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Abstract

Background: Kaposi's sarcoma-associated herpesvirus
(KSHV) encodes a 442 amino acid polypeptide-desig-
nated viral interferon regulatory factor (vIRF) that dis-
plays homology to members of the interferon regulatory
factor (IRF) family that bind to consensus interferon
sequences and transactivate cellular genes that can mod-
ulate growth inhibition. Studies were conducted to de-
termine whether vIRF affects the growth suppression
mediated by interferon-a (IFN-a) in a human B lympho-
cyte cell line.
Materials and Methods: The human B lymphocyte
cell line Daudi, which is sensitive to the antiproliferative
effects of IFN-a, was stably transfected to express vIRF,
and the proliferative response of vIRF expressing cells to
IFN-a was compared with controls. The effect of vIRF on
IRF- 1 transactivation was analyzed by co-transfection of
an IFN-a-responsive chloramphenicol acetyltransferase
reporter and expression plasmids encoding IRF-1 and
vIRF. Electrophoretic mobility shift assays were con-

ducted to determine whether vIRF interferes with the
DNA binding activity of IRF- 1.
Results: Daudi human B lymphocyte cells expressing
vIRF were resistant to the antiproliferative effects of
IFN-a, whereas wild-type Daudi or Daudi cells trans-
formed with vector DNA were growth inhibited by
IFN-a. The activation of an interferon-responsive re-
porter by IFN-a or IRF- 1 was repressed by expression of
vIRF. IRF-1 DNA binding activity was unaffected by
vIRF, and vIRF alone did not bind to the interferon
consensus sequence.
Conclusions: These studies revealed that vIRF functions
to inhibit interferon-mediated growth control of a hu-
man B lymphocyte cell line by targeting IRF-1 transac-
tivation of interferon-inducible genes. Since KSHV is a B
lymphotropic herpesvirus associated with two forms of B
lymphocyte neoplasms, these effects of vIRF likely con-
tribute to B cell oncogenesis associated with KSHV in-
fection.

Introduction
Kaposi's sarcoma (KS )-associated herpesvirus
(KSHV) or human herpesvirus-8 is associated
with all epidemiological forms (AIDS-related,
classical, post-transplant, and endemic) of Kapo-
si's sarcoma (1-6). Epidemiological studies dem-
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onstrate that seroconversion to KSHV antibodies
against virally encoded latent nuclear antigens
occurs prior to the onset of KS (7-9) and that
KSHV seropositivity is not common among the
general population but is present in groups at
risk for the development of KS (10-12). In KS
biopsies, KSHV is present in endothelial cells and
spindle cells ( 13-15), and viral gene expression is
restricted; however, some cells are productively
infected, as evidenced by the presence of viral
particles (16) and by transmission of virus from
KS biopsy material to cell lines susceptible to
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infection (17). In addition, KSHV infects CD19+
B lymphocytes (18,19) and has been detected in
cells of this lineage that were derived from body
cavity-based lymphomas (20-22) and multicen-
tric Castleman's disease (23).

Sequencing of the KSHV genome (24) re-
vealed similarity to gammaherpesviruses. These
include herpesvirus saimiri, which causes fulmi-
nate T lymphomas in primates other than its
natural host, the squirrel monkey (reviewed in
ref. 25), and Epstein-Barr virus (EBV), which is
associated with nasopharyngeal carcinoma and
Burkitt's lymphoma (reviewed in ref. 26). The
herpesvirus saimiri transformation-associated
protein of strain C (Stp-C) (27,28) and the EBV
nuclear antigens (EBNAs) and latent membrane
proteins (LMPs) contribute to immortalization
and/or transformation by these herpesviruses.
Interestingly, KSHV does not encode proteins
with homology to either herpesvirus saimiri or
EBV transformation-associated proteins; how-
ever, KSHV does encode proteins that may affect
cellular signaling pathways and the regulation of
cell growth (24). For example, expression of the
KSHV homologue of human cyclin D in cultured
cells induces phosphorylation and inactivation of
the retinoblastoma tumor suppressor protein
(29,30). The KSHV homologue of bcl-2 inhibits
bax-mediated apoptosis (31), and KSHV ORF
K13, based on its homology with other viral
proteins with anti-apoptotic properties, may
function to inhibit Fas and tumor necrosis fac-
tor- 1 (TNF- 1) receptor signaling pathways that
induce programmed cell death (32,33). In addi-
tion, the KSHV homologue of interleukin-6
(IL-6) (vIL-6) supports the growth of IL-6-de-
pendent cell lines that undergo apoptosis in the
absence of IL-6 (18). vIL-6 gene expression has
been detected in KSHV-infected dendritic cells
derived from multiple myeloma patients, sug-
gesting that KSHV may play a role in multiple
myeloma via paracrine stimulation of bone mar-
row plasma cells by vIL-6 (34).

