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Vesicular stomatitis virus (VSV) has a broad host range. It replicates in the cytoplasm and causes rapid
cytopathic effects. We show that following VSV infection, a nuclear factor that binds to a select set of
interferon-stimulated responsive elements (ISRE) is induced in many cell types. This factor, tentatively called
VSV-induced binding protein (VIBP), was estimated to have an approximate molecular mass of 50 kDa and was
distinct from known members of the interferon regulatory factor family, that are known to bind to the ISRE.
Induction of VIBP required tyrosine kinase activity but did not require cellular transcription. Treatment of
cells with cycloheximide, which inhibits translation, only partially inhibited induction of VIBP. However, type
I interferons and staurosporine, both of which inhibit VSV transcription, inhibited VIBP induction. Moreover,
a double-stranded RNA analog, poly(I)-poly(C) also induced a DNA-binding activity very similar to that of
VIBP. These results indicate that a preexisting cellular protein is activated upon VSV infection and that this
activation requires primary viral transcripts. The functional activity of VIBP was analyzed in cells stably
transfected with a herpesvirus thymidine kinase-luciferase reporter gene that is under control of the ISRE.
While activity of the control promoter without ISRE was strongly inhibited following VSV infection (as a result
of virus-mediated transcriptional shutdown of the host cell), the inhibition was reversed by the ISRE-
containing promoter, albeit partially, which suggests that VSV infection differentially affects transcription of
host genes. Although VIBP was induced in all other cells tested, it was not induced in embryonal carcinoma

cells after VSV infection, suggesting developmental regulation of VIBP inducibility.

Vesicular stomatitis virus (VSV) is a rhabdovirus and con-
tains a negative-strand RNA genome. It infects a wide variety
of vertebrate and invertebrate cells and causes rapid cytopathic
effects (57). Upon infection, the approximately 11-kb VSV
genome is sequentially transcribed into a small AU-rich leader
RNA and the five viral mRNAs encoding the structural pro-
teins of the virus in the order of leader RNA-N-P-M-G-L (1,
46). Viral replication takes place entirely in the cytoplasm, and
viral gene expression causes an inhibition of cellular and RNA
polymerase II- and ITI-dependent transcription (58, 63), as well
as cellular protein synthesis (32, 60). The viral gene product
that has been associated with the shutoff of host cell transcrip-
tion and with cytopathogenesis is the VSV matrix protein, M
(3, 4). M protein is also essential for viral assembly (57). Co-
expression of VSV M protein alone has been shown to be
sufficient to inhibit transcription of a reporter gene in DNA
transfection assays (3), as well as from chromosomal DNA,
with the integrated HIV-1 provirus as a template (41). M
protein is the only viral protein that has been detected in the
nucleus (27). In addition, M protein in the absence of the other
viral proteins causes cell rounding after VSV infection (4).
Like M protein, the VSV leader RNA has also been detected
in the nuclei of infected cells (24). The addition of leader RNA
to whole-cell extracts or isolated cell nuclei has been shown to
inhibit nuclear transcription (15, 35). Supporting evidence for
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the inhibitory effect of leader RNA in intact cells, however, is
still missing; in fact, some in vivo data seem to exclude its role
(11, 62).

Despite these rapid cytopathic effects and transcriptional
and translational shutdown of the cell, some VSV-infected
cells are still able to induce type I («/B) interferon (IFN)
synthesis, and the level of IFN expression depends on the viral
strain used (32). Furthermore, type I IFNs confer strong pro-
tection against VSV infection (29), which may involve induc-
tion of the MxA protein (51). IFN appears to inhibit VSV
largely by inhibiting both viral transcription and translation (2,
30, 33, 52). In IFN-treated cells, the rate of primary transcrip-
tion of VSV is initially inhibited even in the presence of cyclo-
heximide (2, 30). Furthermore, it has been found that besides
being able to induce IFN, some VSV strains were also able to
suppress IFN expression (14).

