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Virus infection of animal cells can induce intracellular antiviral responses mediated by the induction of
interferon-regulatory transcription factors (IRFs), which bind to and control genes directed by the interferon-
stimulated response element (ISRE). The purpose of this study was to determine whether adenovirus (Ad)
induces IRFs during infection, because they might play a role in promoting viral pathogenesis. Here we show
that after the late phase of infection, Ad induces a transcription factor related to the IRF family of factors. The
IRF is induced shortly after Ad entry into late phase and is shown to stimulate ISRE-directed transcription,
to require activation by protein tyrosine kinase signalling, and to be induced several hours prior to the
inhibition of cell protein synthesis. Inhibition of tyrosine kinase activity blocks Ad induction and activation of
the IRF. Attempts to identify the Ad-induced factor immunologically and by photo-UV cross-linking indicate
that it is likely a novel member of the IRF family. Finally, several independent lines of evidence also suggest
that Ad induction of the IRF might correlate with the ability of the virus to block host cell protein synthesis
later during infection.

Infection of animal cells by many viruses induces a variety of
interferon-regulatory factors (IRFs), which bind the interfer-
on-stimulated response element (ISRE) of interferon-induc-
ible genes, thereby activating or repressing transcription. IRFs
comprise a growing family of factors induced by interferons,
cytokines, virus infection, cell stress, or double-stranded RNA
(dsRNA). The family of IRFs includes IRF-1, IRF-2, IRF-3,
IRF-4/Pip/LSIRF/ICSAT, IRF-5, IRF-6, IRF-7, interferon-
stimulated gene factor 3g (ISGF-3g/p48), interferon consensus
sequence binding protein, and dsRNA-activated factors known
as DRAFs (3, 8, 9, 12, 17, 30, 50–54, 56; reviewed in reference
49). Although some IRFs such as IRF-1 and -3 are involved in
control of interferon-inducible genes (34, 39, 53), other func-
tions have also been described, including control of cell pro-
liferation and differentiation (49). In this regard, IRF-1 can act
directly as an antiproliferation factor (26, 48), and it can also
activate the dsRNA protein kinase known as PKR (5, 29), in
turn inhibiting protein synthesis by inactivating translation fac-
tor eIF-2 (42). The induction of at least some IRFs by viruses
mediates some antiviral responses by the infected cell (40). In
other cases, viruses can exploit activation of IRFs for the reg-
ulation of their own genes or possibly to benefit their replica-
tion programs by altering the proliferative state of the cell (7,
35, 46, 56). We therefore investigated whether adenovirus
(Ad) infection is strongly associated with induction and acti-
vation of IRFs, particularly during the late phase, during which
profound cytopathic changes in cells are mediated.

The late phase of Ad infection is separated from the early
phase by replication of the viral DNA genome and the synthe-
sis of large amounts of virion structural polypeptides. As the

late phase of Ad infection progresses, there is a marked inhi-
bition of cellular protein synthesis and RNA transport to the
cytoplasm, in contrast to the exclusive transport and transla-
tion of late-Ad mRNAs (reviewed in reference 42). Ad late
mRNAs bear a common 59 noncoding region known as the
tripartite leader (42), which confers on mRNAs the ability to
be selectively transported and translated during late Ad infec-
tion, despite inhibition of cellular RNA transport and protein
synthesis (6, 10, 11, 22, 31). The inhibition of host cell protein
synthesis by Ad involves a poorly understood virus-induced
inhibition of translation initiation factor eIF-4E (20). Factor
eIF-4E is a 28-kDa m7GTP (cap)-binding protein. Together
with an RNA helicase known as eIF-4A, and a large adapter
protein known as eIF-4G, the 4E-4A-4G complex comprises
translation initiation factor eIF-4F (reviewed in references 15
and 43). eIF-4F mediates mRNA unwinding from the 59 cap,
promoting ribosome entry and translation initiation. Ad has
been shown to block phosphorylation of the majority of eIF-4E
during late infection, thereby impairing eIF-4F activity, al-
though the mechanism by which dephosphorylation inhibits
eIF-4E and 4F activity is not well understood. It is known that
phosphorylation of eIF-4E is strongly associated with in-
creased eIF-4F activity and hence enhanced translation initia-
tion, whereas dephosphorylation has the opposite effect (re-
viewed in reference 43). Late-Ad mRNAs are able to translate
despite inhibition of eIF-4E phosphorylation because the tri-
partite leader promotes an unusual form of translation initia-
tion known as ribosome shunting, which permits ribosomes to
initiate via a nonlinear mechanism despite the loss of eIF-4F
unwinding activity (55).

The mechanism by which Ad infection blocks the phosphor-
ylation of eIF-4E and cellular mRNA translation is poorly
understood. It has been established that Ad must enter the late
phase of its replication cycle to block cell protein synthesis
(48), and it must activate the viral late transcription unit (57).
These results implicate one or more late viral gene products in
the inhibition of eIF-4E phosphorylation and host cell trans-
lation. It is also known that inhibition of cell protein synthesis
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only occurs many hours after Ad has entered the late phase of
its replication cycle (57). Thus, the cell has ample opportunity
to institute the induction of antiviral responses that might
block translation as a protective response. For this reason we
investigated whether Ad infection, particularly the late phase,
is associated with the induction of IRF binding factors. Here
we demonstrate that Ad induces a novel, transcriptionally ac-
tive ISRE DNA-binding protein as it enters the late phase of
infection. The ability of Ad to induce an ISRE binding protein
was found to be correlated with its ability to activate tyrosine
kinase signalling and inhibit cell protein synthesis.