Another KSHV polypeptide that may affect
cellular signaling pathways is viral IFN regula-
tory factor (vIRF) encoded by ORF K9; this viral
protein displays homology to members of the
IFN regulatory factor family (IRFs; 35,36). In
response to cytokines such as class I or class II
IFNs or virus infection, IRFs regulate transcrip-
tion of a broad range of genes involved in im-
mune regulation, cell growth control, and the
establishment of an antiviral state (reviewed in
ref. 36). IFN regulatory factor-I (IRF-1) binds to
the IFN consensus sequence [ICS; (G/A)(G/C)

TTTC] and activates transcription of IFN-induc-
ible genes such as IFN-a and IFN-, (37). IRF-2
and IRF-1 possess homologous amino-terminal
DNA binding domains, and IRF-2 binds to the
IFN-a ICS with affinity equivalent to that of
IRF-1 (38)-IRF-2 and functions to repress ex-
pression of IFN-inducible genes by competing
with IRF-1 for ICS binding sites with equal affin-
ity (35,38,39). Two other members of the IRF
family, IFN consensus sequence-binding protein
(ICSBP) and IFN consensus sequence-binding
protein of activated T lymphocytes (ICSAT) func-
tion to repress gene expression induced by IRF- 1
or IFNs. Thus, IFN-stimulated gene expression
mediated by IRF- 1 is controlled negatively by
multiple IRFs. Recent studies have revealed that
KSHV vIRF inhibits IFN signaling in a manner
similar to that of the cellular repressor IRFs
(40,41). These studies demonstrated that tran-
sient expression of vIRF inhibited IFN- or IRF- 1-
mediated activation of an IFN-inducible pro-
moter. Importantly, NIH3T3 cells stably
expressing vIRF were shown to display charac-
teristics of transformed cells, and injection of
these cells into nude mice induced tumor forma-
tion (41). Thus, vIRF is a transforming oncogene
that may play a role in KSHV-associated neo-
plasms. Analyses of viral gene expression have
revealed that vIRF is not expressed in Kaposi's
sarcoma lesions but it is expressed in cell lines
derived from body cavity-based lymphomas
(18,41). The studies described in this report ad-
dress whether vIRF functions to inhibit IFN sig-
naling pathways in a cell type that is relevant to
KSHV cell tropism. These studies revealed that
KSHV vIRF confers resistance to the antiprolif-
erative effects of IFN-a in B lymphocytes.

Materials and Methods
Plasmids
A KSHV vIRF expression construct was gener-
ated by polymerase chain reaction (PCR) ampli-
fication of aO DNA fragment encoding the K9
open reading frame using as template total cel-
lular DNA isolated from the KSHV-infected cell
line BCBL-1 (22). The sense primer (5'-TT1Trrr
GGATCCACCATGGACCCAGGCCAAAGACCGA
CCCCCTTTU-3') contained a BamHI restriction site
and a Kozak sequence for translation initiation
(42), while the anti-sense primer (5'-TTTTTTAA
GCTTTTGCATGGCATC CCATAACGGCTTCGG-
3') contained a Hindlll restriction site. Following
restriction endonuclease digestion, the PCR
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product was cloned into the expression vector
pMYCHIS (Invitrogen, San Diego, CA) to gener-
ate plasmid pK9MH; vIRF encoded by pK9MH
contained a myc-epitope and a polyhistidine tag
at the carboxyl terminus. DNA sequence analy-
ses of both strands of pK9MH confirmed that the
PCR-generated DNA fragment matched the pub-
lished sequence of the K9 open reading frame
(24). A cDNA encoding human IRF-1 was am-
plified by PCR using as template human spleen
cDNA (GIBCO BRL, Gaithersburg, MD). The
IRF- 1 cDNA was cloned into a modified pcDNA3
(Invitrogen) which contains the hemagglutinin
(HA) epitope, and the resulting clone, pIRF- IHA,
encodes IRF-1 with an HA epitope at the amino
terminus.

