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Human herpesvirus 8/Kaposi sarcoma-associated virus (HHV-8/KSHV) contains, in addition to genes
required for viral replication, a unique set of nonstructural genes which may be part of viral mimicry and
contribute to viral replication and pathogenesis in vivo. Among these, HHV-8 encodes four open reading frames
(ORFs) that showed homology to the transcription factors of the interferon regulatory factor (IRF) family. The
ORF K9, viral IRF 1 (vIRF-1), has been cloned, and it was shown that, when overexpressed, it down modulates
the interferon-mediated transcriptional activation of the interferon-stimulated gene 15 (ISG 15) promoter, and
the role of vIRF-1 in viral mimicry was implied. However, the molecular mechanism of this effect has not been
clarified. Here, we extend this observation and show that vIRF-1 also downregulates the transcriptional activity
of IFNA gene promoter in infected cells by interfering with the transactivating activity of cellular IRFs,
including IRF-1 and IRF-3. We further show that ectopic expression of vIRF-1 in NIH 3T3 cells confers resis-
tance to tumor necrosis factor alpha-induced apoptosis. While vIRF-1 is unable to bind DNA with the same
specificity as cellular IRFs, we demonstrate by in vitro binding assay that it can associate with the family of
cellular IRFs, such as IRF-1 and the interferon consensus sequence binding protein. vIRF-1 interaction do-
main was localized between amino acids (aa) 152 and 243. While no binding between the full-size IRF-3 and
vIRF-1 could be detected by the same assay, we show that vIRF-1 also targets the carboxy-terminal region (aa
1623 to 2414) of the transcriptional coactivator p300 which could also bind IRF-3 and IRF-1. These results
demonstrate that vIRF-1 can modulate the transcription of the IFNA genes by direct heterodimerization with
members of the IRF family, as well as by competitive binding with cellular transcription factors to the
carboxy-terminal region of p300.

The human herpesvirus 8/Kaposi Sarcoma-associated her-
pesvirus (HHV-8/KSHV) may be the causal factor in Kaposi
sarcoma, AIDS-associated body cavity-based lymphoma or
pleural effusion lymphoma, and multicentric Castelman’s dis-
ease. HHV-8 is a gammaherpesvirus, such as Epstein-Barr
virus (EBV) (4) and herpesvirus saimiri, which are oncogenic
(1). The analyses of HHV-8 genomic sequences (44) showed
that this virus contains, in addition to genes required for viral
replication, a unique set of nonstructural genes which may be
part of viral mimicry and essential for viral replication and
pathogenicity in vivo.

Two of the HHV-8 analogues of cellular IRFs, open reading
frame (ORF) K9-encoded viral interferon (IFN) regulatory
factor (vIRF; named vIRF-1 in this study) and vIRF-2 (11),
have been cloned. The expression of vIRF-1 can be induced by
tetradecanoyl phorbol acetate (TPA) treatment in BCBL-1
cells (30); the presence of vIRF-1 antisense RNA reduced the
expression of several HHV-8 lytic genes, including interleu-
kin-6 (IL-6) in TPA-treated BCBL-1 cells (26). In that study it
was suggested that vIRF-1 plays an important role in the reg-
ulation of HHV-8 replication cycle. Several groups (15, 26, 38,
57) have shown that vIRF-1 can function as a repressor on
promoters containing IFN-sensitive response element and that

NIH 3T3 cells constitutively overexpressing vIRF-1 gained the
ability to grow in soft agar and to form tumors in nude mice.
These data indicate that vIRF-1, like IRF-2, behaves as an
oncogene. However, the molecular mechanism by which
vIRF-1 downmodulates IFN-stimulated activation of IFN-
stimulated gene (ISG) promoters or confers to NIH 3T3 cells
the ability to grow in soft agar and in nude mice has not been
clarified. We have recently cloned and characterized a second
HHV-8 encoded vIRF, vIRF-2, that encodes a short protein of
163 amino acids (aa) (11). vIRF-2 is a DNA binding protein
with a specificity distinct from that of cellular IRF, since it
binds to oligonucleotide corresponding to the NF-kB site. In a
transient-transfection assay, vIRF-2 inhibits the virus-medi-
ated induction of promoters of IFN genes as well as RelA-
stimulated activity of the human immunodeficiency virus long
terminal repeat. Thus, the properties and, consequently, the
biological functions of vIRF-1 and vIRF-2 seem to be distinct.

Transcriptional factors of the IRF family have been shown
to play an essential role in the regulated expression of IFN and
ISGs (34). All the cellular IRF proteins identified show ho-
mology in their 59 DNA binding domain (DBD), which is
characterized by five highly conserved tryptophan (W) repeats;
three of these repeats contact DNA recognizing the GAAA
sequence (14). The carboxy-terminal halves of these proteins
are diverse. IRF-1 was originally identified by its ability to bind
the GAAAGT sequence present in multiple copies in the pro-
moter of IFNB gene, and it was proposed that IRF-1 serves as
a positive activator of IFN genes in virus-infected cells, while a
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closely related homologue, IRF-2, acts as a repressor (17).
However, homozygous deletion of the IRF-1 gene has not
affected the virus-mediated activation of IFNA and IFNB
genes expression (29, 42), whereas it downmodulated the ex-
pression of IL-12 and the antiviral effects of IFNs (43). An-
other member of this family, p48, interacts with phosphory-
lated STAT1 and STAT2 transcription factors forming ISGF3
complex (6, 7) in IFN-treated cells. This complex binds to the
IFN-stimulated response element (ISRE) in the promoter of
ISGs and activates their transcription. Homozygous deletion of
p48 in mice abolishes sensitivity of these mice to the antiviral
effect of IFNs and impairs the induction of IFNA and IFNB
genes in a cell-type-specific manner (19, 22). Several other
members of the IRF family have been identified. The IFN
consensus sequence binding protein (ICSBP) is expressed ex-
clusively in cells of immune system, including monocytes, B
cells, and T cells (9). It complexes with IRF-1 and thus re-
presses the transactivation mediated by IRF-1 (33, 48, 53). In
mice, homologous deletion of ICSBP results in the deregula-
tion of hematopoiesis and lymphopoiesis (20) and the defec-
tive expression of IL-12 (16). IRF-3 is expressed constitutively
in most of the tissues and cell types (3) and strongly cooperates
with virus in stimulation of IFN gene expression. In infected
cells, IRF-3 is phosphorylated and transported into the nucleus
where it binds the transcriptional coactivator p300/CBP (27,
55). It appears, therefore, that IRF-3 plays a critical role in
virus-mediated signaling (21, 32, 46, 47). Another IRF that was
shown recently to play a critical role in the induction of IFNA
genes is IRF-7 (2, 28, 45, 51). IRF-7 also strongly cooperates
with the virus-mediated induction of IFN genes, particularly
IFNA genes, and was shown also to play a role in the regulated
expression of viral QP promoter of the EBV-encoded EBNA-1
gene (36, 56).