Transcriptional activation of type I IFNs following viral in-
fection is mediated by cis elements homologous to the inter-
feron-stimulated response element (ISRE), although other el-
ements in the promoter are also involved in activation (16, 28,
53). Proteins belonging to the IFN regulatory factor (IRF)
family bind to the ISRE and homologous sequences. This
family includes IRF-1, IRF-2, ISGF3v, and ICSBP (10, 16, 17,
25, 34, 56). ISGF3vy associates with three ISGF3a subunits to
form a functional complex, ISGF3 (25, 47). Several lines of
evidence indicate that IRF-1 and IRF-2 are involved in regu-
lating IFN genes, the former by activating and the latter by
repressing transcription (13, 16). Type I IFNs, in turn, stimu-
late transcription of a series of cellular genes bearing the
ISRE, including 2-5A synthetase, 2-5A-dependent protein ki-
nase (PKR), and 2-5A-dependent RNase, which are involved
in conferring antiviral activities (36, 49, 65). In addition to
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IRF-1 and IRF-2, ISGF3 and ICSBP bind to the ISREs of
these and other IFN-inducible genes (10, 56). The requirement
of ISGF3 for rapid induction of these genes has been exten-
sively documented (39). ICSBP, expressed mostly in the im-
mune system (5, 10), is shown to repress transcription of IFN-
inducible genes (40, 59). Some IFN-inducible genes are
directly activated following viral infection (12, 18, 43, 50), as
mechanisms of transcription mediated by viruses share those
mediated by IFN. The present study was undertaken with the
aim of analyzing mechanisms of transcriptional regulation in
the host cell following VSV infections, mechanisms relevant to
the activation of IFN and IFN-dependent gene expression that
occurs despite the overall shutdown of cellular transcription by
the viral M protein. We show that VSV-induced binding pro-
tein (VIBP), a nuclear factor that binds to the ISRE, is rapidly
induced in mouse and human cells following VSV infection.
Our results indicate that VIBP is induced as a result of tyrosine
kinase-dependent activation of a preexisting cellular factor.
Analysis with several inhibitors points to the role of VSV
primary transcripts for triggering VIBP activation. Further-
more, evidence that VIBP plays a role in cellular response to
VSV infection is presented.

MATERIALS AND METHODS

Cells. Murine L1929 cells were maintained in minimum essential medium;
murine PU5-1.8, NIH 3T3, human FS4 (a gift from Anderson, Fordham Uni-
versity, New York), and HeLa cells were maintained in Dulbecco’s modified
Eagle’s medium; and murine EL4 and human HL-60 cells were maintained in
RPMI 1640 medium (all media from Gibco) supplemented with 10% fetal bovine
serum and antibiotics. Murine P19 cells were grown in o minimum essential
medium (Gibco) and were treated with all-trans retinoic acid (Sigma) at 1 uM for
3.5 days (37).

Viruses and infection. The wild-type VSV strains (Indiana and New Jersey
serotypes) were propagated in L929 or baby hamster kidney (BHK-21) cells, and
titers were determined on monolayers of 1.929 (48). Semiconfluent cells were
infected with VSV at various multiplicities of infection (MOI). After 1 h of
adsorption in serum-free medium at 37°C, cells were rinsed and then incubated
with fresh complete medium for 6 h, unless otherwise indicated. Simian virus 40
(SV40) (55) and the WR strain of vaccinia virus (6) were gifts from M. Avan-
taggiati, National Institute of Child Health and Human Development, and M.
Buller, National Institute of Allergy and Infectious Diseases, respectively. Semi-
confluent 1.929 cells were incubated with various MOIs of SV40 or vaccinia virus
at 37°C for 120 or 90 min, respectively. Cells were rinsed and incubated with
fresh complete medium for the indicated periods. Cytopathic effects (cell round-
ing and lysis) were monitored as described previously (4). Extracts used for
electrophoretic mobility shift assay (EMSA) were prepared as described previ-
ously (5).

Reagents used in this work were obtained from the following sources: murine
natural IFN-a/B was from Lee BioMolecular Research Laboratories; cyclohex-
imide (CHX), actinomycin D, 2-aminopurine, and staurosporine were from
Sigma; and geldanamycin (64) and genistein (7) were from Bethesda Research
Laboratories. Cells were treated with IFN-a/B overnight and washed, and then
infection and the subsequent incubation were performed in the absence of IFNs.
Other reagents were added 30 min prior to infection and were present contin-
uously during infection and the subsequent period of incubation.

Transfection of poly(I)-poly(C). Suspended 1.929 cells (107 cells in 250 .l of
complete medium) were transfected with 5 pg of poly(I)-poly(C) (Pharmacia)
per ml or 10 pg of plasmid DNA, pSKII (Stratagene), by electroporation with a
Cellporator (800 wF, 210 V; Bethesda Research Laboratories) at room temper-
ature. Cells were replated in fresh complete medium and incubated for 5 h. CHX
(50 wg/ml) was added 30 min prior to and during transfection, as well as during
the subsequent 5-h incubation.