Expression of Recombinant Proteins

pK9MH or pIRF- 1 HA DNAs were transcribed
and translated in vitro using TNT T7 Quick reac-
tion rabbit reticulocyte lysates (Promega, Madi-
son, WI) either in the presence or absence of
35S-methionine according to the manufacturer's
instructions. Labeled polypeptides were analyzed
by fractionation on 12% SDS-PAGE. Immuno-
precipitations were conducted using 0.5 jig of
murine monoclonal anti-myc antibody 9E10 or
isotype control antibody (IgGI; Sigma, St. Louis,
MO) with 20 ,ul of in vitro translation reaction in
200 1ll of association buffer (50 mM Tris-Cl, pH
7.4, 250 mM NaCl, 1% Nonidet P-40, 1 mM
dithiothreotol, and 1 x concentration of protease
inhibitor cocktail, Complete; Boehringer Mann-
heim Biochemicals, Indianapolis, IN). Antigen-
antibody complexes were adsorbed to protein
G-agarose beads (GIBCO, BRL), washed three
times with association buffer, and analyzed by
SDS-PAGE. Immunoblot analyses were con-
ducted to detect recombinant proteins in total
cell extracts derived from 0.5 X 106 cell equiva-
lents. Following transfer of proteins from SDS-
PAGE to Genescreen membranes, the filters were
incubated with anti-myc antibody diluted 1:800
followed by secondary antibody conjugated to
horseradish peroxidase and diluted 1:5000. Pro-
teins were visualized using the enhanced chemi-
luminescence assay (Amersham, Arlington
Heights, IL). Blocking and washing of filters were
conducted according to the manufacturer's rec-
ommendations.

Cells and Transfections
Human embryonic 293, HeLa, and NIH3T3 cells
were maintained in Dulbecco's minimal essential

medium (DMEM) supplemented with penicillin
(100 U/ml), streptomycin (100 mg/ml), and 5%
fetal bovine serum (FBS). The calcium phosphate
precipitation method (43) was used to transfect
293 cells, and cell lysates were harvested 48 hr
post-transfection. HeLa and NIH3T3 cells were
transfected using Fugene-6 transfection reagent
as recommended by the supplier (Boehringer
Mannheim Biochemicals). In CAT reporter as-
says, cell monolayers were harvested 24 hr after
infection and CAT activity was quantitated. For
reporter assays of cells stimulated with IFN, cells
were transfected for 12 hr then incubated for an
additional 12 hr with recombinant IFN-a2b
(Schering Corporation, Kenilworth, NJ). To cor-
rect for transfection efficiency, 3 jig of RSV-/3-
GAL was co-transfected in each sample, and the
amount of extract used in CAT assays was nor-
malized according to the level of ,B-galactosidase
activity (43).

Cell Lines Expressing vIRF and Anti-Proliferation
Assays

Ten micrograms of linear pK9MH or pMYCHIS
DNAs and 2 X 106 Daudi B lymphocyte cells
(ATCC; ccl-213) in 0.4-cm cuvettes were pulsed
using a Bio-Rad Gene pulser with settings of 220
V and 960 ,tF. Twenty-four hours after electro-
poration, geneticin (G418; Sigma) was added to
the culture medium at a final concentration of
1.5 mg/ml (active concentration). Cultures were
maintained in G418 selection unless employed
for experimentation. For the antiproliferation as-
say, wild-type Daudi cells or cells transformed
with pK9MH or vector DNAs were plated at a
density of 4 X 104 cells per well in 96-well mi-
crotiter plates. The experiment was initiated by
the addition of recombinant IFN-a2b, and cul-
tures received additional medium supplemented
with IFN-a2b on day 3. Cell number was deter-
mined microscopically on days 3 and 5.