Both IRF-1 and IRF-2 also modulate cell growth. Overex-
pression of IRF-1 has a growth-inhibitory effect and induces
apoptosis (23, 49). In contrast, overexpression of IRF-2 in NIH
3T3 cells confers oncogenic transformation and tumor forma-
tion in nude mice, implicating IRF-2 as a potential oncogene.
IRF-1, however, can reverse the IRF-2-induced transforma-
tion, as well as suppress c-myc and c-fos-induced transforma-
tion (18). Fibroblasts from IRF-12/2 mice show resistance to
UV- and drug-induced apoptosis (49, 50). Since the deletion of
IRF-1 on chromosome 5q31.3 is frequently found in leukemia,
it was suggested that IRF-1 might function as a tumor suppres-
sor gene (8, 54).

The aim of the present study was to further characterize the
functional role of vIRF-1 in the expression of the early inflam-
matory gene (IFNA), as well as to determine the molecular
mechanisms by which vIRF-1 exerts some of its biological
effects. We have shown that in infected cells, vIRF-1 specifi-
cally represses the transcriptional activity of IFNA gene pro-
moters, while, in uninfected cells, overexpression of vIRF-1
confers resistance to tumor necrosis factor alpha (TNF-a)-
induced apoptosis. By using in vitro pull-down assay, we have
further demonstrated a specific interaction between vIRF-1
and cellular IRFs, including IRF-1, and demonstrated that
vIRF-1 contains an interaction-associated domain (IAD) by
which it associates with IRF-1. We have further demonstrated
an in vitro interaction between vIRF-1 and the C9-terminal
domain of p300. We therefore conclude that, by specific inter-
action with IRF-1, vIRF-1 may lessen both the antiviral and
antiapoptotic functions of IRF-1 while, by its interaction with
p300, vIRF-1 may compete for binding of both IRF-1 and
IRF-3 and so decrease their transactivating potential.

MATERIALS AND METHODS

Cell culture and transfections. NIH 3T3 cells were grown in Dulbecco mod-
ified Eagle medium (DMEM) and 10% fetal bovine serum (FBS). The BCBL-1
cells were grown in RPMI supplemented with 10% FBS. In the transfection
assays, subconfluent NIH 3T3 cells (2 3 105 cells/35-mm plate) were cotrans-
fected with 1 mg of reporter chloramphenicol acetyltransferase (CAT) plasmid
and 1 mg of each indicated expression plasmid by using the calcium phosphate
coprecipitation method (31) or Superfect (Qiagen). The total amount of DNA
was adjusted to 3 mg with empty vector pcDNA3.1 (Invitrogen) for each exper-
iment. When indicated, cells were infected with Newcastle disease virus (NDV)
(multiplicity of infection of 5) at 24 h after transfection for 16 h. Protein extracts
were prepared by the freeze-thaw method at 48 h after transfection, and CAT
assays were done as described previously (40). The same amount of protein was
used for each reaction. Thin-layer chromatography plates were quantified by
using a PhosphorImager (Molecular Dynamics).

Viability assay. Cells (1.5 3 105/ml) in DMEM containing 10% FBS, 1 mg of
actinomycin D per ml, and increasing concentrations of TNF-a were seeded (100
ml) into 96-well panels and grown in CO2 at 37°C for 24 h. Viable cells were
measured by the MTT assay (12).

Plasmids. (i) Cloning of vIRF-1. The vIRF-1 DNA corresponding to K9 ORF
of HHV-8 was amplified from DNA extracted from KS tumor specimen by 25
cycles of PCR. Primers 59-AGTAAGCTTGCGGGACAATGGACCCAGGCC
and 39-TTGTCTAGATTATTGCATGGCATCCCATAA were based on the
published HHV-8 sequences; the resulting 1,368-bp vIRF-1 fragment was insert-
ed into the HindIII and XbaI sites of pcDNA3.1 vector (Invitrogen) to construct
pcDNA/vIRF-1. The cDNA was amplified by use of Pfu polymerase (Stratagene)
and then sequenced. The comparison of the sequenced analysis with that depos-
ited in GenBank indicated that the cloned KS/vIRF-1 contained five point
mutations, four of which resulted in the amino acid change. Therefore, we have
amplified and cloned vIRF-1 also from the genomic library of BCBL-1 cells. The
DNA sequence of BCBL1/vIRF-1 was identical to that deposited in GenBank.
Both the KS/vIRF-1 and the BCBL1/vIRF-1 had identical functional properties
as seen in the transient-transfection assay, and neither of them was able to bind
DNA. For consistency with the published results (26), the data presented here
were obtained with BCBL1/vIRF-1-containing plasmids.