Stable transfection of reporter genes and luciferase assays. The control lucif-
erase reporter gene (tk-luc) was under control of the herpes thymidine kinase
promoter (37). Three copies of ISG15 ISRE oligomers were inserted into the
Bgl1l site of tk-luc to produce ISRE-tk-luc. 1.929 cells were cotransfected with 10
ng of the above reporter and the neomycin resistance gene under the control of
Rous sarcoma virus (pRSV-neo; 1 ug) by the liposome-mediated gene transfer
method with Lipofectin (Bethesda Research Laboratories). Cells were selected
with G418 at 400 pg/ml for 2 weeks. Resistant cells were pooled and infected
with VSV at a MOI of 10 or 100 as above. Luciferase activities were measured
as described previously (37) and normalized according to protein concentrations.

EMSA. EMSAs were performed as described previously (5) with the following
modifications. Sodium acetate at 1.5 M (pH. 5.2) was added to the lower reser-
voir buffer used for electrophoresis, which improved the resolution of retarded
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bands. The ISRE oligonucleotides used as a probe were from the ISG15 gene
(5), GAT CCT CGG GAA AGG GAA ACC GAA ACT GAA GCC. The
oligonucleotides used as competitors were as follows: ISG54 ISRE (25), gat cct
TTC ACT TTC TAG TTT CAC TTT CCC TTg; IFN-B PRDI (53), AGG AAA
ACT GAA AGG GAG AAG TGA AAG TGG G; 9-27 ISRE (42), TTT ACA
AAC AGC AGG AAA TAG AAA CTT AGG AAA TAG AAA CTT AGG
AGAAAT ACA; 6-16 ISRE (42), GGA GCT GGG AGA GAG GGG AAA
ATG AAA CTG CAG AGT GCA; GBP ISRE (26), TAG AGT AAT ATG
AAA CTG AAA GTA; major histocompatibility complex class 1 (H-2L%) ICS
(10), gat cGA TTC CCC ATC TCC TCA GTT TCA CTT CTG Cac cgc atg; and
ISCBP pIRE (9, 21), AGT GAT TTC TCG GAA AGA GAG. Rabbit antibodies
against IRF-1 and IRF-2 were described previously (5). Rabbit antibodies
against ISGF3y and P91 (ISGF3a) were prepared with synthetic peptides
TPEQQAAILSLV and EFDSMMNTYV, which correspond to the C-terminal
region of the above proteins, respectively. Specific reactivities of these antibodies
have been confirmed by immunoprecipitation and EMSA with in vitro transla-
tion IRF products. These antibodies were added to nuclear extracts at a 1:15
dilution 15 min before the addition of the probe.

UV cross-linking. For UV cross-linking (38), nuclear extracts (50 pg) from
L1929 cells that had been infected with VSV at a MOI of 100 for 10 h were mixed
with 5 X 10° cpm of 32P-labeled ISG15 ISRE oligonucleotides, and EMSA was
performed as above. The gels were then exposed to 312-nm UV light for 30 min.
Appropriate gel lanes were cut out, equilibrated in a loading buffer, and resolved
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (PAGE) (10%
polyacrylamide) in the second dimension.

