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Interferon establishes an antiviral state in numerous cell types through the induction of a set of immediate-
early response genes. Activation of these genes is mediated by phosphorylation of latent transcription factors
of the STAT family. We found that infection of primary foreskin fibroblasts with human cytomegalovirus (HCMV)
causes selective transcriptional activation of the alpha/beta-interferon-responsive ISG54 gene. However, no
activation or nuclear translocation of STAT proteins was detected. Activation of ISG54 occurs independent of
protein synthesis but is prevented by protein tyrosine kinase inhibitors. Further analysis revealed that HCMV
infection induced the DNA binding of a novel complex, tentatively called cytomegalovirus-induced interferon-
stimulated response element binding factor (CIF). CIF is composed, at least in part, of the recently identified
interferon regulatory factor 3 (IRF3), but it does not contain the STAT1 and STAT2 proteins that participate in the
formation of interferon-stimulated gene factor 3. IRF3, which has previously been shown to possess no intrinsic
transcriptional activation potential, interacts with the transcriptional coactivator CREB binding protein, but
not with p300, to form CIF. Activating interferon-stimulated genes without the need for prior synthesis of
interferons might provide the host cell with a potential shortcut in the activation of its antiviral defense.

Alpha interferon (IFN-a) and IFN-b are unique among the
continuously growing superfamily of cytokines in their ability
to confer resistance to viral infection (20, 36). The synthesis of
IFN-a and IFN-b is induced at the transcriptional level after a
cell encounters virus or double-stranded RNA (dsRNA) (16,
46). The subsequent secretion of the newly produced interfer-
ons and their binding to a common cell surface receptor results
in the induction of a set of immediate-early response genes (12,
21, 24–26, 32, 44, 47). The activation of these interferon-stim-
ulated genes (ISGs) represents the first step towards the de-
velopment of an antiviral state. Control over ISGs is exerted by
an IFN-a/b-activated transcription factor complex termed in-
terferon-stimulated gene factor 3 (ISGF3), which binds to a
common enhancer element referred to as the interferon-stim-
ulated response element (ISRE) (10, 14, 23, 27, 43). ISGF3 is
formed through the interaction of the DNA binding subunit
ISGF3g (p48) and the regulatory component ISGF3a (14, 28,
48), which itself is composed of two members of the STAT
(signal transducers and activators of transcription) family of
transcription factors, STAT1 and STAT2 (14, 15, 43). Both
STAT proteins become tyrosine phosphorylated in response to
IFN-a/b stimulation, which enables their nuclear translocation
and DNA binding (8, 10, 13, 41). Transcriptionally active
STAT1 has been shown to be a requirement for the antiviral
and antiproliferative effects of IFN-a/b (5, 11, 31). The phos-
phorylation of STAT1 and STAT2 is mediated through the
action of two related tyrosine kinases, Jak1 and Tyk2, which
are enzymatically activated in response to IFN-a/b stimulation
(35, 49).

Human cytomegalovirus (HCMV), a member of the beta-
herpesvirus family, is a prevalent pathogen which not only
poses a major health threat to immunocompromised individ-
uals but also accounts for the majority of virus-mediated birth
defects (34). Previously, it was shown that several human vi-
ruses can inhibit the interferon-mediated activation of cellular
genes that participate in the antiviral defense (1, 7, 17, 18, 42).
During adenovirus infection, it appears that the protein en-
coded by the E1A gene interferes with the DNA-binding abil-
ity of ISGF3, resulting in the transcriptional suppression of the
cellular ISGs (17, 18, 42). Since HCMV is able to complement
the growth of an adenovirus E1A mutant (45), we were inter-
ested in determining whether HCMV infection could also alter
the expression of the IFN-a/b-regulated immediate-early re-
sponse genes. Surprisingly, we found that HCMV infection per
se resulted in a robust transcriptional activation of the ISRE-
controlled ISG54 gene and that this activation occurred in the
absence of de novo protein synthesis. Furthermore, we identi-
fied a novel HCMV-induced putative transcription factor com-
plex. Biochemical characterization suggests that it is composed
of a recently described new member of the interferon regula-
tory factor (IRF) family and the transcriptional coactivator
CREB binding protein (CBP).