(ii) Construction of truncated and fusion vIRF-1. To generate GST/vIRF-1
fusion proteins, full-length cDNA was amplified by PCR with the primers 59-
GCCGGAATTCAATGGACCCAGGC and 39-CATCTCGAGGCATGGCAT
CCCATAA and inserted in frame into EcoRI-XhoI sites of pGEXT4 vector
(Pharmacia). The N9-terminal 489-bp fragment coding for N9 vIRF-1 (aa 1 to
158) was amplified by PCR with the primers 59-ATAGGATCCATGGACCCA
GGCCAAAGACC and 39-AGACTCGAGGTGCCTTTAAACGAGGCGTC.
The C9-terminal 908-bp fragment of vIRF-1 (aa 152 to 449) was amplified by
PCR with the 59 primer TCTGGATCCGACGCCTCGTTTAAAGGCAC. The
39 primer was identical to that used for amplification of glutathione S-transferase
(GST)–vIRF-1. The 273-bp fragment vIRF-1A (aa 152 to 243) was amplified
with primers 59-TCTGGATCCGACGCCTCGTTTAAAGGCAC and 39-AGA
CTCGAGCTAACAAGATGGCACGGGCGTTAC. The 464-bp fragment vIRF-
1B (aa 152 to 307) was amplified with the primers 59-TCTGGATCCGACGCC
TCGTTTAAAGGCAC and 39-AGACTCGAGCTATTGGGTAGCCATACCT
GGCC, and the 461-bp fragment vIRF-1C (aa 295 to 449) was amplified with the
primer 59-ATAGGATCCGCCATGGCAGTGGGGTCTCCGGGCCAG and a
39 primer identical to that used for the amplification of GST–vIRF-1. All of these
vIRF-1 fragments were cloned into BamHI-XhoI sites of pGEXT4 vector. Am-
plifications were done by using 30 cycles with Pfu polymerase from the BCBL1/
vIRF-1 expression plasmid. The constructed proteins were expressed in bacteria
and were checked by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) to determine the correct molecular weight.

(iii) Construction of truncated p300 proteins. The expression plasmids coding
for amino- and C9-terminal parts of human p300 were provided by G. Nabel (37).
The 1,161-bp fragment p300A (aa 1243 to 1630) was amplified by PCR with the
primers 59-TCAGGATCCGCCATGTTTGTTGAATGTACAGAGTGCGGA
and 39-ACTCTCGAGCTATGCATCCCGACCATCCAT. The 776-bp fragment
p300B (aa 1623 to 1882) was amplified with the primers 59-TCAGGATCCCC
GATGGATGGTCGGGATGCGTTT and 39-ACTCTCGAGCTACATGCTAT
TGGGAGGGGTA. The 1,596-bp fragment p300C (aa 1882 to 2414) was am-
plified with the primers 59-TCAGGATCCGCCATGCCACCCTACTTGCC
CAG and 39-ACTCTCGAGCTAGTGTATGTCTAGTGTACTCTGTGAGA
GG. All of these p300 fragments were cloned into BamHI-XhoI sites of vector
pcDNA3.1. Amplifications were done by use of 30 cycles with Pfu polymerase
from the p300 expression plasmid, and constructed proteins were checked by in
vitro translation to determine the correct molecular weight.

(iv) Expression and reporter plasmids. CMV/IRF-1 and CMV/IRF-2 expres-
sion plasmids were obtained from T. Taniguchi (University of Tokyo, Tokyo,
Japan). The CMV/IRF-3 plasmid was as described previously (3). pSG5/ICSBP
plasmid was obtained from K. Ozato (9). The IFNA4CAT reporter plasmid was
described previously (41). In order to express deletion mutants of vIRF-1 in
mammalian cells, the corresponding vIRF-1 fragments were subcloned from
pGEX4T vector into the BamHI-XhoI sites of pCMV-TAG expression plasmid
(Stratagene).
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Preparation of GST fusion proteins. Escherichia coli DH5a cells (200 ml at an
optical density at 600 nm of 0.6) harboring the recombinant expression vectors
were induced with 0.4 mM isopropyl-b-D-thiogalactopyranoside (IPTG; Sigma)
at 37°C for 2.5 h. Cells were then washed with phosphate-buffered saline (PBS),
resuspended in 10 ml of sonication buffer (PBS supplemented with 1% Triton
X-100 and 1 mM phenymethylsulfonyl fluoride), and incubated with 10 mg of
lysozyme (Sigma) per ml on ice for 15 min. The cell suspension was sonicated,
and the lysate was cleared by centrifugation (12,000 3 g for 10 min at 4°C). The
supernatants were mixed with glutathione-agarose beads (200 ml of a 1:1 slurry
in PBS) (Pharmacia) at 4°C for 1 h, and the beads were washed three times with
ice-cold sonication buffer. The purity and quantity of fusion proteins were ex-
amined by Tricine–SDS–10% PAGE followed by Coomassie blue staining.

GST pull-down assay. The 35S-labeled proteins were synthesized in vitro by
using the coupled TNT T7 transcription-translation system (Promega) according
to the manufacturer’s instructions. A total of 1 mg of nonlinearized expression
plasmid was used in each reaction, followed by incubation (90 min, 30°C) in the
presence of 4 ml of Translabel (DuPont) amino acid mixture. GST fusion pro-
teins (0.5 mg) bound to glutathione-agarose beads were incubated with 10-ml
reaction mixture aliquots of 35S-labeled proteins in 250 ml of binding buffer (10
mM Tris-Cl, pH 7.6; 100 mM NaCl; 0.1 mM EDTA, pH 8.0; 1 mM dithiothreitol
[DTT]; 5 mM MgCl2; 0.05% Nonidet P-40; 8% glycerol; mammalian protease
inhibitor cocktail [Sigma]) at 4°C for 90 min. After three washes (10 min at room
temperature) with binding buffer, the proteins bound to the beads were solubi-
lized in sample lysis buffer and resolved on Tricine–SDS–10% PAGE. When
indicated, 1 mg of rabbit polyclonal antibody against the C-terminal peptide of
human IRF-1 (Santa Cruz) was added to the binding reaction. The gel was dried
and exposed to a PhosphorImager screen.