MATERIALS AND METHODS

Viruses and cells. Ad type 5 dl309 (Ad5dl309) is a phenotypically wild-type
virus that contains a series of altered restriction enzyme cleavage sites (23). Ad5
ts125 (H5ts125) carries a temperature-sensitive mutation in the E2A-72-kDa
DNA binding protein (13). 293 cells are a human embryonic kidney cell line
transformed with the E1 region of Ad5 (16). HeLa and 293 cells were propagated
in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% calf serum
and 0.1 mg of gentamicin sulfate per ml. Recombinant virus Ad-E3L, which
expresses the vaccinia virus E3L gene controlled by the cytomegalovirus pro-
moter, was constructed as described previously (32, 47), in which the trans-gene
replaces the Ad E1A and E1B regions. Titers of virus stocks were determined on
293 cells.

Analysis of polypeptides. Cells were labeled by incubation for 1 h with [35S]me-
thionine (NEN) at 50 mCi per ml in DMEM without methionine. Cells were lysed
in 50 mM KCl–10 mM Tris-HCl (pH 7.4)–1 mM EDTA at 4°C by sonication and
cleared of debris at 10,000 3 g, and equal amounts of soluble S10 protein were
subjected to sodium dodecyl sulfate–15% polyacrylamide gel electrophoresis
(SDS-PAGE) and fluorography. Autoradiograms were quantitated with Lino-
Color data software.

Analysis of eIF-4E. The state of eIF-4E phosphorylation was characterized by
labeling cells in vivo with 100 mCi of carrier-free 32PO4 for 2 h at 37°C in 1 ml
of phosphate-free DMEM per 6 cm plate of cells. Preparation of 32P-labeled
extracts for cap affinity chromatography or immunoprecipitation with antibodies
specific for eIF-4E was carried out as described previously (14). Equal amounts
of eluted or immunoprecipitated protein were resolved by SDS-PAGE, visual-
ized by autoradiography and quantitated with software as described above.

Analysis of protein kinase activities. As a positive control for the activation of
protein kinase C (PKC), cells were treated with 50 nM phorbol-13-myristate-12-
acetate (PMA) for 30 min. PKC was inhibited by treatment of cells with 1 mM
specific inhibitor calphostin C for 30 min prior to PMA treatment (27). Cytosolic
and membrane fractions were prepared by centrifugation as described previously
(28, 44). The soluble cytoplasmic fraction and the insoluble membrane fraction
were resolved by SDS-PAGE. Proteins were electrophoretically transferred to
nitrocellulose, and immunoblot analysis was performed with an affinity-purified
antiserum directed against PKC a, b, or g (a gift of A. Czernick, Rockefeller
University). For analysis of tyrosine kinase activity, cells were treated with the
specific inhibitor genistein (1) at the indicated concentrations. Ad-infected cells
were treated prior to entry into late phase at 7 h or after entry at 12 h and then
harvested at 22 h. Uninfected cells were treated for 10 h. The effect of genistein
treatment on tyrosine kinase activity was determined by resolving equal amounts
of cell lysates by SDS-PAGE, transferring them to a membrane, and immuno-
blotting with antiphosphotyrosine antibodies and enhanced chemiluminescence.
The specific inhibitor H8 was used at 100 nM to block protein kinase A and
cyclic-GMP-dependent kinases (19). Staurosporine was used at 500 nM to block
PKC and partially block tyrosine kinases (9).

Gel mobility shift electrophoresis. Nuclear extracts were prepared as de-
scribed previously (2). For ISRE binding, protein-DNA complexes were formed
by incubating 5 mg of nuclear protein with 1 ng of a 32P-labeled dsDNA probe at
25°C for 30 min in a 10-ml reaction volume containing 12 mM HEPES (pH
8.0)–50 mM KCl–10 mM EDTA–5% glycerol–0.2 mM dithiothreitol–2 mg of
poly(dI-dC). Protein-DNA complexes were separated from free DNA probe in a
5.3% polyacrylamide gel containing 18 mM Tris-borate (pH 8.0)–0.4 mM EDTA.
The dsDNA oligonucleotide containing the alpha interferon ISRE binding site
corresponded to the sequence 59-GATCGGGAAAGGGAAACCGAACTGAA
GCC-39. Supershift analysis was performed by incubation of specific antibodies
in the reaction mix. IRF antibody was a generous gift of R. Pine (Public Health
Laboratories, New York, N.Y.). p48, STAT1, and specific IRF-1 antibodies were
the gift of D. Levy New York University School of Medicine, New York, N.Y.).
IRF-3 antibody was the gift of N. Reich (State University of New York, Stony
Brook). IRF-2 antibody was the gift of J. Vilcek (New York University School of
Medicine). All antibodies were used at the maximum concentration shown to
effectively and specifically block formation of respective DNA binding complexes
by the contributors.

Photo-UV cross-linking. For UV cross-linking, nuclear extracts from 16-h
Ad-infected 293 cells were subjected to electrophoretic mobility shift assay
(EMSA) with a 32P-labeled ISRE oligonucleotide exposed to 304-nm UV light

for 45 min. ISRE binding complex was identified by autoradiography, extracted,
and resolved by SDS-PAGE. 32P-labeled polypeptides were detected by Phos-
phorImager analysis (Molecular Dynamics).

Transfection and CAT assays. 293 cells were transfected with 10 mg of DNA
by the calcium phosphate precipitation technique, followed 18 h later by infec-
tion with Ad dl309. Cells were lysed at the indicated times, and assays were
carried out as described by the manufacturer (Green-CAT; Molecular Probes).