Electrophoretic Mobility Shift Assay
DNA binding activity of vIRF or IRF-1 was ana-
lyzed by electrophoretic mobility gel shift assay
(EMSA) using as probe a double-stranded oligo-
nucleotide containing the PRDI site of the IFN-a
promoter (sense-GGGAGAAGTGAAAGTG; anti-
sense-CACTTTCACTTCTCCC) radiolabeled with
('y-32P)ATP. Four microliters of in vitro transcrip-
tion and translation reaction charged with either
pK9MH or pIRF- IHA and 1 nm of probe was
incubated in binding buffer (10 mM Tris-Cl, pH



C. C. Flowers et al.: KSHV vIRF Confers Interferon Resistance 405

B.
44

ler

'68

'43

a29

1 2 3 4 5 6

-s

vIRF
I I

C.

Daudi
I l0*_me _4

168

43

29

'68

.43

-29

1 2 3 4 1 2

Fig. 1. Expression of vIRF in vitro and in cells
transiently or stably transfected. (A) Rabbit re-
ticulocyte lysate-coupled in vitro transcription and
translation reactions (Promega) were programmed
with either pMYCHIS vector DNA (lanes 1 to 3) or
with pK9MH DNA encoding vIRF (lanes 4 to 6), and
reaction products were labeled by incorporation of
35S-methionine. Aliquots of the reaction were im-
munoprecipitated with isotype control antibody (Sig-
ma; lanes 2 and 5) or with anti-myc antibody. In
vitro translation products were fractionated by SDS-
PAGE and visualized by autoradiography. (B) Hu-
man embryonic 293 cells were transiently trans-
fected by calcium phosphate precipitation method

using either 4 ,ug of pMYCHIS vector DNA (lane 1)
or the indicated increasing amounts of pK9MH vIRF
DNA (lanes 2 to 4). Expression of the vIRF was ana-
lyzed by immunoblot analysis of whole-cell lysates
using the anti-myc antibody as probe. (C) Daudi B
lymphocytes were stably transformed with either
vector DNA (Control) or pK9MH DNA (vIRF) and
were maintained under G418 selection for 5 weeks.
Cell lysates were prepared from the pooled popula-
tion of cells and were analyzed by immunoblotting
using the anti-myc antibody as probe. Molecular size
standards are indicated. Arrows denote the position
of the 53kD vIRF polypeptide.

7.5, 50 mM NaCl, 1 mM EDTA, 1 mM DTT, 4%
glycerol, 0.5% Nonidet P-40, and 1 ,um of
polydeoxycytosine/inosine) for 30 min at room

temperature (44). The specificity of binding was

analyzed using a 10-fold excess of competitor
oligonucleotides. Protein-DNA complexes were

analyzed by electrophoresis through 4% nonde-
naturing polyacrylamide in 0.5 X Tris-borate-
EDTA buffer (45).

Results
Expression of vIRF In Vitro and In Vivo

To examine expression of vIRF, a plasmid encod-
ing this gene product was employed as template
in a coupled in vitro transcription and translation
reaction using rabbit reticulocyte lysates (Pro-
mega) in the presence of 35S-methionine. SDS-
PAGE analysis of the translation product re-

vealed a band migrating at 53 kD (Fig. IA, lane
4), which corresponds in size to the predicted
molecular weight of the epitope-tagged K9 ORF.
A 53-kD polypeptide was not observed in reac-

tions using vector DNA as template (Fig. IA, lane

1). The presence of the myc-epitope in vIRF was

confirmed by immunoprecipitation with anti-
myc antibody (Boehringer Mannheim Biochemi-
cals) from the pK9MH-charged reaction (Fig. IA,
lane 6) but not from the vector DNA template
reaction (Fig. IA, lane 3). Isotype-matched con-

trol antibody did not immunoprecipitate the
53-kD vIRF from reactions using either vector or

pK9MH DNAs as template (Fig. IA, lanes 2 and
5, respectively). Expression of vIRF was analyzed
by transient transfection of the pK9MH vIRF ex-

pression vector into the human embryonic kid-
ney cell line, 293. Subconfluent monolayers of
293 cells were transfected with either a negative
control vector alone or with different amounts of
vIRF expression vector. Thirty-six hours after
transfection, monolayers were harvested and cell
lysates were analyzed by immunoblot analysis
using anti-myc antibody followed by anti-mouse
antibody conjugated to horseradish peroxidase.
The 53-kD vIRF was detected in lysates from
pK9MH-transfected cells (Fig. lB, lane 2) but not
from cells transfected with vector DNA (Fig. lB,
lane 1). The levels of vIRF observed in pK9MH-
transfected cells corresponded to the amount of