RESULTS

Induction of VIBP in L1929 cells following VSV infection:
effect of viral doses and the kinetics of induction. Murine 1.929
fibroblasts were infected with various doses of VSV (MOI
from 1 to 100, Indiana serotype) for 1 h and further incubated
for 6 h. Nuclear extracts were tested for DNA-binding activity
for the ISRE with a *?P-labeled ISG15 probe (5). Results of
EMSA are shown in Fig. 1A. Extracts from control, mock-
infected cells produced two bands, both of which represent
IRF-2 (lane 1, see below in Fig. 2). The upper IRF-2 band is
presumably a multimerized form of IRF-2. In contrast, extracts
from cells infected with VSV at all doses generated another
band, tentatively designated VIBP (lanes 2 to 6 in Fig. 1A),
which migrated just above the lower IRF-2 band. The intensity
of the VIBP band increased with increasing MOIs. VSV infec-
tion at a MOI lower than (and equal to) 10 led to induction of
another band with slower migration, later identified to be
ISGF3 (lanes 2 to 4). ISGF3 was, however, not detected when
cells were infected with VSV at higher MOIs (lanes 5 and 6).
The time course of VIBP induction was examined with extracts
prepared from immediately after infection to 10 h after infec-
tion at a MOI of 10 (Fig. 1B, lanes 2 to 7) or 100 (lanes 8 to 13).
VIBP induction was not detected up to 1 h after infection but
became evident 2 h after infection at both doses of VSV. The
VIBP band intensity increased during the subsequent 10 h
postinfection. In contrast, the IRF-2 band intensity decreased
during the postinfection period. This decrease was accounted
for by degradation of the IRF-2 protein, rather than the loss of
DNA-binding activity, since Western immunoblot assays
showed reduced IRF-2 levels following VSV infection (results
not shown). ISGF3 was detected 4 to 6 h after infection, when
cells were infected at a MOI of 10 (Fig. 1B, lanes 5 to 7) but
was seen only immediately following infection when infection
was performed at a MOI of 100 (lanes 8 to 13). VIBP was
detected mostly in the nuclear fraction, not in the cytoplasmic
fraction (results not shown). The induction of the VIBP activ-
ity was specific for the ISRE and was not due to a global
change in host cell DNA-binding activities caused by VSV
infection. No inducible band was detected when the same sets
of extracts were tested with the pIRE (GAS) probe to which
the stat P91 (a subunit of ISGF3a) binds (9, 21, 47). These
results demonstrate that in addition to ISGF3, a unique nu-
clear factor-binding activity is induced upon infection with
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FIG. 1. Induction of VIBP in L929 cells infected with VSV. (A) VSV dose dependence. L929 cells were infected with VSV at MOIs from 1 to 100 and were
incubated for 6 h after infection (hrs p.i.). Nuclear extracts from infected cells were analyzed in EMSA with *?P-labeled ISG15 ISRE oligonucleotide as a probe (5).
(B) Kinetics of VIBP induction. 1929 cells were infected with VSV at a MOI of 10 (lanes 1 to 7) or 100 (lanes 8 to 13) and then incubated for various periods. Nuclear

extracts were tested in EMSA.

VSV in 1929 cells. Infection with a New Jersey strain of VSV
also led to induction of VIBP (results not shown).

Although we did not pursue this observation further, we
observed that NF-«kB activity was also induced in L929 cells
following VSV infection (results not shown), which may be
attributed to activation of PKR (23, 36).

Relationships of VIBP with IRF family proteins: supershift
analysis. ISRE-binding activities seen in various types of cells
following IFN treatment or viral infection are attributed to
proteins belonging to the IRF family. To determine whether
VIBP is a known ISRE-binding protein belonging to the IRF
family, antibodies specific for individual IRF proteins were
tested for reactivity with VIBP in EMSA. Results are pre-
sented in Fig. 2. Anti-IRF-1 antibody had no effect on any of
the bands seen in these extracts, presumably because IRF-1 is
expressed at a very low level (Fig. 2, lane 2) (5). Anti-IRF-2
antibody “supershifted” two bands present before and after
VSV induction but did not affect VIBP (lane 3). Antibody
specific for ISGF3y (the DNA-binding subunit of ISGF3), or
for ISGF3a (P91) abolished the slowly migrating ISGF3 band
but had no effect on VIBP (lanes 4 and 5). L929 cells do not
express ICSBP at the level of both mRNA and protein, and
ICSBP was hence not expected to be VIBP. In accordance with
these results, anti-ICSBP antibody had no effect on VIBP in-
duced in 1929 cells or in lymphocytes and macrophages where
ICSBP is expressed and is complexed with IRF-1 or IRF-2 (5)
(results not shown). Thus, VIBP is not a known member of the
IRF family.

Effects of actinomycin D and CHX. Actinomycin D, an in-
hibitor of cellular transcription, has been shown to have little
effect on VSV transcription (20). To test whether cellular RNA
synthesis is required for VIBP induction, actinomycin D (5
pg/ml) was added to 1929 cells 30 min prior to infection (MOI
of 10) and cells were infected and incubated in the presence of
actinomycin D. As seen in Fig. 3 (left panel), actinomycin D
had no inhibitory effect on VIBP induction: the intensity of
VIBP induced in the presence of actinomycin D was greater

