
inducible genes when also made in HFFs stably producing the E1B
55-kDa protein.
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