A.
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Fig. 2. Daudi B lymphocytes expressing vIRF
are resistant to growth inhibition mediated by
IFN-a. Daudi B lymphocytes stably transfected
with either vector DNA (Daudi-vector; triangles) or
pK9MH DNA (Daudi-vIRF; circles) were treated with
either normal saline or with recombinant IFN-a2b
on (A) day 3 or (B) day 5. BJAB B lymphocytes
(squares) were employed as a negative control for

plasmid used in each transfection (Fig. lB, lanes
2-4). Daudi B lymphocyte cells stably trans-
formed with pK9MH (vIRF) were analyzed by
immunoblotting of cell lysates for the expression
of vIRF. Using anti-myc antibody, the 53-kD
vIRF was detected in lysates from Daudi/vIRF
transformed cells (Fig. 1 C, lane 2). No signal
corresponding to the 53-kD protein was ob-
served in cell lysates from cells transformed with
plasmid vector (Control; Fig. 1 C, lane 1).

vIRF Suppresses the Anti-proliferative Response of
Cells to IFN

Because of the homology of vIRF with members
of the IRF family (18,19), the capacity of vIRF to
alter the sensitivity of cells to IFN-a was ana-

lyzed. The Burkitt's lymphoma cell line Daudi is
latently infected with EBV and is sensitive to
growth inhibition by IFN-a (46,47). For the an-

tiproliferation assay, Daudi/vIRF or Daudi/vector
cells were incubated with increasing concentra-
tions of recombinant IFN-a2b (Schering Corpo-
ration, Kenilworth, NJ). Three or five days after
the addition of IFN-a2b, cells in each culture
were enumerated; the data are presented as a

percent of the cell number of the IFN-free con-

trols (Fig. 2). On day 3, the lowest concentration
of IFN-a2b (0.5 U/ml) substantially reduced the

the effects of IFN since these cells do not respond to
the antiproliferative effects of IFN-a. Three or five
days following IFN treatment, the number of viable
cells in each sample was determined by microscopic
analysis of cells in the presence of trypan blue. The
data are expressed as a percent of the number of
cells in the IFN-free controls. Each data point repre-
sents the average of three experiments.

proliferation of control Daudi cells (triangles) rel-
ative to proliferation in the absence of IFN
(Fig. 2A). At higher concentrations of IFN-a2b,
proliferation of Daudi/vector cells was reduced to
less than 10%. The specificity of the antiprolif-
erative effects of IFN-a2b on Daudi cells was

demonstrated by the lack of growth inhibition of
the B lymphocyte cell line BJAB (squares),
which did not respond to IFN-a2b in this assay.
In contrast to controls, the proliferation of
Daudi/vIRF cells (circles) was greater than 80%
at IFN-a2b concentrations of 0.5 and 5.0 U/ml.
The resistance of Daudi/vIRF cells to the antipro-
liferative effects of IFN-a2b was partially over-

come at concentrations of 50 and 500 U/ml IFN-
a2b. The proliferation of Daudi/vIRF cells at 5
days after IFN treatment showed a pattern of
resistance similar to that observed after 3 days of
IFN treatment except that the growth of Daudi/
vIRF cells at concentrations of 50 and 500 U/ml
of IFN-a2b was even greater at 5 days versus 3
days of IFN-a2b treatment (Fig. 2B). This is likely
due to the degradation of IFN in the cell culture
over time and subsequent growth of Daudi/vIRF
cells in the pooled population of transformed
cells that express high levels of vIRF. No differ-
ences in the growth rate of Daudi/vector and
Daudi/vIRF cells were observed in the absence of
IFN-a2b (data not shown), thus eliminating the