RESULTS
Ad induces an ISRE DNA binding factor during entry into

the late phase of infection. Reports have shown that dsRNA
produced during viral infection (4, 8, 9, 51) and unknown
stimuli of viral infection (7) can lead to the activation of tran-
scription factors that bind to the alpha interferon ISRE in a
tyrosine-kinase-dependent fashion. Although Ad has evolved
several strategies to thwart some antiviral responses, such as
E1A protein inhibition of ISGF3 activation or virion-associ-
ated RNA1 (VAI RNA) inhibition of the double-stranded
RNA-activated protein kinase (PKR) (reviewed in reference
42), neither of these inhibitors excludes the possibility that the
cell responds to Ad infection by activation of IRFs. We there-
fore determined whether an ISRE binding factor is activated
during Ad infection. 293 cells were infected with wild-type Ad
for various times, and nuclear extracts were prepared and
examined for formation of ISRE DNA binding complexes (Fig.
1A). An EMSA was performed with nuclear extracts from
Ad-infected cells with a 32P-labeled dsDNA oligonucleotide
containing a single ISRE binding site as a probe. A binding
protein was consistently induced by 10 h after Ad infection
(lane 3). This corresponds to the first 1 to 2 h of the late phase
of infection, determined by activation of viral DNA synthesis
(data not shown) and appearance of late viral polypeptides
(Fig. 1C), and it occurs many hours prior to the shutoff of cell
protein synthesis. Induction of this factor (herein called
IRF-X) is not a result of interferon production, because incu-
bation of infected cells with blocking antibodies to alpha and
beta interferons for the entire course of infection did not
prevent formation of the IRF-X complex (data not shown). In
addition, IRF-X was not induced upon cultivation of unin-
fected 293 cells with conditioned media from 16-h Ad-infected
cells (data not shown), excluding the secretion of noninter-
feron cytokines as the source for induction of IRF-X. Previous
studies showed that the cell response to dsRNA, some forms of
stress, and interferon is transduced through tyrosine kinase
signalling pathways, including the ability to induce or activate
some IRFs (4, 9, 18, 41, 51). Inhibition of tyrosine kinase
signalling was carried out by treating cells with genistein, a
specific inhibitor of many tyrosine kinases (27), beginning just
prior to viral entry into the late phase of infection. Genistein
inhibited induction of the ISRE DNA binding activity medi-
ated by Ad (Fig. 1B, lane 3). Genistein was used at a 100 mM
concentration, which was shown later (Fig. 8) to suppress ty-
rosine kinase activity and is a level routinely used by others
(27). If genistein was added to cells several hours after Ad
entered late phase (Fig. 1B), it no longer blocked activation of
ISRE DNA binding activity, indicating that induction of
IRF-X occurs by stimulation of tyrosine kinase signalling
shortly after Ad enters late phase. Ad was also found to induce
factor IRF-X in cell lines other than 293 cells, such as Chang
liver cells (data not shown), when the full viral infectious pro-
gram was apparent. Therefore, induction of IRF-X by Ad is
not likely to be cell type restricted and occurs independently of
whether cells express the Ad E1A gene (in 293 cells). These
data demonstrate that induction of an ISRE DNA binding
factor by Ad occurs during the onset of the late phase of
infection. Results presented later demonstrate that genistein
treatment of infected cells, either before or after entry of the
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virus into late phase, does not significantly impair Ad replica-
tion or production of late viral polypeptides (Fig. 6).

Infection of 293 cells with Ad DNA binding protein mutant
ts125, which fails to enter the late phase of infection at the
restrictive temperature of 39.5°C (Fig. 2A, compare lanes 3
and 6), also failed to induce the ISRE binding factor at the
restrictive temperature (Fig. 2B). Infection of 293 cells with Ad
ts125 at the nonrestrictive temperature of 32°C demonstrated
that when the virus enters late phase, evidenced by exclusive
late viral polypeptide synthesis, it induces IRF-X. These results
confirm that Ad must enter the late phase of infection and
express late viral genes to induce IRF-X.

The Ad-induced IRF-X factor is a novel ISRE-binding pro-
tein. The possibility that IRF-X may be a known ISRE binding
protein was investigated. In order to identify the component(s)
of the Ad-induced factor, antibodies to known ISRE binding

factors were examined for their ability to ablate IRF-X DNA
binding (Fig. 3A). Antibodies directed to the STAT1 compo-
nent of ISGF3 were unable to compete or supershift the Ad-
induced ISRE-IRF complex. Antibodies that specifically rec-
ognize IRF-1, -2, and -3 also had no effect on the formation of
the Ad-induced ISRE complex. Specificity of several antibod-
ies was verified by the ability to ablate or supershift complexes
induced by alpha and gamma interferons (anti-IRF-1 and anti-
STAT-1) or to supershift complexes in untreated cells (anti-
IRF-2) (data not shown). However, a polyclonal antiserum
prepared against IRF-1 which predominantly recognizes the
common ISRE binding motif shared by IRFs (37) was able to
ablate formation of the Ad-induced DNA binding complex

FIG. 1. Ad induces an ISRE DNA binding protein during the late phase of
infection. 293 cells were infected with 20 PFU of Ad dl309 per cell, and nuclear
extracts were prepared at the indicated times postinfection. Equal amounts of
protein were used to measure ISRE DNA binding activity by EMSA with a
32P-labeled dsDNA oligonucleotide probe containing a consensus ISRE binding
site. (A) Autoradiogram of EMSA during Ad infection. Cold competitor studies
(c.c.) used a 100-fold molar excess of unlabeled dsDNA oligonucleotide contain-
ing one ISRE or gamma interferon-activated factor binding site (GAS). The
fastest-migrating band is an unidentified unresponsive complex. (B) Ad-infected
cells were treated with 100 mM genistein (Gen) at 7 h postinfection followed by
EMSA as in panel A above. (C) Profile of Ad-mediated inhibition of host cell
protein synthesis. 293 cells were labeled with [35S]methionine, and equal
amounts of protein were resolved by SDS-PAGE and autoradiographed. uninf.,
uninfected.