than that in untreated cells (lane 2 versus 4). Treatment with
actinomycin D alone without infection did not induce VIBP
(lane 3). These results indicate that cellular transcription is not
required for VIBP induction. To determine whether induction
of VIBP is dependent on viral and/or cellular protein synthesis,
the effect of CHX was tested. Like actinomycin D treatment as
above, CHX (50 pg/ml) was added to 1.929 cells 30 min prior
to infection and was present throughout infection (MOI of 10
or 100) and the subsequent 6 h of incubation. Treatment of
L.929 cells with CHX under conditions milder than those used
in this work have been shown to completely block viral protein
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FIG. 2. Supershift analysis. Nuclear extract from 1929 cells infected with
VSV at a MOI of 5 were incubated with rabbit antibodies (diluted at 1:15) for 15
min prior to addition of labeled probe. Anti-IRF-1 and anti-IRF2 antibodies
were described previously (5), and anti-ISGF3y and anti-P91 antibodies are
described in Materials and Methods. p.i., postinfection; NRS, control normal
rabbit sera. The large amount of antisera used in the reaction was responsible for
the nonspecific band migrating above the ISGF3 complex (lanes 2 to 6).
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FIG. 3. Effects of actinomycin D (ActD) and CHX. Actinomycin D (5 pwg/ml)
(lanes 1 to 4) or CHX (50 pg/ml) (lanes 5 to 10) was added to 1929 cells 30 min
prior to infection and was present continuously during infection (MOIs of 10 or
100) and the subsequent 6 h of incubation. Nuclear extracts were assayed in
EMSA.

synthesis (61). As seen in Fig. 3 (right panel), CHX treatment
reduced the intensity of the VIBP band but did not completely
inhibit its induction as tested at MOIs of both 10 and 100
(compare lanes 9 and 10 with lanes 6 and 7). Similar experi-
ments were performed with different preparations of viruses
and CHX, which confirmed incomplete inhibition of VIBP by
CHX. These results indicate that viral and cellular protein
synthesis is not required for primary induction of VIBP. The
partial inhibition observed by CHX suggests that an activator
(of either viral or cellular origin) or VIBP may also be synthe-
sized during this period.

Effects of protein kinase inhibitors. To gain further insight
into the physiological requirement of VIBP induction, effects
of four kinase inhibitors, geldanamycin, genistein, staurospo-
rine, and 2-aminopurine, were tested. These inhibitors were
added 30 min before infection (MOI of 10) and were present
continuously during and after infection (Fig. 4). Geldanamycin
and genisteine are widely used tyrosine kinase inhibitors whose
mechanisms of action may be different (7, 64). While geldana-
mycin had no effect, genistein completely inhibited induction
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Control
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FIG. 4. Effects of protein kinase inhibitors. Geldanamycin (100 ng/ml) (lanes
1 and 2), 2-aminopurine (50 pwg/ml) (lanes 3 and 4), genistein (100 pg/ml) (lanes
5 and 6), or staurosporine (1 M) (lanes 7 and 8) was added to 1929 cells 30 min
prior to infection and was present continuously during infection (at a MOI of 10)
and the subsequent 6 h of incubation. EMSA were performed as in Fig. 1.
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of VIBP (lanes 2 and 6). In agreement with a previous study,
genistein also inhibited ISGF3 (25). Staurosporine, an inhibi-
tor of protein kinase C (and other kinases) which inhibits
transcription of VSV (45), also completely inhibited VIBP
induction (lane 8). Staurosporine also inhibited ISGF3 induc-
tion, as reported previously (22). 2-Aminopurine, an inhibitor
of PKR (54), was tested, since this enzyme is shown to be
induced upon viral infection and is capable of activating phos-
phorylation-dependent DNA-binding activity, including NF«B
(23). Induction of VIBP was unaffected by 2-aminopurine (lane
4). These results indicate that induction of VIBP is dependent on
phosphorylation that involves tyrosine kinase as well as serine/
threonine kinase activities. Whether VIBP itself is tyrosine phos-
phorylated is currently under investigation.