Day 5
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Fig. 3. vIRF specifically inhibits induction of
gene expression by IFN-a or IRF-1. (A) HeLa
cells were co-transfected with 2 p,g of IFN-,B-CAT
reporter DNA and 2, 4, or 6 jig of either pMYCHIS
vector DNA or pK9MH DNA. Twenty-four hours af-
ter transfection the monolayers were incubated with
either 100 or 10,000 units/ml of IFN-a2b for 12 hr.
Values represent the percent of chloramphenicol
conversion averaged from three transfections. (B)
vIRF represses IRF-1-dependent activation of the
IFN-f3 promoter. HeLa cells were co-transfected with
2 ,ug of IFN-,B-CAT, 2 ,g of pIRF-IHA, and 2, 4, or

possibility that Daudi/vIRF cells have an inher-
ently higher rate of proliferation than the paren-
tal or Daudi/vector cells. Furthermore, the num-
ber of nonviable cells in the IFN-a-treated
cultures compared with the interferon-free con-
trols was not significantly different, suggesting
that IFN-a affected the rate of proliferation
rather than cell viability. These data demonstrate
that expression of vIRF in a human B lympho-
cyte cell line can overcome the growth-suppres-
sive effect of IFN-a.

vIRF Inhibits IFN-Mediated Activation of the
IFN-/3 Promoter

To examine the molecular basis of vIRF-medi-
ated inhibition of the cellular response to IFN-a,
the capacity of vIRF to affect activation of the
IFN-responsive promoter IFN-,B was analyzed.
HeLa cells were transfected with the reporter
construct IFN-,B-CAT (48), and 24 hr post-trans-
fection the cells were treated with IFN-a2b.
Twelve hours after IFN-a2b treatment, the cells
were harvested and CAT activity was quanti-
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6 ,ug of either pMYCHIS vector or pK9MH vIRF
DNAs (black triangles). Values represent the percent
of acetylated chloramphenicol in the CAT assay. The
data are the average CAT activity from three inde-
pendent transfections. (C) vIRF does not inhibit gene
expression from promoters without IRF-1 binding
sites. HeLa cells were co-transfected with 2 ,ug of
RSV-CAT and 4 ,ug of either IRF-1HA or vIRF ex-
pression vector. Transfections were conducted in
triplicate, and the data are presented as the average
percent conversion of chloramphenicol in each of
the three CAT assays.

tated. Cells transfected with IFN-,3-CAT and in-
cubated with 100 U/ml of IFN-a2b resulted in
- 10-fold activation of the IFN- promoter
(Fig. 3A). In contrast, vIRF-transfected cells
showed substantially diminished IFN-/3-CAT ac-
tivity in response to IFN-a2b treatment. Inhibi-
tion of IFN-13 promoter by vIRF expression was
observed even when 10,000 U/ml IFN-a2b was
employed. A reduction in IFN-,B promoter activ-
ity was not observed when vector plasmid DNA
was substituted for vIRF plasmid, demonstrating
that inhibition was not due to promoter compe-
tition from input DNAs.

Inhibition of IRF-1 -Dependent Transactivation
by vIRF

The cis-acting sequences within the IFN-f3 pro-
moter/enhancer region that are responsible for
activation by IFN have been well defined (re-
viewed in ref. 36). The positive regulatory do-
main I (PRDI) contains four tandemly repeated
IRF- 1 binding sites that are responsible for IRF- 1
binding and transactivation in response to viral
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infection or IFN-a signaling (37,49). To deter-
mine whether vIRF inhibits IFN-a signaling by
affecting the function of IRF-1, HeLa cells were
co-transfected with IFN-,B-CAT reporter, the
pK9MH vIRF expression vector, or an IRF- 1 ex-
pression vector plasmid, pIRF- 1. That IRF- 1
transactivates the IFN-,3 promoter was shown by
co-transfection of the IFN-,-CAT reporter with
pIRF-IHA, resulting in a 5- to 7-fold increase in
CAT activity (Fig. 3B). When increasing amounts
of vIRF expression vector plasmid were co-trans-
fected with pIRF- 1 expression plasmid, the levels
of CAT activity were reduced in a dose-depen-
dent fashion. When vector DNA was substituted
for the vIRF expression vector, no inhibition of
pIRF- 1HA transactivation was observed.