MATERIALS AND METHODS

Cells and viruses. Human foreskin fibroblasts (HFFs) were maintained in
Dulbecco modified Eagle medium (Irvine Scientific) supplemented with 10%
fetal bovine serum (FBS), penicillin, and streptomycin (Irvine Scientific). HCMV
Towne was obtained from the American Type Culture Collection, propagated as
previously described, and stored at 280°C in Eagle minimal essential medium
with 1% dimethyl sulfoxide and 10% FBS. HCMV infections were performed at
a multiplicity of infection (MOI) of 5 PFU per cell. Mock infections were
performed with media conditioned on actively growing cells for 2 days. Condi-
tioned media were adjusted to 1% dimethyl sulfoxide and stored at 280°C until
use.
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Reagents. Cycloheximide (CHX), genistein, and staurosporine were obtained
from Sigma Chemical Co. and were used at 30 mg/ml, 100 mg/ml, and 50 ng/ml,
respectively. The immunogen used to generate the anti-IRF3 antibody was hu-
man IRF3 amino acids 107 to 208 fused to glutathione S-transferase (pGEX2T;
Pharmacia).

Whole-cell extracts. HFFs were infected, mock infected, or stimulated as
described above. At different times postinfection or poststimulation, the cells
were scraped, pelleted, washed once with phosphate-buffered saline (PBS), and
subsequently lysed on ice for 10 min in lysis buffer containing 20 mM HEPES
(pH 7.4), 100 mM NaCl, 50 mM NaF, 10 mM b-glycerophosphate, 1 mM vana-
date, 1% Triton X-100, and 1 mM phenylmethylsulfonyl fluoride. Lysates were
vortexed and centrifuged at 15,000 3 g for 10 min at 4°C. Protein concentration
was measured by the Bio-Rad protein assay. Selected extracts were treated with
3 mM N-ethylmaleimide (NEM) for 20 min at room temperature and then
quenched with 20 mM dithiothreitol on ice for 10 min.

Immunoprecipitation and immunoblotting. Cellular extracts were subjected to
immunoprecipitation with an antibody against the C terminus of Stat1 for 2 h
prior to the addition of protein G-Sepharose beads (Pharmacia Biotech, Inc.)
and incubation for an additional hour. The beads were pelleted at 15,000 3 g for
2 min and washed three times with ice-cold lysis buffer (1 ml). Immunoprecipi-
tates were boiled in sodium dodecyl sulfate sample buffer and resolved by sodium
dodecyl sulfate–7.5% polyacrylamide gel electrophoresis. After transfer to Im-
mobilon (Millipore), the blots were probed with a monoclonal antibody against
Stat1 (Transduction Laboratories) and anti-phosphoStat1 antibodies (New En-
gland Biolabs). Reactive proteins were detected with horseradish peroxidase-
conjugated secondary antibodies and enhanced chemiluminescence (Amer-
sham).

RNase protection assay analysis. HFFs were cultured and infected as de-
scribed above. Total RNA was isolated with TRIzol Reagent (Gibco BRL).
32P-labeled antisense riboprobes were generated by transcription of the linear-
ized plasmid in vitro by using T7 or SP6 RNA polymerase (Promega). Labeled
riboprobe and 10 mg of RNA were incubated in hybridization buffer {4:1 form-
amide and 53 stock; 53 stock was 200 mM PIPES [piperazine-N,N9-bis(2-
ethanesulfonic acid); pH 6.4], 2 M NaCl, 5 mM EDTA} overnight at 56°C before
digestion with T1 RNase (Gibco BRL) for 1 h at 37°C. After phenol extraction
and ethanol precipitation, protected fragments were solubilized in RNA loading
buffer (98% formamide, 10 mM EDTA [pH 8], bromophenol blue [1 mg/ml],
xylene cyanol [1 mg/ml]), boiled for 2 min, and subjected to electrophoresis on a
4.5% polyacrylamide-urea gel.