Effects of type I IFNs. Type I IFNs confer protection against
VSV infection (29). The anti-VSV antiviral activity elicited by
IFNs has been attributed largely to inhibition of viral transcrip-
tion, although they may act on other levels as well, including
translation inhibition (2, 30, 33, 51, 52). We tested whether
IFN treatment interferes with induction of VIBP induction.
1929 cells were pretreated with murine IFN-o/B (from 10 to
1,000 U/ml) overnight, rinsed, infected with VSV, and incu-
bated for 6 h in the absence of IFNs. Results are shown in Fig.
5. Control cells infected with VSV at a MOI of 10 without IFN
pretreatment produced a strong VIBP band (Fig. 5, lane 5).
Cells pretreated with IFNs (100 U/ml) generated no detectable
VIBP when infected at a MOI of 5 or 10 (lanes 2 and 3). IFN
pretreatment inhibited VIBP induction even when infection
was performed at a MOI of 100 (lane 4): the VIBP band
intensity was much lower than that of control cells without IFN
treatment (lane 4 versus lane 5). The levels of VIBP induction
were dependent on the dosage of IFNs. IFNs at 100 and 1,000
U/ml virtually abrogated VIBP induction (lanes 7 and 8). Even
at the lowest dose of IFNs (10 U/ml), induction of VIBP was
significantly inhibited (lane 6). A prominent ISGF3 band was
observed in all IFN-treated samples regardless of VSV infec-
tion: ISGF3 has been shown to be induced following type I IFN
treatment (25). These data indicate that IFN treatment specif-
ically blocks induction of VIBP. Taken together, our results
show that agents that inhibit transcription of VSV also inhibit
induction of VIBP.

Functional role of VIBP: reporter analysis. To evaluate the
functional role of VIBP in cellular transcription regulated by
the ISRE, reporter analysis was performed in 1929 cells in-
fected with VSV. Since VSV infection caused rapid cytopathic
effect in these cells, transient transfections were ineffectual.
Thus, we analyzed cells stably transfected with a luciferase
reporter gene. This reporter gene was under control of the tk
promoter connected to the ISRE from the ISG15 gene (ISRE-
tk-luc). As a control, cells transfected with the tk-luc reporter
without ISRE were tested. When stable transfectants were
treated with IFN-o/B, the ISRE-tk reporter gave a >10-fold
increase in luciferase activity while tk-luc gave no increase (Fig.
6B), confirming that the stably transfected ISRE reporter re-
sponds to IFN. To test the effect of VSV infection on the
reporter activity, transfectants were infected with VSV at a
MOI of 10 or 100 and luciferase activities were measured 6 h
after infection (Fig. 6A). VSV infection led to a marked re-
duction in tk-luc reporter activity, whose levels fell approxi-
mately to 20% that of control mock-infected cells. This reduc-
tion was most certainly caused by inhibition of host cell
transcription following VSV infection by the VSV matrix pro-
tein (3, 41). In contrast, ISRE-tk-luc activity was not reduced as
much during the same period of infection, which measured
approximately 80 and 50% that of control uninfected cells after
VSV infection at MOIs of 10 and 100, respectively. Inhibition
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of ISRE-tk-luc activity was consistently less than that of control
tk-luc activity, as measured 3, 6, and 8 h after VSV infection in
several independent transfections (results not shown). These
results indicate that the ISRE is able to reverse inhibition of
reporter transcription caused by VSV infection. That the re-
versed inhibition was seen even with infection at a MOI of 100,
when induction of ISGF3 is not observed (Fig. 1) suggests that
VIBP takes part in enhancing ISRE-mediated transcription.