FIG. 2. Analysis of ISRE DNA binding activity in the absence of the late
phase of Ad infection. 293 cells were infected with 20 PFU of Ad dl309 per cell
at 37°C for 22 h or with Ad ts125 at a restrictive (39.5°C) or a nonrestrictive
temperature (32°C) for 30 or 22 h, respectively. (A) Cells were labeled with
[35S]methionine for the last hour of infection, and equal amounts of proteins
were resolved by SDS-PAGE and autoradiography. (B) Nuclear extracts were
prepared, and EMSA was performed with a 32P-labeled ISRE dsDNA oligonu-
cleotide as described in the legend to Fig. 1. uninf., uninfected; wt, wild type.
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(Fig. 3A, lane 6). These results suggest that the Ad-induced
DNA binding factor might be an IRF. Immunoblot analysis
confirmed that the Ad-induced factor is not IRF-1. Studies
have shown that IRF-1 is typically induced by new synthesis of
IRF-1 protein, which is undetectable in uninduced cells (37).
The 56-kDa IRF-1 protein was not detectable by immunoblot
analysis at any time point examined during the entire Ad in-
fectious cycle, whereas it was easily identified in uninfected
HeLa cells treated with alpha and gamma interferons (Fig. 3B,
compare lane 2 to lanes 3 to 8). The lower molecular weight
band is a cross-reactive polypeptide observed previously (37).

The Ad-induced IRF complex was further characterized by
determining the approximate molecular weight of the DNA
binding component. To do so, EMSA was performed with 16-h
Ad-infected cells, the IRF-X protein-DNA complex was pho-
to-UV cross-linked to the 32P-labeled ISRE probe, and the
IRF-X complex was detected by autoradiography, extracted
from the gel, and resolved by SDS-PAGE. [35S]methionine-
labeled Ad-late proteins were coelectrophoresed in an adja-
cent lane as molecular weight markers (Fig. 3C). A protein was
consistently cross-linked to the ISRE, made visible due to its
covalent attachment to the 32P-labeled DNA. The unbound
32P-dsDNA probe migrates at 20 kDa in this system (data not
shown), indicating that the IRF-X DNA binding protein is ap-
proximately 70 to 75 kDa in size. This molecular size is similar

to the approximate molecular size of the smaller dsRNA-in-
duced DRAFs (8, 9, 51). However, comparison of the electro-
phoretic migration of the IRF-X DNA complex with that of
DRAF-1 and -2 (DRAF extract provided by N. Reich) showed
that they do not have the same electrophoretic mobility (data
not shown). DRAF-1 is now known to consist of IRF-3 and the
p300 coactivator protein (51), and IRF-X clearly possesses a
different molecular weight from that of either of these two
DNA binding factors. In addition, we have not been able to
detect induction of the DRAFs in wild-type Ad-infected cells.
It is known that E1A blocks DRAF induction during infection,
which is typically observed by infecting with Ad E1A mutant
dl312 (9). The inability to observe DRAF-1 or -2 during wild-
type Ad infection of 293 cells (which express viral E1A) is
therefore not surprising. Further evidence that IRF-X is not a
dsRNA-activated factor was provided by construction of a re-
combinant Ad virus which expresses large amounts of the vac-
cinia virus dsRNA scavenger E3L protein (Ad-E3L) (Fig. 4A
to D). Comparison of 293 cells infected with wild-type Ad or
Ad-E3L demonstrated no significant difference in entry into
late phase, as shown by inhibition of cell protein synthesis and
selective translation of late viral mRNAs (Fig. 4A) and de-
phosphorylation of eIF-4E (Fig. 4B). Ad-E3L still induced
IRF-X by 14 h postinfection (Fig. 4C), again excluding viral
dsRNA as the activator of IRF-X. As an important control,

FIG. 3. Composition of Ad-induced ISRE DNA binding complex. (A) 293 cells were infected with 20 PFU of Ad dl309 per cell or left uninfected (uninfect.). Nuclear
extracts were prepared, and ISRE DNA binding activity was determined by EMSA with a 32P-labeled dsDNA ISRE oligonucleotide. Specific antibodies were added
to binding reactions as indicated with concentrations shown in previous reports to block respective DNA binding complexes. Ab, antibody. (B) 293 cells were infected
with 20 PFU of Ad dl309 per cell for the times indicated (hours postinfection [h.p.i.]) or left untreated. HeLa cells were treated with alpha and gamma interferons as
described in Materials and Methods. Equal amounts of whole-cell protein were resolved by SDS-PAGE and then immunoblotted with antibodies specific for IRF-1.
The faster-migrating lower band is a cross-reacting polypeptide observed previously to bind IRF-1 antisera (37). (C) The ISRE DNA binding complex from 16-h
Ad-infected 293 cells was irradiated for 45 min at 304 nm while in the gel and then extracted and subjected to SDS-PAGE and autoradiography. [35S]methionine-labeled
late-Ad polypeptides were used as molecular size markers.
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E3L protein was found to effectively inhibit the ability of
dsRNA to induce the activation of NF-kB. This was shown by
cotransfection of an E3L expression plasmid with dsRNA into
293 cells (Fig. 4D). In the absence of E3L expression, strong
NF-kB DNA binding activity was detected in cells transfected
with 20 mg of poly(rI-rC) per ml (Fig. 4D, lane 3), whereas with
coexpression of E3L protein the activation of NF-kB by dsRNA
was largely reduced (lane 4) and similar to that of untreated
control cells (lane 1). The dsRNA activation assay could not be
carried out on Ad-infected cells because Ad VAI RNA itself
blocks dsRNA activation of NF-kB independently of E3l pro-
tein. It is therefore unlikely that IRF-X is induced by dsRNA
derived from opposing Ad transcription units.