In vitro transcription-translation reactions. ISGF3g, IRF1, and IRF2 were in
vitro translated with rabbit reticulocyte lysate (Promega) according to the man-
ufacturer’s instructions.

Immunofluorescence. HFFs were seeded onto glass coverslips in 6-well plates
and incubated overnight at 37°C under 5% CO2 in Dulbecco modified Eagle
medium supplemented with 10% FBS. The cells were then treated with medium
alone or 1,000 U of IFN-b per ml for 30 min or else infected with HCMV for 6 h.
After treatment, cells were rinsed once with PBS and once with 13 PB (100 mM
PIPES [pH 6.8], 2 mM MgCl2, 2 mM EGTA). Cells were fixed in methanol for
6 min at room temperature. Nuclei were permeabilized by incubating with 0.5%
Nonidet P-40–PB for 10 min at room temperature. After one rinsing with PBS,
the fixed cells were blocked in 10% goat serum in PBS for 35 min at room
temperature. After blocking, the cells were incubated for 50 min at room tem-
perature with an anti-Stat1 antibody (Transduction Laboratories). Cells were
rinsed four times for 5 min in PBS, incubated with a goat anti-mouse Cy3-
conjugated secondary antiserum for 40 min at room temperature, and mounted
after rinsing on glass slides with 50% glycerol-PBS.

EMSAs. Electrophoretic mobility shift assays (EMSAs) were performed with
a 32P-end-labeled probe corresponding to the ISRE of the ISG15 promoter
(59 GATCCATGCCTCGGGAAAGGGAAACCGAAACTGAAGCC 39).
Equal amounts of protein were incubated with poly(dI-dC) and labeled oligo-
nucleotides in ISRE binding buffer (40 mM KCl, 20 mM HEPES [pH 7.0], 1 mM
MgCl2, 0.1 mM EGTA, 0.5 mM dithiothreitol, 4% Ficoll, 0.02% Nonidet P-40).
Extracts incubated with the ISRE probe were in some instances supplemented
with in vitro-translated ISGF3g (Promega). Electrophoresis was performed by
6% nondenaturing TBE polyacrylamide gel electrophoresis, and the gels were
dried and subjected to autoradiography. For competition experiments, unlabeled
oligonucleotides were added to the reaction mixture prior to the addition of the
labeled oligonucleotides. The oligonucleotide used as a competitor correspond-
ed to either the ISG15-ISRE or the IFN-g response region (GRR) sequence in
the promoter of the high-affinity FcgRI receptor (59 AATTAGCATGTTTCAA
GGATTTGAGATGTATTTCCCAGAAAAG 39). For supershift experiments,
whole-cell extracts were incubated on ice with the specified antiserum for 1 h at
4°C prior to the addition of the labeled oligonucleotide.

RESULTS

HCMV infection activates transcription of the IFN-a/b-reg-
ulated ISG54 gene in the absence of protein synthesis. Acti-
vation of IFN-a/b-induced immediate-early response genes
carrying the ISRE enhancer sequence requires the assembly of

the ISGF3 transcription factor complex. Interference with the
DNA binding capability of ISGF3 by the adenoviral E1A gene
product prevents the transcriptional induction of cellular ISGs.
Since HCMV is able to complement an adenovirus E1A mu-
tant in this respect, we proceeded to determine whether infec-
tion with HCMV would result in a similar pattern of transcrip-
tional suppression. HFFs were either treated with 1,000 U of
IFN-b per ml or infected with HCMV Towne at an MOI of 5
PFU per cell, and total cellular RNA was then isolated at 2, 4,
and 8 h after infection. We then performed RNase protection
assays with a probe corresponding to the human ISG54 gene.
Surprisingly, infection of the cells with HCMV was sufficient to
induce a significant activation of the ISG54 gene (Fig. 1A,
lanes 7 to 9). In order to investigate whether the induction of
ISG54 by HCMV occurred in the absence of protein synthesis
as suggested by the rapid kinetics of the transcriptional acti-