One possibility for the inhibition of IRF- 1-
mediated activation was that expression of vIRF
induced a general inhibition of transcription. To
eliminate this possibility, the effects of vIRF were
analyzed using as an IRF- 1-independent re-
porter, RSV-CAT, in which the Rous sarcoma
virus (RSV) promoter directs expression of the
CAT gene. RSV-CAT was unresponsive to IRF-1
as shown by co-transfection of HeLa cells with
pRSV-CAT and pIRF-1 DNAs (Fig. 3C). The vIRF
expression vector, alone or in combination with
pIRF-1, did not reduce CAT activity, thus dem-
onstrating that vIRF does not inhibit gene ex-
pression nonspecifically.

vIRF Does not Affect IRF-1 DNA Binding Activity

Electrophoretic mobility shift assays were con-
ducted to determine whether vIRF could inhibit
the binding of IRF-1 to the ICS. As expected,
IRF- I translated in vitro binds to the ICS, as seen
by the shift of radiolabeled probe to a slower
migrating form (Fig. 4; lanes 1 versus 2). IRF-1
binding activity was specific for pIRF-IHA tem-
plate in vitro transcription and translation reac-
tions since reactions programmed with vector
DNA did not possess ICS binding activity (Fig. 4,
lane 1). The specificity of IRF- 1 binding was
demonstrated by competition of IRF-1 binding
with cold ICS oligonucleotide (Fig. 4, lane 4) and
by the lack of competition of IRF- 1 binding with
cold mutant ICS oligonucleotide (Fig. 4, lane 3).
Unlike IRF-1, no binding activity was detected
for vIRF (Fig. 4, lane 5). Furthermore, IRF- 1
binding activity was not affected by the presence
of vIRF (Fig. 4, compare lanes 2 and 6). These
data suggest that inhibition of IRF- 1 transactiva-
tion function by vIRF involves protein-protein

1.P< IRF

4-IRF

1 2 3 4 5 6

Fig. 4. vIRF does not possess detectable DNA
binding activity and does not inhibit IRF-L
binding to DNA. Aliquots of in vitro transcription
and translation reactions that utilized either vector,
pK9MH vIRF or pIRF- IHA template plasmid DNAs,
were added to binding reactions containing radiola-
beled ICS oligonucleotide. IRF-1 bound to the ICS
(lane 2), and this binding activity is greatly reduced
in the presence of a 5-fold excess of cold competitor
oligonucleotide (lane 4). IRF-1 binding was unaf-
fected by addition of a 5-fold excess of mutant oligo-
nucleotide (lane 3). Reactions programmed with
vector DNA did not result in a mobility shift (lane
1). Incubation of vIRF with the probe does not re-
sult in a mobility shift (lane 5) nor does coincuba-
tion of vIRF and IRF-1 alter IRF-1 binding to the
probe (lane 6).

interactions that do not result in competition for
binding to DNA target sites.

Discussion
In response to stimulation of cells with IFN-a or
to virus infection, the cellular transcriptional
transactivator IRF- 1 increases expression of a
panoply of IFN-responsive genes. One conse-
quence of IRF- 1-mediated gene activation is the
inhibition of cell proliferation, as ectopic overex-
pression of IRF-1 suppresses cell growth in sev-
eral cell types (50,51). In this report, KSHV vIRF
was demonstrated to confer resistance to growth
suppression by IFN-a in a human B lymphocyte
cell line, to inhibit activation of an IFN-respon-
sive promoter by stimulation of cells with IFN-a,
and to repress IRF- 1-dependent transactivation.
IRF-1 transactivation is subject to regulation by
other IRF family members that share homology
within an amino-terminal DNA binding domain
(35). IRF-2 and ICSAT repress IRF- 1 transactiva-
tion function by competition for ICS binding sites
(37-39,52). Repression of IRF- 1 function by
ICSBP may involve protein-protein interactions
between ICSBP and IRF-1 (53,54) or competi-
tion with IRF- I for ICS binding sites (55,56). The
molecular mechanism by which vIRF inhibits
IRF- 1 function is apparently novel as these stud-
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ies did not reveal interactions between vIRF and
IRF-1 (data not shown) nor binding activity of
vIRF to the ICS (Fig. 4). A recent study has also
reported that vIRF inhibits both IFN responses
and IRF-1-mediated transactivation (40), as de-
scribed here. In concordance with the studies
described in this report, vIRF did not inhibit
IRF- 1 binding to DNA nor did vIRF bind directly
to IRF-1 (40). These data suggest that vIRF may
employ a mechanism of repression that differs
from that of cellular IRF family members.