Electrophoretic mobility shift analysis. DNA binding reactions were per-
formed at room temperature for 30 min in 20 ml of binding buffer (12 mM
Tris-HCl, pH 8.0; 2 mM MgCl2; 12 mM EDTA, pH 8.0; 40 mM NaCl; 6 mM
DTT; 7% glycerol) containing 1 ng of GST–IRF-1 protein, the indicated amount
of His6–vIRF-1 protein, 1 mg of poly(dI-dC), 1 mg of BSA, and 105 cpm of the
indicated 32P-labeled double-stranded probe. Protein-DNA complexes were then
resolved in a nondenaturing (50 mM Tris, 380 mM glycine, 2 mM EDTA) 7%
polyacrylamide gel, dried, and exposed to a PhosphorImager screen. The se-
quence of PRD-I probe used was 59-GAGAAGTGAAAGTGGGAACCCTCT
CCTT.

RESULTS

vIRF-1 can inhibit IRF-1- or IRF-3-stimulated transcrip-
tional activity of IFN-a4 promoter in infected cells. Results
from other laboratories (15, 26, 57), as well as our own previ-
ous data (38), showed that in a transient-expression assay
vIRF-1 repressed the IFN-stimulated transcriptional activity of
the ISRE-containing promoters of ISGs.

To determine whether the vIRF-1 repression is limited to
the IFN-mediated stimulation of ISGs or whether it can also
modulate the virus-stimulated expression of early inflamma-
tory genes, such as type I IFN genes, we analyzed the effect of
vIRF-1 on the virus-mediated stimulation of IFNA4 reporter
plasmid in a transient-expression assay (41). This plasmid con-
tains IFNA4 gene promoter region, including the virus-induc-

ible elements with an IRF-E site but no NF-kB site. Constitu-
tive expression of the IFNA4 CAT plasmid in NIH 3T3 cells
was very low, but the transcriptional activity of the IFNA
promoter was significantly stimulated (15-fold) upon infection
with NDV (Fig. 1) (3). Cotransfection with vIRF-1-expressing
plasmid inhibited the CAT expression by about two- to three-
fold. We have previously shown that, in a transient-transfection
assay, virus-mediated stimulation of the IFNA4 gene promoter
could be enhanced by cotransfection with IRF-1 (3), IRF-3
(21), or IRF-7 (2). While cotransfection with IRF-1 has in-
creased virus-mediated activation of IFNA4 promoter three-
fold, IRF-3-enhanced virus stimulated the activity of IFNA4
promoter by sixfold (Fig. 1). Cotransfection with vIRF-1 effec-
tively inhibited the IRF-1-mediated stimulation of the IFNA
gene promoter in infected cells, indicating that vIRF-1 inter-
fered with the transactivation potential of IRF-1. Similarly,
synergism between virus- and IRF-3-mediated activation was
also inhibited in cells overexpressing vIRF-1; however, the
inhibitory effect by vIRF-1 could be demonstrated only at
higher levels of vIRF-1 (Fig. 1). These data indicate that
vIRF-1 interferes with the IRF-1- and IRF-3-mediated tran-
scriptional activation of IFNA4 promoter in infected cells.

Expression of vIRF-1 in NIH 3T3 cells confers resistance to
apoptosis. IRF-1 was shown to inhibit cell growth and induce
apoptosis. The fibroblast cells derived from mice with homozy-
gous deletion of IRF-1 gene were resistant to drug- and UV-
induced apoptosis (50). Since we have found that vIRF-1 in-
terferes with the function of IRF-1 in infected cells, we wished
to examine whether vIRF-1 could also interfere with the cel-
lular function of IRF-1. The NIH 3T3 cell line that constitu-
tively expressed transfected vIRF-1 (Fig. 2A) and showed a

FIG. 1. vIRF-1 inhibited synergistic activation of IFNA4 promoter by NDV
and IRF-1 or IRF-3. The IFNA4 CAT reporter plasmid (1 mg) was cotransfected
into NIH 3T3 cells with 1 mg of either pcDNA vector (Con), IRF-1, or IRF-3
expression plasmids, together with increasing amount of vIRF-1 expression plas-
mid (1 and 4 mg). Cells were infected with NDV 24 h after transfection for 16 h
and analyzed for CAT activity. Error bars show standard errors for triplicate
experiments.

FIG. 2. NIH 3T3 cells expressing vIRF-1 showed resistance to TNF-a-medi-
ated apoptosis. (A) Expression of vIRF-1 mRNA in the clone (3T3/vIRF-1)
selected for studies of apoptosis (Northern blot). The NIH 3T3 cell line express-
ing vIRF-1 was generated as described in Materials and Methods. (B) Compar-
ison of TNF-a-induced cell killing in control NIH 3T3 cells and NIH 3T3/vIRF-1
cells. Cells were treated with the indicated concentrations of mouse TNF-a and
actinomycin D (1 mg/ml) for 24 h, and the cell viability was determined by MTT
assay. The data represent an average (6 the standard error of the mean) of two
separate experiments done in triplicate.
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decreased sensitivity to the antiviral effect of mouse IFN-a and
IFN-b (data not shown) was analyzed for its sensitivity to
TNF-a-induced apoptosis (24). The NIH 3T3/vIRF-1 and the
parental NIH 3T3 cells were treated with an increasing con-
centration of TNF-a in the presence of actinomycin D, and the
cell viability was determined 24 h later by MTT assay (12). The
results, shown in Fig. 2B, demonstrate that NIH 3T3/vIRF-1
cells were less susceptible to TNF-a-induced apoptosis than
were the parental NIH 3T3 cells. At the TNF-a concentration
of 4 pg/ml, no cell death could be detected in NIH 3T3/vIRF-1
cells, while more than 50% of the NIH 3T3 cells were killed.
The same degree of difference in cell killing between the vIRF-
1-expressing clone and the parental line was seen in cells
treated with double-stranded RNA (data not shown).