FIG. 1. Transcriptional activation of ISG54 by HCMV. (A) Primary human
fibroblasts were incubated for the indicated times with either 1,000 U of IFN-b
per ml (lanes 4 to 6) or 5 MOI of HCMV (lanes 7 to 9) or left untreated (lanes
1 to 3). Total cytoplasmic RNA was isolated, and the amounts of ISG54 and
GAPDH mRNAs were determined by RNase protection assay with specific
radiolabeled antisense RNA probes. (B) Experiments were performed as de-
scribed for panel A, except that 50 mg of CHX per ml was present 30 min prior
to and during the infection (compare lanes 7 to 9 with lanes 10 to 12). (C) Cells
were infected for 6 h in the presence of 50 mg of CHX per ml, and total RNA was
isolated as described above. RNase protection assays were performed with spe-
cific antisense probes corresponding to the ISG54, 9-27, ISG15, and GBP genes.
GAPDH was used as an internal standard to ensure that equal amounts of RNA
were loaded.
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vation, we repeated the experiments in the presence of the
translation inhibitor CHX.

As shown in Fig. 1B (lanes 7 to 9 versus lanes 10 to 12), CHX
pretreatment did not prevent HCMV-induced ISG54 tran-
scription. In fact, an increased accumulation of message was
observed, as was the case after stimulation with IFN-b in the
presence of CHX (data not shown). To determine if the ob-
served transcriptional activation after HCMV infection is re-
stricted to the ISG54 gene or if other ISRE-containing genes
are affected, we proceeded with the analysis of additional IFN-
a/b-regulated immediate-early response genes such as the 9-27
(Fig. 1C, lanes 4 to 6), ISG15 (lanes 7 to 9), and GBP (lanes 10
to 12) genes. Unexpectedly, other than ISG54, HCMV infec-
tion failed to significantly activate the ISGs analyzed (Fig. 1C,
lanes 5, 8, and 11).

Effects of protein kinase inhibitors on HCMV-mediated
gene expression. Since IFN-a/b-mediated gene expression re-
quires the activity of tyrosine and serine-threonine kinases (13,
50), we wanted to determine whether the same was true for
HCMV-induced activation of ISG54. Cells were preincubated
with the kinase inhibitor staurosporine (Fig. 2A, lane 3) and
the tyrosine-specific kinase inhibitor genistein (lane 2) for 30
min prior to infection with HCMV. Whereas genistein pre-
treatment resulted in an 82% inhibition of ISG54 expression,

the effects of staurosporine were less significant (13% inhibi-
tion), indicating that protein tyrosine phosphorylation is an
essential step in HCMV-induced gene transcription. In addi-
tion, we tested the PKR-specific inhibitor 2-aminopurine since
this kinase is known to catalyze virus infection-dependent pro-
tein phosphorylation. Induction of ISG54 was unaffected by
2-aminopurine (Fig. 2A, lane 4).

HCMV infection initiates the assembly of a novel ISRE
binding complex. The ISRE enhancer element has been shown
to be necessary and sufficient for the transcriptional activation
of the ISGs (38, 39). To determine if HCMV causes the pro-
tein synthesis-independent formation of ISGF3 or another
DNA binding complex, we performed EMSAs with the ISG15
and the ISG54 ISREs as probes. In contrast to IFN-b (Fig. 3A,
lanes 6 to 9), HCMV infection did not initiate the assembly of
STAT1, STAT2, and p48 into the ISGF3 complex. However, it
did lead to the protein synthesis-independent appearance of an
HCMV-inducible ISRE binding factor of distinct mobility,
which we termed cytomegalovirus-induced ISRE-binding fac-
tor (CIF; Fig. 3A, lanes 2 to 5). These results suggest that CIF
preexists in a latent, inactive form in the cell and is activated by
a virus-induced, posttranslational modification. To verify that
the ISRE binding of CIF occurred in a sequence-specific man-
ner, we performed competition analysis with unlabeled oligo-
nucleotides corresponding either to the ISRE or to the GRR,
a distinct STAT1-binding sequence located in the promoter of
the high-affinity FcgRI receptor. As shown in Fig. 3B, unla-
beled ISRE at a 10-fold molar excess competed appropriately
for CIF binding (lanes 7 and 8), whereas the addition of an up