IRF-X is a transcriptional activator. The potential function
of IRF-X was assessed by determining whether it is a positively
or negatively acting transcription factor. 293 cells were trans-
fected with a CAT reporter driven by one or four copies of the

ISRE and a basic TATA element (13ISRE-CAT or 43ISRE-
CAT, respectively) to determine the strength of IRF-depen-
dent DNA binding activation. Cells were infected with Ad, and
transcriptional activation was determined during the period of
Ad infection. Early virus infection (8 h) had no stimulatory
effect on IRF-directed transcription (Fig. 5, lanes 2 and 3),
whereas late Ad infection (assayed at 16 h) induced a marked
activation of transcription from the 43ISRE-CAT construct
(lane 6). Treatment of infected cells with genistein from 7 h
postinfection blocked IRF-directed transcription (lane 9), in
accord with the inhibition of IRF-X DNA binding activity
shown earlier (Fig. 1). No activation was observed during late
Ad infection from the reporter containing one copy of the
ISRE, indicating that IRF-X is a moderate activator of tran-
scription. Since the only ISRE DNA binding factor which is
induced during Ad infection is IRF-X, transcriptional activa-
tion of the 43ISRE-CAT reporter must correspond to binding
and activation by IRF-X. Therefore, these results demonstrate
that Ad activates a modestly strong ISRE-directed transcrip-
tion factor during the late phase of infection.

Possible role for induction of IRF-X. The specific tyrosine
kinase inhibitor genistein was found to block IRF-X induction
by Ad (Fig. 1). In the course of performing control studies to
determine the effect of genistein treatment on Ad infection, we
serendipitously found that inhibition of tyrosine kinase signal-
ling also blocked the ability of Ad to inhibit cell protein syn-
thesis without significantly impairing Ad replication or late
gene expression, suggesting but not providing a potential link
between the two events. Cells were infected with wild-type Ad
dl309 and treated with various concentrations of genistein at
either 7 or 12 h postinfection and then allowed to proceed fully
into the late phase of infection (22 h). During late phase, cells
were metabolically labeled with [35S]methionine to determine
the extent of translation shutoff or with 32PO4 to examine the
level of eIF-4E phosphorylation. As shown in Fig. 6A, genis-
tein treatment of cells at 7 h postinfection (2 to 3 h before virus
entry into late phase; Fig. 1C) largely prevented Ad-induced
shutoff of host cell translation in a dose-dependent manner,
without strongly impairing the synthesis of late viral polypep-
tides (three- to fourfold reduction; lanes 5 to 7). The dephos-
phorylation of eIF-4E tracked with the extent of host transla-
tion shutoff (Fig. 6B, lanes 5 to 7), which was largely but not
completely blocked in infected cells treated with genistein
prior to Ad entry into late phase. Genistein treatment of in-
fected cells reduced only slightly the level of viral DNA repli-
cation (approximately threefold), in accord with the level of
late-Ad polypeptide synthesis (data not shown). The slight de-
crease in viral replication and late polypeptide synthesis caused
by genistein treatment is unlikely to be responsible for the
failure to inhibit eIF-4E phosphorylation, because it is not a
significant reduction compared to the normal variation in viral
replication levels in which shutoff occurs. When genistein was
added 2 to 3 h after Ad entry into late phase (12 h postinfec-
tion), there was only a slight reduction in the Ad-induced block
to eIF-4E phosphorylation and cell translation (Fig. 6A and B,
lanes 9 to 11) and no detectable effect on viral replication
levels (data not shown). These results indicate that induction
of tyrosine kinase activity shortly after Ad entry into the late
phase of infection is required for activation of IRF-X DNA
binding activity and for inhibition of cell protein synthesis, al-
though the two events may not be directly coupled.

The role of other known classes of protein kinases, such as
PKC, PKA, and cyclic-GMP-dependent protein kinases, was
determined by using specific chemical inhibitors. Calphostin C
is a specific inhibitor of PKC, H8 inhibits both PKA and cyclic-
GMP-dependent kinases, and staurosporine can inhibit PKC

FIG. 4. Viral dsRNA does not induce formation of IRF-X or dephosphory-
lation of eIF-4E. A recombinant Ad virus was developed which expresses the
vaccinia virus E3L dsRNA scavenging protein as a left-end substitution for the
Ad E1 region (Ad-E3L; see Materials and Methods). 293 cells were infected with
20 PFU of either Ad dl309 or Ad-E3L per cell. (A) Cells were labeled at 22 h
postinfection with [35S]methionine, and equal amounts of protein were resolved
by SDS-PAGE and autoradiography. (B) Cells were labeled with 32PO4 at 22 h
postinfection, and eIF-4E was purified by immunoprecipitation with specific
antibodies and resolved by SDS-PAGE and autoradiography. (C) EMSA was
performed with nuclear extracts from cells infected for 16 h with Ad dl309 or
Ad-E3L and a 32P-labeled ISRE probe. The position of IRF-X is identified. (D)
293 cells were transfected with 20 mg of poly(rI-rC) dsRNA per ml with or
without cotransfection of a plasmid expressing E3L under the control of the
cytomegalovirus promoter. Eighteen hours later, nuclear extracts were prepared,
and NF-kB DNA binding activity was determined by EMSA with a 32P-labeled
dsDNA oligonucleotide probe, as described previously (45). PMA was used at 50
nM for 30 min.
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at low doses and tyrosine kinases to some extent at high doses.
Parallel plates of Ad-infected cells were treated with estab-
lished effective concentrations of the various kinase inhibitors
(1 mM calphostin C, 100 mM H8, 500 nM staurosporine) at 7 h
postinfection and labeled at late times with 32PO4, followed by
cap affinity purification, or with [35S]methionine, followed by
resolution of proteins by SDS-PAGE. None of these inhibitors
had any effect on Ad-induced shutoff of host cell protein syn-
thesis (Fig. 7A) or dephosphorylation of eIF-4E (Fig. 7B). The
exception was a high dose of staurosporine, which had a mod-
erate inhibitory effect on shutoff of host translation and de-
phosphorylation of eIF-4E. This effect is probably related to
the ability of high doses of staurosporine to partially inhibit
tyrosine kinases (9).