The recent findings that vIRF is a transform-
ing oncoprotein when assayed in murine fibro-
blasts suggests that vIRF may play a role in the
induction of tumorigenesis in vivo. vIRF gene
expression has been detected in cell lines derived
from BCBL but not KS tumor tissues, raising the
possibility that vIRF may contribute to the induc-
tion of B lymphomas associated with KSHV. The
EBV EBNA-2 polypeptide, when expressed in
Daudi cells or in EBV-negative Burkitt's lym-
phoma cell lines, imparts resistance to IFN-a-
mediated growth inhibition (46), a function sim-
ilar to that described for vIRF. EBNA-2 may
affect IFN signaling by decreasing levels of ISGF3
(47), a complex of three polypeptides (STAT-1,
STAT-2, and p48) that activates promoters con-
taining the IFN-stimulated response element.
The observation that vIRF inhibited activation of
the interferon-stimulated response element by
IRF-1 more effectively than the interferon-stim-
ulated response element by IFN-a suggests that
vIRF may show relative specificity for IRF- 1,
rather than p48-STAT- 1-STAT-2, activation.
Thus, EBV and KSHV, two B lymphotropic her-
pesviruses, have encoded viral proteins whose
function is to suppress growth inhibition by
IFN-a, albeit by targeting different components
of IFN-signaling pathways. Interestingly,
EBNA-2 in conjunction with other EBV proteins
is required for the immortalization of primary B
lymphocytes (57). The association of KSHV with
two B lymphocyte neoplasms, body cavity-based
lymphoma and multicentric Castleman's disease
(20-23), suggests that KSHV may cause dysregu-
lation of B lymphocyte proliferation in part
through this mechanism.

The expression of a viral protein capable of
inhibiting IRF-1-mediated activation of IFN-re-
sponsive genes may provide KSHV with an ad-
vantage in countering cellular responses to viral
infection. Gene targeting of IRF-1 revealed that
IRF-1-deficient mice are less resistant to infec-
tion by encephalomyocarditis virus infection
(58). In addition, IRF- 1 is implicated in the acti-

vation of immune response genes such as class I
histocompatibility antigens and in the activation
of regulators of cell growth such as p2 1, double-
stranded RNA-dependent protein kinase (PKR),
and 2'5'-oligoadenylate synthetase (35). IRF- 1
plays a role in programmed cell death since nor-
mal embryonic fibroblasts, but not IRF- 1 -'- em-
bryonic fibroblasts, undergo apoptosis in re-
sponse to expression of oncogenic ras combined
with a block to cell proliferation (59). Also, IRF- 1
is required for DNA damage-induced apoptosis of
mature T lymphocytes (60). Thus, IRF- 1 plays a
role in the regulation of cell proliferation, the
immune response, and programmed cell death,
all of which are potential responses to viral in-
fection.

IRF- 1 has tumor-suppressor functions, since
activated c-H-ras is sufficient to transform em-
bryonic fibroblasts from IRF- 1 -deficient mice but
is not sufficient to transform normal embryonic
fibroblasts. Deletions within the IRF- 1 locus have
been identified in leukemias and myelodysplastic
syndrome, suggesting that loss of IRF-1 anti-on-
cogenic function may be associated with tumor-
igenicity in vivo (61). The findings that vIRF
inhibits the transactivation function of IRF- 1
(40,41), a known tumor suppressor protein, that
vIRF transforms NIH3T3 cells (41), and that vIRF
confers resistance to IFN-a-mediated suppres-
sion of cell growth in a cell type relevant to
KSHV infection suggest that expression of vIRF
in KSHV-infected B lymphocytes may affect nu-
merous cellular responses to viral infection
and/or cytokine stimulation, including cellular
transformation.
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