FIG. 2. Protein kinase activity is required for HCMV-mediated ISG54 ex-
pression. (A) Cells were infected for 6 h as described for Fig. 1 in the presence
or absence of 100 mg of genistein per ml (lanes 2 and 1, respectively), 50 ng of
staurosporine per ml (lane 3), or 50 mg of 2-aminopurine per ml (lane 4), and
ISG54 and GAPDH mRNAs were analyzed by RNase protection assays as for
Fig. 1 CHX (50 mg/ml) was present during the entire infection. (B) Radioactivity
of the protected ISG54 and GAPDH mRNAs was quantitated with a Bio-Rad
PhosphorImager. After normalization for GAPDH expression levels, the quan-
tities of ISG54 were calculated as percentages of the amounts observed in the
absence of the kinase inhibitors. GEN, genistein; STSP, staurosporine; 2-AP,
2-aminopurine.

FIG. 3. HCMV infection induces a new ISRE binding complex. (A) Cells
were infected at an MOI of 5 with HCMV (lanes 2 to 5) or were stimulated with
1,000 U of IFN-b per ml (lanes 6 to 9) for the indicated time intervals in the
presence of 50 mg of CHX per ml. Whole-cell extracts were prepared, and
EMSAs were performed with end-labeled ISRE as a probe. (B) To confirm
binding specificity, EMSA was performed as described for panel A, except that
a 10-fold (lanes 2, 4, 7, and 9), 50-fold (lanes 3, 5, 8, and 10), or 200-fold (lane
11) excess of unlabeled ISRE (lanes 2, 3, 7, and 8) or GRR (lanes 4, 5, 9, 10, and
11) was present during the binding reaction. COMP, competitor.
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to 200-fold molar excess of GRR as a competitor DNA had no
effect (lanes 9 to 11). Although ISG54 was induced to a much
greater extent than the ISG15 gene, we were unable to detect
by EMSA any significant differences in the binding character-
istics of CIF to the two ISRE probes (data not shown). This
suggests that additional factors or subtle differences in the
specific ISRE sequence contribute to the differences in tran-
scriptional induction.

Role of STAT proteins in HCMV infection. Activation of
STAT proteins by tyrosine phosphorylation causes their nu-
clear translocation and facilitates DNA binding (23, 27). In or-
der to investigate whether HCMV could cause tyrosine phos-
phorylation of STAT1, we performed immunoprecipitations
followed by Western blot analysis with an anti-phosphoSTAT1
antibody that specifically recognizes STAT1 after its phosphor-
ylation on Tyr701. STAT1 was immunoprecipitated from whole-
cell lysates derived from cells that were either left untreated,
stimulated with 1,000 U of IFN-b per ml, or infected with
HCMV at an MOI of 5 PFU per cell for the indicated times.
Although STAT1 was clearly tyrosine phosphorylated in re-
sponse to IFN-b (Fig. 4A, lanes 5 to 8), no such modification
was observed after viral infection (lanes 9 to 12). Loading of
identical amounts of STAT1 protein was confirmed by West-
ern blotting with a monoclonal anti-STAT1 antibody. To
explore the possibility that HCMV infection might initiate
STAT1 translocation in the absence of tyrosine phosphoryla-
tion, we subjected HFF cells to immunohistochemical staining
utilizing a monoclonal antibody against STAT1. Whereas IFN-
b treatment resulted in a robust nuclear presence of STAT1
(Fig. 4B, center panel), no translocation was observed during
6 h of HCMV infection (Fig. 4B, right panel). Since it ap-
peared feasible that STAT1 or STAT2 might participate in the
formation of CIF, even in an unphosphorylated form, we also
executed supershift experiments on CIF- and ISGF3-contain-
ing extracts with anti-STAT1 (Fig. 4C, left panel) and anti-
STAT2 (right panel) antibodies. As expected, both sera were
able to supershift the ISGF3 complex (Fig. 4C, lanes 6 and 12);
however, CIF migration was not affected (lanes 4 and 10). Tak-
en together, these results clearly demonstrate that the STAT
proteins known to bind the ISRE do not participate in the for-
mation of CIF.