Control studies demonstrated that calphostin C and genis-
tein were used at specific inhibitory concentrations. Active
PKC is localized to the cell membrane, whereas the inactive
form resides in the cytoplasm. As shown in Fig. 8A, PKC was
mobilized from the cytoplasm (lane 1) to the membrane (lane
4) upon stimulation with phorbol ester, which is blocked by
calphostin C treatment (lanes 5 and 6). Genistein effectiveness
was assessed by the ability to block epidermal growth factor
receptor tyrosine kinase stimulation of eIF-4E phosphoryla-
tion (14). As shown in Fig. 8B, epidermal growth factor stim-
ulation led to increased eIF-4E phosphorylation, which was
blocked by pretreatment with genistein (lanes 2 and 3). The
ability of H8 to inhibit PKA was assayed with a commercial
peptide phosphorylation kit (Upstate Biotechnology Inc.) (data
not shown). These results indicate that the concentrations of
agents used in this study inhibited their respective protein
kinase families but that only inhibition of tyrosine kinase ac-
tivity both blocked induction of IRF-X and inhibited the shut-
off of cell protein synthesis by Ad.

Activation of protein tyrosine kinase activity during Ad in-
fection resulted in tyrosine phosphorylation of several proteins
in infected cells. Tyrosine phosphorylated proteins were de-
tected during Ad infection by Western immunoblot analysis
with antiphosphotyrosine antibodies (Fig. 8C). By 10 h postin-

fection, Ad induced strong tyrosine phosphorylation of two
proteins with molecular masses of ;120 and ;85 kDa, which
were blocked by prior genistein treatment. By 15 h postinfec-
tion, several additional tyrosine-phosphorylated proteins were
detected. The identities of the tyrosine-phosphorylated pro-
teins are under investigation. However, these results indicate
that strong tyrosine kinase activity is induced during the onset
of the late phase of Ad infection, which occurs coincident with
activation of IRF-X and might be associated with the ability of
the virus to block eIF-4E phosphorylation and host cell protein
synthesis.

Certain lines of cells, including some HeLa cell lines, are
resistant to Ad-mediated shutoff of host protein synthesis (21,
36, 56). These cells do not undergo dephosphorylation of eIF-
4E, despite entry into the late phase of infection and synthesis
of the full repertoire of late viral polypeptides (56). One of
these lines of HeLa cells was used as an independent approach
toward examining a possible link between activation of tyrosine
kinase activity, induction of IRF-X, and inhibition of cell pro-
tein synthesis. 293 cells or HeLa cells that are resistant to Ad
shutoff (21, 36, 56) were infected with Ad and labeled with
[35S]methionine during late phase, and proteins were resolved
by SDS-PAGE (Fig. 9A). As expected, Ad failed to block cell
protein synthesis in these HeLa cells, even during very late
times of infection (the infection rate is slower in HeLa cells
than in 293 cells). The ability of Ad to induce IRF-X DNA
binding activity in HeLa cells was examined in the absence of
shutoff of host protein synthesis (Fig. 9B). Ad induced strong
IRF-X DNA binding activity in 293 cells by 10 h after infection
but not in HeLa cells shortly after entry into late phase (18 h)
or thereafter (30 h). Taken collectively, the results present-
ed in Fig. 8 and 9 provide two independent lines of evidence
which suggest that the ability of Ad to induce tyrosine kinase
activity and IRF-X DNA binding activity shortly after entry
into late phase correlates with the ability to block host cell
protein synthesis by impairing the phosphorylation of eIF-
4E.

FIG. 5. Ad-induced IRF-X activates transcription directed by the ISRE. 293 cells were transfected with plasmids encoding the CAT reporter controlled by a basic
TATA element and one or four copies of the ISRE inserted immediately upstream of the core promoter. Cells were infected 18 h later with 20 PFU of Ad dl309 per
cell, and the level of CAT activity was determined at either 8 or 16 h postinfection. Cells were treated with 100 mM genistein (Gen) at 7 h postinfection and harvested
at 16 h. CAT activity was determined with a fluorescent substrate as described by the manufacturer (Molecular Probes). Lanes labeled mock were transfected with the
43ISRE-CAT construct. Typical results are shown from three independent assays.
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DISCUSSION

IRF-X is a new IRF-related factor. This study has identified
a novel ISRE binding protein, referred to as IRF-X, which is
induced by Ad as the virus enters the late phase of its infectious
cycle (Fig. 1). Induction of the DNA binding activity of IRF-X
requires that Ad activate and express its late transcription unit
(Fig. 2). Prolonged propagation of mutant Ad ts125, which
remains in the early phase of the infectious cycle at the restric-
tive temperature of 39.5°C, failed to induce IRF-X binding to
the ISRE (Fig. 2). Induction of IRF-X DNA binding activity is
therefore linked to the expression of one or more Ad late
genes or to a downstream effect of late viral replication. Char-
acterization of IRF-X has shown that it is probably related to
the IRF family of factors, all of which bind to the alpha inter-
feron ISRE. Antisera specific for known ISRE binding pro-
teins all failed to block or supershift binding of the Ad-induced
factor as determined by EMSA (Fig. 3A). However, a poly-
clonal antiserum prepared against IRF-1 which also recognizes
the common IRF DNA binding motif (37) did prevent forma-
tion of the Ad-induced ISRE binding protein. In addition,
Western immunoblot analysis indicated that the IRF-1 protein
is not detectably induced during Ad infection (Fig. 3B). The