These data further suggest that the expression of vIRF-1
interferes with the functions of IRF-1 even in the absence of
viral infection.

vIRF-1 interacts with cellular IRF transcription factors in
vitro. It was previously reported by others that recombinant,
full-length vIRF-1 was unable to bind ISRE elements and a
positive regulatory domain (PRD-I) present in the IFNB pro-
moter (15, 57). Since vIRF-1 contains an N9-terminal 85-aa
peptide which is not present in any other cellular IRFs and
which could interfere with binding of the putative DNA bind-
ing domain (DBD), we examined whether the removal of this
peptide would restore DNA binding. However, the N9-termi-

nal-truncated vIRF-1 expressed as a GST fusion protein (aa 85
to 449) was also unable to bind these probes (data not shown).
These data indicated that the inhibition by vIRF-1 was not the
result of competition with IRF-1 for the DNA binding as
demonstrated for IRF-1 and IRF-2. It was shown that the
activity of cellular IRFs could be modulated by their associa-
tion either with other family members or other transcription
factors (10, 39, 48). We therefore examined whether the ob-
served inhibitory effect of vIRF-1 could be mediated by its
interactions with cellular IRFs or other cellular transcription
cofactors.

To analyze the interaction between vIRF-1 and the members
of the IRF family of transcription factors, we used in vitro
pull-down assay. GST–vIRF-1 fusion protein was immobilized
on glutathione-agarose beads and incubated with the in vitro-
synthesized 35S-labeled IRF proteins. The immobilized vIRF-1
bound strongly IRF-1 (Fig. 3A, lanes 1 to 3), and 21% of the
input 35S-labeled IRF-1 was bound to immobilized vIRF-1. No
binding was detected to control beads containing GST only.
Furthermore, adding antibody that recognized a C9-terminal
peptide of IRF-1 (lane 4) inhibited the binding of IRF-1 to
GST–vIRF-1 by about fivefold. These data indicate that the
observed binding of IRF-1 to vIRF-1 is specific. Only 0.2% of
in vitro translated IRF-2 bound to the immobilized GST–
vIRF-1, a level of binding which we considered to be insignif-
icant (lane 7). We were also unable to detect any specific

FIG. 3. (A) Analysis of interactions between vIRF-1 and cellular IRF transcription factors by in vitro pull-down assay. Recombinant GST–vIRF-1 fusion protein
was immobilized on glutathione-agarose beads and incubated with indicated 35S-labeled IRF proteins as described in Materials and Methods. In lanes 1, 5, 8, and 11,
20% of the respective in vitro-labeled input IRF was loaded onto the gel. Lanes 2, 6, 9, and 12 show binding to beads containing GST protein only. Lanes 3, 7, 10, and
13 show binding of IRF-1, IRF-2, IRF-3, and ICSBP, respectively. The binding in the presence of antibody (1 mg) against C-terminal peptide of IRF-1 is shown in lane
4. (B) Virus infection does not modulate IRF-1–GST–vIRF-1 interaction in cell lysates. NIH 3T3 cells were transfected with IRF-1 expression plasmid, and 24 h later
cells were infected with NDV (multiplicity of infection of 5) for 16 h. Cell lysates from control (2) or infected cells (NDV) were then subjected to pull-down assay.
GST–vIRF-1-bound proteins were resolved on SDS–10% PAGE and immunoblotted with anti-IRF-1 antibody (lane 3). Input (lane 1) represents 1% of total protein
added into binding reaction. No detectable interaction was observed with control, GST-containing beads (lane 2). (C) Detection of vIRF-1 and vIRF-2 protein
interactions. In vitro 35S-labeled vIRF-1 and vIRF-2 proteins were incubated with GST–vIRF-1 or GST bound to glutathione-agarose beads. Bound proteins were
resolved by SDS–10% PAGE. Input vIRF-1 (lane 1) represents 20% of 35S-labeled vIRF-1 translation mixture added to beads.
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binding of in vitro-translated IRF-3 to GST–vIRF-1 (Fig. 3A,
lanes 8 to 10). Although the binding of ICSBP to immobilized
GST–vIRF-1 was lower than the binding of IRF-1, 6% of the
input ICSBP was retained on GST–vIRF-1 beads (lanes 11 to
13). It should be mentioned at this point that Zimring et al.
(57) failed to detect any association between in vitro-cotrans-
lated vIRF-1 and IRF-1.

To further examine whether viral infection modifies the
binding of IRF-1 to vIRF-1, we analyzed the binding of IRF-1
from cell lysates of transiently transfected NIH 3T3 cells with
IRF-1 expressing vector and infected with NDV. As seen in
Fig. 3B, a significant amount of IRF-1 was coprecipitated with
GST–vIRF-1 beads from cell lysates of IRF-1-transfected NIH
3T3 cells (about 30% of input); however, the binding was not
significantly different if the lysates were prepared from NDV-
infected cells (Fig. 3B). Since viral infection stimulated the
expression of endogenous IRF-1 gene, the IRF-1 signal in
infected cells was higher than in uninfected cells. Virus stim-
ulation therefore did not influence the interaction between
IRF-1 and vIRF-1.

We further examined whether vIRF-1 was able to form ho-
modimers or interacted with vIRF-2 by using the pull-down
assay with 35S-labeled vIRF-1. As seen in Fig. 3C, vIRF-1 was
retained both by GST–vIRF-1 and GST–vIRF-2 immobilized
on agarose beads (lanes 3 and 4), while no vIRF-1 was pulled
down by the control, GST-containing agarose beads (lane 2).
These data indicate that, in vitro, vIRF-1 can form homo-
dimers as well as interact with vIRF-2.