Comparison of CIF with the IRF family. Several proteins in
addition to STAT1, STAT2, and p48 have been shown to bind
to the ISRE enhancer, where they function either as transcrip-
tional activators or suppressors. Among them are several mem-
bers of the IRF family (2, 6, 19, 30, 33, 51, 52) and the inter-
feron consensus sequence binding protein ICSBP (22, 37). For
some of the ISRE binding proteins it has been reported that
their DNA binding activity is decreased by protein synthesis
inhibition (e.g., VIBP) (4). In contrast, CIF activation was found
to be enhanced in the presence of CHX (data not shown). This
also suggests that IRF1 and IRF2 are not involved in the
formation of CIF since their binding to the ISRE appears to be
regulated through the abundance of those proteins rather
than through a posttranslational modification. Another useful
approach for distinguishing DNA binding proteins is their sen-
sitivity towards alkylation by NEM, which in many cases elim-
inates protein-DNA interactions (9, 27). Therefore, we sub-
jected a CIF-containing extract as well as in vitro-translated
IRF1 or IRF2 to treatment with 3 mM NEM and analyzed for
ISRE binding by EMSA. As shown in Fig. 5A, NEM exposure
resulted in a complete loss of IRF1 and IRF2 binding to the
ISRE (lanes 2 and 4, respectively), whereas CIF binding was
not affected (lane 6). Since the target of NEM in the ISGF3
complex is the DNA binding component ISGF3g (p48), the ad-
dition of exogenous, in vitro-translated ISGF3g to the NEM-

treated ISGF3-containing extract restored the binding of ISGF3
but did not alter the appearance of CIF (data not shown).

Recently, a new member of the IRF family, IRF3, has been
identified. Recombinant IRF3 is able to bind to the ISRE con-
stitutively but has no intrinsic transactivation capabilities. Ra-
ther, it was suggested that it may require assembly with other
coactivators to induce gene expression. In order to determine
whether IRF3 participates in the formation of CIF, we per-
formed supershift experiments with anti-IRF3 antisera. As shown
in Fig. 5B, anti-IRF3 antibody caused the specific supershift of
CIF (lane 4), whereas no effect was observed on the mobility of
ISGF3 (lane 6) or in vitro-translated IRF1 or IRF2 (data not
shown). To confirm the specificity of the immune reaction,
anti-IRF1 antibody was used as a control serum. As expected,
anti-IRF1 antisera did not influence the migration of CIF (lane
7 versus 8) but did supershift in vitro-translated IRF1 (lane 9
versus 10). Interestingly, the mobilities of CIF and recombi-
nant IRF1 and IRF2 differ (compare Fig. 5A, lanes 1, 3, and 5)
despite the similar sizes and structural features of the three