DNA binding component of IRF-X possesses a predicted mo-
lecular size of 70 to 75 kDa based on photo-UV cross-linking
to a 32P-labeled ISRE (Fig. 3C). This molecular size excludes
most known ISRE binding proteins, including IRF-1 (56 kDa),
DRAF-1 (IRF-3/p300), and the vesicular stomatitis virus-in-
duced factor known as VIBP (7). However, the trimeric factor
IRF-7 contains three DNA binding polypeptides of 69, 67, and
23 kDa (IRF-7A, -7B, and -7C, respectively) (35, 56), the
largest of which might be a presumptive candidate. Neverthe-
less, IRF-X is probably not IRF-7 for several reasons. First, we
did not detect multiple ISRE DNA binding proteins, typical of
IRF-7, by photo-UV cross-linking analysis but rather, a single
70- to 75-kDa polypeptide. Second, IRF-7 is thought to be
tissue restricted, found predominantly in B cells, peripheral
blood leukocytes, spleen, and thymus (56). Our studies were
carried out with kidney and liver cells. Third, IRF-7 is inter-
feron inducible and parallels activation of the interferon-stim-
ulated gene 54 (ISG-54) (35). On the other hand, we could
never detect activation of ISG-54 or -15 during late Ad infec-
tion (14a). These data therefore exclude the possibility that
IRF-X is IRF-7, IRF-3, or other IRFs that activate ISG-15 or
-54. Fourth, IRF-7 has been shown to be a transcription re-

FIG. 6. Effect of genistein (Gen) on Ad inhibition of host cell translation and
block in eIF-4E phosphorylation. 293 cells were infected with 20 PFU of Ad
dl309 per cell, and then uninfected (uninf.) and infected cells were treated with
0-, 50-, 100-, or 200-mM doses of genistein. Infected cells were treated with
genistein at 7 h (lanes 6 to 8) or 12 h postinfection (lanes 9 to 11). Uninfected
cells were treated for 10 h. Cells were labeled with [35S]methionine or 32PO4. (A)
Equal amounts of [35S]methionine-labeled proteins were resolved by SDS-
PAGE and autoradiographed. (B) Equal amounts of 32PO4-labeled proteins
were subjected to cap affinity chromatography, and eIF-4E was eluted and
resolved by SDS-PAGE and autoradiography.

FIG. 7. Effect of serine-threonine protein kinase inhibitors on Ad shutoff of
cell translation and eIF-4E phosphorylation. Uninfected 293 cells or cells in-
fected with 20 PFU of Ad dl309 per cell or left uninfected (uninfect.) were
treated at 7 h postinfection with 1 mM calphostin C, 100 mM H8, or 500 nM
staurosporine (staur.) and then labeled with [35S]methionine or 32PO4 at 22 h
after infection. (A) Equal amounts of [35S]methionine-labeled proteins were
resolved by SDS-PAGE and autoradiographed. (B) Equal amounts of 32PO4-
labeled proteins were subjected to cap affinity chromatography, and eIF-4E was
eluted and resolved by SDS-PAGE and autoradiography.
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pressor upon binding to the ISRE (56), whereas IRF-X acti-
vates ISRE-directed transcription. Therefore, by all measures
the Ad-induced IRF-X appears to be a novel and positively
acting IRF. Definitive identification of IRF-X will require its
cloning and sequencing.

IRF-X is probably not induced by dsRNA. Studies have
shown that Ad might produce dsRNA from opposing tran-
scription units after it enters the late phase of infection (33).
Ad encodes two small RNA polymerase III-transcribed RNAs,
known as VA RNAs I and II, that counter the antiviral effects
triggered by viral dsRNA (reviewed in reference 42). In the
absence of VAI RNA, PKR is activated and translation is
inhibited by phosphorylation of the eIF-2a subunit (42). VAI
RNA is a very effective inhibitor of PKR activation, although a

FIG. 8. Control studies for effects of protein kinase inhibitors. (A) Unin-
fected 293 cells were treated with 50 nM PMA for 30 min with or without
pretreatment with 1 mM calphostin C for 30 min. Cytosol and membrane frac-
tions were prepared, and proteins were resolved by SDS-PAGE and immuno-
blotted with PKC-specific antibodies. (B) 293 cells were serum starved for 24 h
by cultivation in DMEM with 0.5% serum, labeled with 32PO4 in phosphate-free
DMEM, and then stimulated with 50 ng of human EGF per ml for the last 30 min
of labeling with or without 100 mM genistein (Gen). 32P-labeled eIF-4E was
immunoprecipitated and resolved by SDS-PAGE. (C) Ad-infected 293 cells were
treated with 100 mM genistein (gen.) at the indicated times, and equal amounts
of proteins from whole-cell lysates were resolved by SDS-PAGE, transferred to
a membrane, and immunoblotted with antiphosphotyrosine antibodies.