Identification of the vIRF-1 binding domain. To determine
which part of vIRF-1 protein interacted with IRF-1, we con-
structed GST fusion proteins with the N9-terminal (aa 1 to 158)
and C9-terminal (aa 152 to 449) parts of vIRF-1. The C9-
terminal part of vIRF-1 molecule was further divided to three
peptides designated parts A (aa 152 to 243), B (aa 152 to 307),
and C (aa 295 to 449) (Fig. 4A), which were also expressed as
GST fusion proteins. The mobility and purity of these recom-
binant fusion peptides is shown in Fig. 4B. When used in the
pull-down assay, GST–vIRF-1C9 was able to bind effectively in
vitro-translated 35S-labeled IRF-1 (Fig. 4C, lane 4), while no
binding of the labeled IRF-1 to GST–vIRF-1N9 was detected
(lane 3), indicating that IRF-1 interacts specifically with the
C9-terminal part of vIRF-1. To determine precisely the IAD of
vIRF-1, we analyzed the binding of 35S-IRF-1 to the immobi-
lized GST–vIRF-1A, -1B, and -1C fusion peptides. It can be
seen (Fig. 4C, lanes 5 and 6) that IRF-1 binds to both immo-
bilized GST–vIRF-1A and GST–vIRF-1B fusion peptides,
while no interaction with GST–vIRF-1C peptide was observed
(lane 7). Since the A and B peptides partially overlap, we con-
clude that the vIRF-1 IAD is located between aa 152 and 243.

Using the transient-transfection assay, we assessed the abil-
ity of the C9-terminal peptides of vIRF-1 to inhibit transcrip-
tional activity of the IFNA4 promoter. We cotransfected
IFNA4 CAT reporter plasmid together with IRF-1 and vIRF-
1A, -1B, and -1C (Fig. 4) expressing plasmids into NIH 3T3
cells, which were then infected with NDV. The results in Fig.
5A show that C9-terminal vIRF-1 peptides were able to down-
regulate the transcriptional activity of the IFNA4 promoter.
All the C9-terminal peptides were better inhibitors than the
full-length vIRF-1, indicating that, in the full-length protein,
the IAD may be less accessible or actively regulated by oth-
er domains of the molecule. Interestingly, the C peptide of
vIRF-1 that was not able to bind effectively to IRF-1 in the
GST pull-down assay was also inhibitory. Since in our prelim-
inary results the C peptide of vIRF-1 did not interact strongly
with the p300 protein (data not shown), the observed inhibition
of IFNA4 activity by the vIRF-1C peptide may be due to its

interaction with other regulatory proteins. These data indicate
that vIRF-1 peptides that are able to bind either IRF-1 or p300
can also downregulate their transactivating activities onto
IFNA4 promoter in the transient-transfection assay.

To test whether the formation of vIRF-1 and IRF-1 het-
erodimers affects the DNA binding activity of IRF-1, we sub-
jected a preincubated mixture of purified recombinant GST–
IRF-1 and His6–vIRF-1 proteins together with radioactively
labeled DNA probe corresponding to the PRD-I binding site
in the IFNB gene promoter to electrophoretic mobility shift
analysis. As can be seen in Fig. 5B, incubation of 1 ng of
GST–IRF-1 with PRD-I probe resulted in the formation of one
distinct DNA-protein complex A (lane 1). When His6–vIRF-1
protein (3 ng) was added to binding reaction, the intensity of
complex A increased and a new complex with a slower mobility
was formed (lane 2). This new complex could represent a
vIRF-1–IRF-1 heterodimer. However, when an increased
amount of His6–vIRF-1 protein (5 and 7 ng) was preincubated
with GST–IRF-1, the DNA binding activity of GST–IRF-1

FIG. 4. Mapping of vIRF-1 interaction domain. (A) Positional scheme of
vIRF-1 deletion mutants. Numbers correspond to amino acid boundaries of
respective fragments. (B) Coomassie blue-stained gel illustrating the purity and
size of the respective GST–vIRF-1 fusion fragments. (C) In vitro interaction
between IRF-1 and different vIRF-1 fragments as detected by pull-down assay.
35S-labeled IRF-1 input (20%) and its binding to GST beads are shown in lanes
1 and 2, respectively. IRF-1 was pulled down by GST–vIRF-1C9 (lane 4) and not
by GST–vIRF-1N9 (lane 3). Both GST–vIRF-1A (lane 5) and GST–vIRF-1B
(lane 6) fragments actively bound IRF-1, while no IRF-1 binding was detected
with GST–vIRF-1C fragment (lane 7).
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diminished (lanes 3 and 4). To confirm the presence of His6–
vIRF-1 protein in the GST–IRF-1 DNA complex, antiserum
against vIRF-1 was added to the binding reaction. As seen in
Fig. 5B, lane 5, in the presence of vIRF-1 antiserum, two new
complexes with lower mobilities (B and S) were detected.
These data indicate that at equal molar ratio, IRF-1–vIRF-1
heterodimer can bind PRD-I element, but an excess of vIRF-1
blocks binding of IRF-1 to DNA.

Interaction of vIRF-1 and IRF-1 with the transcription co-
activator, p300. Interaction between transcription factors of
the IRF family, IRF-3 and IRF-7, and transcription coactivator
p300 has been shown to have a functional impact (2, 21, 27, 52,
55). Therefore, we tested the affinity of vIRF-1 for p300 by the
pull-down assay. The N9- and C9-terminal parts of p300 (for
details, see Material and Methods) were translated in vitro and
subjected to pull-down assay on immobilized GST–vIRF-1 fu-
sion proteins. The interaction between IRF-1 and p300 was
analyzed by using the same assay. As shown in Fig. 6A, only
C9-terminal part of p300 was able to bind to immobilized
GST–vIRF-1 or GST–IRF-1 (lanes 7 and 10), while no signif-
icant interaction between the N9-terminal part of p300 and
vIRF-1 or IRF-1 could be detected (lanes 3 and 4). We further
found that the C9-terminal domain of vIRF-1 strongly binds to