FIG. 4. Role of STAT proteins in HCMV infection. (A) Cells were infected
or stimulated as described for Fig. 3 for the times indicated, and whole-cell
lysates were subject to immunoprecipitation by anti-STAT1 antibody. Western
blotting was performed with a polyclonal phosphospecific STAT1 antibody (up-
per panel) or a monoclonal antibody against STAT1 to confirm equal protein
loading (lower panel). (B) Cells were left untreated (left panel), stimulated with
1,000 U of IFN-b per ml (center panel), or infected with HCMV (right panel).
Immunostaining was performed with a monoclonal antibody against STAT1 and
a Cy3-conjugated secondary antiserum. (C) Extracts shown in Fig. 3 were used to
perform EMSA supershift experiments with anti-STAT1 (left panel, lanes 2, 4,
and 6)- or anti-STAT2 (right panel, lanes 8, 10, and 12)-specific antiserum. NS,
nonspecific complex due to nonspecific interaction of the STAT2 antiserum with
the probe; SS, supershifted complex; Ab, antibody; wb, Western blot; IF, immu-
nofluorescence.
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IRF family members, suggesting that an additional protein(s)
besides IRF3 might contribute to the assembly of CIF.

Since IRF3 does not possess intrinsic transactivation poten-
tial (2), we decided to determine whether the transcriptional
coactivators CBP and p300 (3, 53) would participate in the
formation of CIF to form a transcriptionally active complex.
Experiments with supershifting antibodies specific for either
CBP or p300 (40) revealed that CBP, but not p300, participates
in the formation of CIF (Fig. 5C, lanes 2 versus 3).

DISCUSSION

IFN-a/b-mediated transcription of immediate-early re-
sponse genes is an integral part of the cellular defense mech-

anism against viral infection. The concept of the interferon
system is based on the transcriptional induction of the inter-
feron genes upon viral infection. This results in the production
and the release of newly synthesized IFN-a/b, which acts upon
the neighboring cells or in an autocrine manner to induce the
expression of ISGs. Activation of the Jak-STAT pathway is
then required to establish an antiviral state in response to
IFN-a/b. Unfortunately, this process causes a delayed re-
sponse to the virus threat, since it requires the synthesis of
IFN-a/b in order to produce cellular defensive actions. How-
ever, evidence exists for alternative pathways that regulate the
transcription of ISGs under the control of the ISRE enhancer
in a more timely fashion and independent of protein synthesis.

Previous reports have demonstrated that infection of cells
with a mutant, E1A-deficient adenovirus can cause the activa-
tion of ISRE-containing genes. Wild-type adenovirus fails to
induce ISG transcription because the E1A gene product inter-
feres with the DNA binding of the ISGF3 transcription com-
plex. Vesicular stomatitis virus infection of L929 cells also
results in the formation of an ISRE binding complex referred
to as VIBP. However, the formation of VIBP was prevented by
inhibition of protein synthesis. Similar to virus infection, trans-
fection of dsRNA is able to induce the binding of two distinct
factors, DRAF1 and DRAF2, to the ISRE and to activate
transcription of ISGs.

We describe the formation of a new ISRE binding factor,
CIF, that occurs after infection of primary human fibroblasts
with wild-type HCMV. CIF differs in a number of aspects from
known ISRE binding proteins in that activation of CIF is par-
alleled by the transcriptional induction of ISG54, and both
events are independent of protein synthesis. In contrast, VIBP
assembly requires protein synthesis. The DRAF complexes
display mobilities different from that of CIF in EMSAs. Fur-
thermore, dsRNA transfection results in activation of ISG15
and ISG54 to comparable levels. On the other hand, CMV in-
fection causes predominantly the expression of ISG54, without
the upregulation of ISG15, 9-27, or GBP mRNA. Although we
do not expect that ISG54 is the only HCMV-induced ISRE-
containing gene, the observed specificity in gene expression is
additional evidence that the activation of ISG54 by HCMV is
not due to an autocrine stimulation by newly synthesized in-
terferon, since IFN-a/b is able to activate all of the genes
tested. Since we found that CIF bound the ISG15-ISRE to the
same extent or better than the ISG54-ISRE, we believe that
either additional proteins or subtle differences in the ISRE
sequence account for the differences in transcriptional activa-
tion. It is notable in this context that the IP10 gene, whose
promoter contains an ISRE that differs from the ISG54-ISRE
in only two bases, is not significantly induced in response to
IFN-a/b (29).