FIG. 9. Analysis of Ad-induced ISRE DNA binding activity in HeLa cells
resistant to Ad inhibition of host protein synthesis. 293 cells or a line of HeLa
cells which are resistant to Ad inhibition of cell protein synthesis (36, 57) were
infected with 20 PFU of Ad dl309 per cell for 22 h (293 cells) or 30 h (HeLa
cells). (A) Cells were labeled with [35S]methionine, and equal amounts of whole-
cell protein were resolved by SDS-PAGE and autoradiography. (B) EMSA was
performed with a 32P-labeled ISRE oligonucleotide and equal amounts of nu-
clear extracts from uninfected (uninf.) or infected 293 or HeLa cells. Cold
competitor (c.c.) inhibition was carried out with a 100-fold molar excess of
unlabeled dsDNA ISRE probe. The fastest-migrating band is an unresponsive
and unknown binding complex. Horizontal lines indicate the positions of the
same complexes in both gels.
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slight activation might still occur during late Ad infection (21,
36). The potential presence of viral dsRNA during late Ad
infection and the reported ability of transfected dsRNA to
induce the ISRE binding proteins DRAF-1 and -2 (8, 9, 51) led
us to investigate the possibility that IRF-X might be dsRNA
induced and perhaps identical to the smaller DRAF-2 factor.
However, by a number of criteria it is apparent that IRF-X is
neither a dsRNA-induced factor nor a DRAF. First, DRAF
induction during Ad infection is observed only if an E1A-
deleted Ad mutant is used (8), consistent with our inability to
observe induction during wild-type Ad infection. In addition,
IRF-X was detected irrespective of E1A expression. Second,
the EMSA profiles for IRF-X and DRAF-1 and -2 are not
similar (14a). Third, overexpression of the vaccinia virus E3L
dsRNA scavenging protein did not impair induction of IRF-X
(Fig. 4). We therefore conclude that while Ad probably gen-
erates dsRNA during the late phase of infection, it is unlikely
to be the activator of IRF-X, and it is not likely that IRF-X is
a DRAF.

IRF-X is induced by Ad by tyrosine kinase activation. A
variety of stimuli can activate or induce some ISRE-binding
proteins such as ISGF3g and DRAF-1 and -2, all of which
require tyrosine phosphorylation events (4, 9, 18, 24, 38). We
therefore investigated whether Ad induction of IRF-X utilized
a tyrosine kinase signalling pathway. Specific inhibition of ty-
rosine kinase signalling with the agent genistein blocked Ad
induction of IRF-X, but only when it was added prior to viral
entry into the late phase of infection (Fig. 1B). We interpret
these results as indicating that activation or new induction of
IRF-X by a tyrosine kinase signalling pathway occurs very
rapidly upon viral entry into late phase. The kinetics for Ad
entry into late phase in 293 cells, determined by expression of
late viral genes (Fig. 1C and references 57 and 58), and induc-
tion of IRF-X DNA binding activity, occur between 9 and 10 h
postinfection (Fig. 1A). We presume that the critical tyrosine
kinase event involves upstream induction of IRF-X rather than
direct tyrosine phosphorylation of this factor because anti-ty-
rosine phosphate antibody could not supershift the IRF-X–
ISRE complex, whereas it could supershift ISGF3 (data not
shown). We do not know the importance of the several poly-
peptides which become detectably tyrosine phosphorylated con-
comitant with Ad entry into late phase and induction of IRF-X
DNA binding activity at 10 h postinfection (Fig. 8). It is also not
yet known whether these are cellular and/or viral polypeptides.

Ad induction of IRF-X might be related to inhibition of cell
protein synthesis. Two independent lines of evidence suggest a
possible connection between induction of IRF-X by Ad and
inhibition of eIF-4E phosphorylation and cell mRNA transla-
tion. First, a line of HeLa cells which are resistant to Ad shutoff
of cell translation (21, 36, 57) also do not demonstrate induc-
ible IRF-X (Fig. 9). Ad replication levels and late viral poly-
peptide synthesis are normal in these cells. The genetic lesion
in these cells which prevents Ad shutoff of translation is not
known, but it is intriguing that these cells lack activated PKR
(21, 36). The PKR signalling pathway has been strongly impli-
cated as an essential component for induction or activation of
IRF-1 (25, 29). This raises the possibility that induction of
IRF-X might similarly utilize components of this pathway.
However, inhibition of dsRNA signalling by overexpression of
the E3L protein had no effect on Ad induction of IRF-X or
shutoff of cell protein synthesis. This therefore argues that
PKR itself is unlikely to be vital for inhibition of cell protein
synthesis, but perhaps other components of the dsRNA-PKR
signalling pathway are critical. The second line of evidence con-
sists of the similar requirements for Ad induction of IRF-X
DNA binding activity and eIF-4E dephosphorylation. Ad acti-

vation of tyrosine kinase signalling early during entry into the
late phase of infection is essential to induce both IRF-X and eIF-
4E dephosphorylation. Inhibition of tyrosine kinase activation
must occur prior to entry into late phase to effectively block
both, indicating that IRF-X induction and later dephosphory-
lation of eIF-4E involve very early activation of tyrosine kinase
activity. Inhibition of other protein kinases had no effect on the
ability of Ad to induce IRF-X or dephosphorylate eIF-4E. It is
possible that Ad induction of IRF-X has no causal relationship
to the later inhibition of eIF-4E phosphorylation. On the other
hand, given the convergence of independent lines of evidence,
it is also possible that the two events might be associated.

In summary, we have identified a novel IRF which is induced
by Ad as it enters the late phase of infection. This factor
appears to be a transcription activator, and it might be involved
in viral inhibition of cell protein synthesis. We do not believe
that IRF-X itself plays a direct role in Ad late gene expression,
because the virus replicates normally and expresses late genes
in the absence of IRF-X induction. We do not know whether
induction of IRF-X is unique to Ad-infected cells. Although
activation of certain IRF-like factors may be restricted to in-
fection by specific viruses, such as VIBP in vesicular stomatitis
virus-infected cells (7), in other cases virus-infected cells con-
tain several commonly induced IRFs. This is clearly the case in
Epstein-Barr virus-infected cells in which IRF-1 and -7 are
induced (35, 56). Stress itself can induce IRF-like factors in the
case of explanted herpes simplex virus-infected neurons, in
which a large number of mRNAs which correspond to ISG-
stimulatory factors and IRFs are induced (46). Our studies are
now directed to the molecular identification of IRF-X and to
determining how its induction is likely coupled to the Ad-
mediated block to cell protein synthesis.
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