p300C9 (lane 8), whereas the binding of p300C9 to GST–vIRF-
1N9 beads was very low and probably insignificant (lane 9). No
binding of either the N9-terminal or the C9-terminal part of
p300 to GST alone was detected (lanes 2 and 6). These data
indicate that both vIRF-1 and IRF-1 bind in vitro to a C9-
terminal half of p300 transcription coactivator. This region of
p300 is targeted by a variety of transcription factors, including
STAT-1, c-Fos, E1A, TFIIB, NF-kB, and kinase pp90 (13). To
map precisely the region of p300 binding to vIRF-1 and IRF-1
proteins, we divided p300C9 molecule into three fragments: A
(aa 1239 to 1622), B (aa 1623 to 1882), and C (aa 1882 to 2414)
(Fig. 6B). The mobility and purity of in vitro-translated A, B,
and C peptides on SDS gel is shown in Fig. 6C (lanes 1, 2, and
3). It can be seen (Fig. 6C) that in a pull-down assay only the
B and C peptides were able to bind to the immobilized GST–
vIRF-1C9 fusion protein (lanes 8 and 9). The B and C peptides
also bound to the immobilized GST–IRF-1 fusion protein

FIG. 5. (A) The C9-terminal peptides of vIRF-1 disrupt the specific activa-
tion of the IFNA4 promoter by NDV and IRF-1. The cotransfections were done
as described in Fig. 1 by using 1 mg of each IRF-1, IFNA4 CAT, and the re-
spective plasmid encoding the C9-terminal vIRF-1 peptides. The relative levels of
vIRF-1 peptides in transfected cells were comparable (data not shown). Error
bars show the standard errors for triplicate experiments. (B) vIRF-1 modulates
the binding of IRF-1 to PRD-I oligonucleotide. Gel retardation assays were
performed with purified recombinant GST–IRF-1 and His6–vIRF-1 proteins and
32P-labeled PRD-I probe. A total of 1 ng of GST–IRF-1 was preincubated alone
(lane 1) or in the presence of 3, 5, or 7 ng of His6–vIRF-1 (lanes 2 to 4). The same
reaction as in lane 2 was performed in the presence of 3 ml of vIRF-1 antiserum
(AS, lane 5).

FIG. 6. In vitro binding analysis of vIRF-1 and IRF-1 to p300. (A) Interac-
tion of vIRF-1 and IRF-1 with the N9- and C9-terminal parts of p300. Binding of
in vitro 35S-labeled N9-terminal half of p300 to immobilized GST–vIRF-1 and
GST–IRF-1 is shown in lanes 3 and 4. The binding of the in vitro 35S-labeled
C-terminal half of p300 to immobilized GST–vIRF-1 and GST–IRF-1 is shown
in lanes 7 and 10. The binding of the C-terminal half of the p300 to N- and
C-terminal parts of GST–vIRF-1 is shown in lanes 8 and 9, respectively. Lanes 2
and 6 show the binding to GST beads only, and lanes 1 and 5 show the input of
the 35S-labeled N- or C-terminal part of p300 (20%). (B) Positional scheme of
p300 deletion mutants. The numbers correspond to the amino acid boundaries of
the respective fragments. (C) Mapping of p300 binding site for vIRF-1 and IRF-1
by in vitro pull-down assay. Recombinant GST–vIRF-1C9 and GST–IRF-1 fusion
proteins were immobilized on glutathione-agarose beads and incubated with in-
dicated 35S-labeled p300 peptides as shown in Fig. 6B. In lanes 1 to 3, 20% of the
in vitro-labeled p300 fragments A, B, and C were analyzed on an SDS gel. Lanes
4 to 6 show the binding to beads containing GST protein only. Lanes 7 to 9 show
the binding of the indicated p300 fragment to GST–vIRF-1C9 beads, and lanes
10 to 12 show the binding of the indicated p300 fragment to GST–IRF-1 beads.

VOL. 73, 1999 HHV-8-ENCODED vIRF-1 7339



(lanes 11 and 12). No significant binding of A peptide to
GST–vIRF-1C9 or GST–IRF-1 beads was observed (lanes 7
and 10). None of these peptides bound to GST beads only
(lanes 4 to 6). These data indicate that both vIRF-1 and IRF-1
proteins bind to a C9-terminal region of p300 protein contain-
ing the C/H3 and Q-rich domains (aa 1623 to 2414) and may
compete for the same binding site.

DISCUSSION

HHV-8 is the first identified viral genome that contains
ORFs homologous to the cellular transcriptional factors of the
IRF family. While cellular IRFs are DNA binding proteins,
neither the full-size vIRF-1 nor its 59-end deletion mutant was
able to bind oligonucleotides with specificities similar to those
of the cellular IRFs. The vIRF-1 shows partial homology in its
N-terminal region with a DBD of IRF-3 and IRF-4. However,
only two of the five characteristic W repeats in cellular IRFs
are preserved in vIRF-1. Nevertheless, it is unlikely that the
amount of W repeat in the N terminus of vIRF-1 accounts
entirely for the inability of this protein to bind DNA. This
region of vIRF-1 is very similar to vIRF-2, which we have
recently shown to be able to bind oligonucleotide correspond-
ing to the NF-kB binding site (11). In contrast, vIRF-1 cannot
bind to NF-kB probe (data not shown). However, it is possible
that the C9-terminal part of the vIRF-1 may interact with and
mask the binding domain of vIRF-1. The full-size mouse IRF-4
(PIP) is also unable to bind DNA because of the interaction
between the N9-terminal and C9-terminal parts of the PIP
protein (10). However, when this interaction is prevented ei-
ther by deletion of the C-terminal part of the PIP protein or by
its binding to another transcription factor, PU.1, the DNA
binding capacity of PIP is restored (39). Experiments are in
progress to examine whether 39 deletion mutants of vIRF-1
regain the ability to bind DNA.