In our efforts to classify the proteins that compose CIF, we
identified a recently described new member of the interferon
regulatory factor family, IRF3, of unknown cellular function,
as a component of CIF. Recombinant IRF1 and IRF2, which
are of similar size and share a significant degree of homology
with IRF3, display a higher mobility in EMSAs compared to
CIF, suggesting that additional proteins contribute to the as-
sembly of CIF. IRF3, which in contrast to IRF1 lacks transac-
tivating potential, binds the ISRE sequence constitutively as a
recombinant protein (2). IRF3 was found to support ISRE-
dependent transcription in cotransfection and overexpression
experiments, but it fails to induce transcription by itself (2).
These facts suggested the possibility that IRF3 participates in
the formation of a multicomponent transcription complex, per-
haps functioning as a DNA binding component similar to the
role of ISGF3g in the assembly of the ISGF3 complex. Indeed,

FIG. 5. Characterization of CIF binding and composition. (A) In vitro-trans-
lated IRF1 (lanes 1 and 2), IRF2 (lanes 3 and 4), or a post-HCMV infection
whole-cell lysate were subjected to alkylation with 3 mM NEM (lanes 2, 4, and
6) prior to analysis by EMSA. (B) Supershift analysis was performed as described
for Fig. 4C, except that anti-IRF3 antibody was used in the experiments (lanes 2,
4, and 6). Antiserum against IRF1 (lanes 8 and 10) was used to demonstrate the
specificity of the observed supershift of CIF by IRF3 antibody (lane 4). Super-
shifts with in vitro-translated IRF1 were performed to ensure the reactivity of the
IRF1 antiserum (lane 9 versus lane 10). (C) CIF-containing extracts (lane 1)
were incubated for 2 h with antiserum against either CBP (lane 2) or p300 (lane
3) prior to analysis by EMSA. rIRF1, in vitro-translated IRF1; rIRF2, in vitro-
translated IRF2; SS, supershift; Ab, antibody.
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there are striking similarities between CIF and ISGF3 in that
both complexes preexist in a latent form in the cell and are
activated in the absence of protein synthesis, and their forma-
tion is sensitive to the presence of tyrosine kinase inhibitors but
not of 2-aminopurine. Further analysis of the ISRE binding
complex revealed that the transcriptional coactivator CBP par-
ticipates in the formation of CIF, thereby contributing to the
generation of a complex that is capable of initiating transcrip-
tion.

In summary, our results show that HCMV infection results
in the protein synthesis-independent activation of a novel cel-
lular ISRE binding complex termed CIF. This putative tran-
scription factor complex appears to selectively mediate the
transcription of ISG54. Although we were able to establish
IRF3 and CBP as components of CIF, the possibility that
additional unidentified proteins might participate in CIF as-
sembly remains. This hypothesis is supported by the fact that
despite the abrogation of CIF formation by inhibition of tyro-
sine kinase activity, we were thus far unable to detect any
tyrosine phosphorylation of either IRF3 or CBP. Since CIF is
induced in the absence of protein synthesis, it is possible that
the complex contains proteins which are part of the virion
particle and are introduced into the cell upon viral entry. Al-
ternatively, they may be cellular proteins that are activated upon
viral contact or entry. Experiments are currently in progress to
address this question.

Activating ISGs without the need for prior de novo synthesis
of interferons might provide the host cell with a potential
shortcut in the activation of its antiviral defense. Subsequent
production and release of interferons by the host cell might be
more beneficial to neighboring uninfected cells by protecting
them from viral invasion. Alternatively, the restricted induc-
tion of ISG54 might be advantageous for the virus and its
replication cycle. The ongoing further characterization of CIF
will allow us to identify the underlying mechanism of CIF
activation and its cellular function.
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