It was suggested previously that the expression of vIRF-1
may contribute to viral mimicry and enable HHV-8 to escape
the antiviral effect of IFN since vIRF-1 was shown to down-
regulate IFN-stimulated transcriptional activity of various ISG
promoters; however, the mechanism by which vIRF-1 exerts
this effect was not clarified (15, 26, 38, 57). We have further
extended this observation and shown in this study that vIRF-1
inhibited virus-mediated transcriptional activation of the
IFNA4 promoter. Furthermore, vIRF-1 effectively downmodu-
lated the synergistic interaction between virus and IRF-1 or
IRF-3, indicating that vIRF-1 interferes with the transactiva-
tion ability of these two cellular IRFs. In the absence of de-
monstrable vIRF-1 DNA binding, we examined the possibility
that vIRF-1 is blocking the transactivation activity of IRF-1
and IRF-3 by direct interaction with these proteins, as was
demonstrated for ICSBP-mediated inhibition of IRF-1 activa-
tion (53). Our data show that GST–vIRF-1 interacts strongly
with both in vitro-translated IRF-1 and IRF-1 present in the
cellular extracts from infected and uninfected cells. However,
in the same assay, no interaction between vIRF-1 and in vitro-
translated IRF-3 was detected. There may be at least two
reasons for this discrepancy. (i) IRF-3 is phosphorylated in
infected cells (21, 27, 46, 55), and there is an indication of an
interaction between the C9- and N9-terminal parts of the un-
phosphorylated IRF-3 peptide (unpublished results). There-
fore, it is possible that IRF-3 has to be phosphorylated in the
C9 terminus to uncover the interacting domain. (ii) It was
shown that IRF-3 interacts with the C9-terminal part of the
CBP/p300 transcriptional cofactor (27, 52, 55) and that this
interaction is functional, since E1A inhibits IRF-3-mediated
transactivation by targeting p300 (21). Our results show that

vIRF-1 also interacts with C9-terminal part of p300, and thus
the observed inhibition could be the result of competitive bind-
ing between IRF-3 and vIRF-1 to p300. Additional experi-
ments are being performed to determine which of these mech-
anisms are operative.

The observation that vIRF-1 can inhibit virus-mediated ac-
tivation of type I IFN gene promoter also in fibroblast cells
lacking the IRF-1 gene (data not shown) further indicates that
vIRF-1 inhibition is not limited to IRF-1-mediated activation
(57). While vIRF-1 interacts strongly with IRF-1, it also binds
p48 (data not shown) and ICSBP in vitro. Since the IFN-
stimulated induction of ISGs is mediated by the ISGF3g com-
plex consisting of p48, STAT1, and STAT2 proteins, the inter-
action of vIRF-1 with p48 could result in the disruption of this
complex; however, the formation of ISGF3g complex in IFN-
treated cells does not seem to be prevented in cells overex-
pressing vIRF-1 (37a). Studies with p48 and IRF-1 knockout
mice revealed that the establishment of maximal antiviral state
is impaired in cells that have deleted either of these genes and
showed that both IRF-1 and p48 have essential and nonredun-
dant functions in the antiviral response to IFNs (22). The
interaction of vIRF-1 with ICSBP is also of interest since
ICSBP interacts with IRF-1 and inhibits its transactivating
ability in a cell-type-specific manner (48). Therefore, it is pos-
sible that binding of vIRF-1 to ICSBP could result in a poten-
tiation of IRF-1 transcriptional activity.

The association of vIRF-1 with IRF-1 may alter not only the
cellular responses to IFNs and viral infection but also a variety
of cellular responses not related to viral infection. IRF-1 is a
prototype transcription factor that can modulate the expres-
sion of a number of cellular genes, including those involved in
the regulation of cell growth, susceptibility to transformation,
and apoptosis. It was shown that the ectopic expression of
IRF-1 inhibits cell growth, while overexpression of IRF-2 (35)
and vIRF-1 (15) causes the oncogenic transformation in NIH
3T3 cells. It was also shown that the overexpression of IRF-1
could reverse the IRF-2-transformed NIH 3T3 cells to a nor-
mal phenotype (18). These data indicate that the balance be-
tween IRF-1 and its antagonists may significantly affect cells
growth. Notably, we have shown in this study that the vIRF-
1-overexpressing NIH 3T3 cells are resistant to TNF-a-in-
duced apoptosis. As previously reported, similar observations
were also made with cells that contained homozygous deletion
of IRF-1 (22) or in which the expression of IRF-1 was impaired
(25). It was shown that IRF-1 has an essential role in the
regulation of the expression of p21waf cell cycle inhibitor. The
promoter of p21waf contains three potential IRF-1 binding
sites and can be activated by IRF-1. Basal expression of p21waf

was found to be dramatically decreased both in IRF-12/2

mouse fibroblast (50), as well as in NIH 3T3 cells overexpress-
ing vIRF-1 (15) that were tumorigenic. It remains to be deter-
mined whether the observed resistance of NIH 3T3/vIRF-1
cells to TNF-a-induced apoptosis could be entirely related to
deregulation of p21waf or whether vIRF-1 by targeting CBP/
p300 coactivator and displacing binding of IRF unrelated tran-
scription factors downregulates the expression of proapoptotic
genes as demonstrated recently in NIH 3T3 expressing cata-
lytic variant of PKR (5).

In conclusion, our results suggest that, by inserting IRF-like
ORF into viral genome, HHV-8 developed an effective mech-
anism of viral mimicry which allows the virus to both overcome
the induction of type I IFN genes and to inhibit their functions.
However, the expression of vIRF-1 can result in changes not
directly related to viral mimicry. As shown in the present study,
there are at least two mechanisms by which vIRF-1 modulates
expression of cellular genes. First, the association of vIRF-1
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with the cellular multifunctional factor IRF-1 alters its func-
tional diversity in multiple cellular responses. Second, compet-
itive binding of vIRF-1 with specific transcription factors to a
discrete domain of the transcriptional coactivator p300 may
also affect an expression of IRF-1-independent genes and re-
sult in a more general inhibition of gene transcription. There-
fore, it will be important to identify target genes expression of
which is modulated by vIRF-1.
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