Double-stranded RNA analog poly(I)-poly(C) induces ISRE-
binding activity similar to that of VIBP. Experiments illustrated
in Fig. 3 to 5 point to the possibility that VSV transcripts are
involved in inducing VIBP. Daly and Reich (8) reported that the
double-stranded RNA analog poly(I)-poly(C) activates at least
two novel ISRE-binding activities, DRAF1 and DFRAF2. To
investigate whether poly(I)-poly(C) induces a factor-binding ac-
tivity similar to VIBP, 1929 cells were transiently transfected with
poly(I)-poly(C) or plasmid DNA (tested as a control) and ISRE
binding activity was examined 5 h after transfection. Figure 7A
compares EMSA results obtained by poly(I)-poly(C) transfection
with that by VSV infection. Poly(I)-poly(C) induced a DNA-
protein complex that migrated to a position very similar to that of
VIBP (Fig. 7A, lanes 2 and 4). The poly(I)-poly(C)-induced bind-
ing activity was resistant to CHX treatment (lane 7), as was found
for VIBP (Fig. 3). In addition, transfection with poly(I)-poly(C)
induced ISGF3, as was induced by VSV infection. The induction
of binding activity by poly(I)-poly(C) was not due to nonspecific
perturbation of cells caused by the transfection procedure, since
transfection of plasmid DNA produced no induced band in the
presence or absence of CHX (Fig. 7A, lanes 5 and 8). Judging
from the position of migration, the poly(I)-poly(C)-induced band
may correspond to DRAF2 reported by Daly and Reich (8).
Under these conditions, however, no band resembling DRAF1
was observed, which should migrate to a position above ISGF3.
To compare VIBP with poly(I)-poly(C)-induced binding activity
for their DNA-binding specificity, competition EMSAs were per-
formed with oligomers corresponding to various ISREs (Fig. 7B).
ISRE oligomers for the ISG15, ISG54 (22, 25), and guanylate-
binding protein (GBP) (26) genes completely competed for both
VIBP and the poly(I)-poly(C)-induced binding activity (lanes 2, 3,
and 6 and lanes 11, 12, and 15, respectively). On the other hand,
ISREs from the major histocompatibility complex class I (ICS)
(10), 9-27, and 6-16 genes (42) and PRD1 from the IFN-B gene
(53) were ineffective in competing for either binding activity
(lanes 4, 5, 7, and 8 and lanes 13, 14, 16, and 17, respectively). This
competition pattern was distinct from that by IRF-2 which was
inhibited by all competitors (except for the negative control).
Similarly, binding of ISGF3 was inhibited by all ISRE oligomers
except for PRD1 and GBP, consistent with previous reports (25).
As expected, oligomers for the pIRE that binds to stat P91 (9, 21),
used as a control, failed to compete for either binding activity
(lanes 9 and 18). These results indicate that VIBP and the poly(I)-
poly(C)-induced factor are very similar to each other in their
electrophoretic mobility as well as their DNA-binding specificity,
raising the possibility that they are the same factor.

Size estimation by UV cross-linking. UV cross-linking ex-
periments were carried out to assess the molecular size of
VIBP. The VIBP band from VSV-infected cells was first sep-
arated by EMSA, UV cross-linked in situ, and then resolved by
PAGE under denaturing conditions (38). As seen in Fig. §,
VIBP migrated approximately to a position corresponding to
70 kDa, which paralleled the position of IRF-2. Assuming that
molecular mass of the DNA probe is about 20 kDa, VIBP is
estimated to have an apparent molecular mass of ~50 kDa.
This estimate is in agreement with the size of IRF-2 (16). A
similar estimate has been obtained with a bromodeoxyuridine-
substituted ISRE probe (results not shown). It should be

ISRE-BINDING ACTIVITY INDUCED BY VSV 4177

o o
‘°_ oo
— T o222 IFNo/B (Iu/m])
o8 <
owwr v+~ —— VSV (PFU/cell)
e wwwm — ISGF3
— IRF2
* - VIBP
- he el - — IRF2

12345678

FIG. 5. Effects of IFN-a/B. L929 cells were treated with murine natural
IFN-a/B overnight at various doses (10 to 1,000 U/ml). After removal of IFN,
cells were infected with VSV at indicated MOIs (5 to 100) and incubated for 6
h. Control untreated cells were infected with VSV at a MOI of 10 (lane 5).

stressed here that VIBP may be a multipeptide complex and
that the estimate obtained in this experiment may represent
the apparent molecular mass of a DNA-binding subunit.

VSV induction of VIBP in various human and mouse cells:
the lack of induction in embryonal carcinoma cells. VSV in-
fects a wide variety of cells in tissue culture. To study whether
induction of VIBP also occurs in a wide variety of cells, various
murine and human cell lines were infected with VSV and
induction of VIBP was tested in EMSA, as above. Results are
summarized in Table 1. Induction of VIBP was observed in
human and mouse fibroblasts, epithelial cells, monocytic cells,
and T lymphocytes, whose migration position was essentially
the same as that seen in 1.929 cells. The intensity of the VIBP
band produced in murine cells was in general higher than that
in human cells. Interestingly, the kinetics of VIBP induction
varied among cells, in that EL4 and HL-60 cells produced the
VIBP band immediately or 2 h after infection but this band was
no longer detectable 6 h after infection. VIBP induction in
other cells tested followed the kinetics similar to those of 1.929
cells.

In contrast to cells tested above, VIBP was not induced in
P19 EC cells after VSV infection (Fig. 9). The absence of
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FIG. 6. ISRE reporter activity following VSV infection. (A) L929 cells stably
transfected with tk-luc or ISRE-tk-luc were infected with VSV at a MOI of 10 or
100, and luciferase activity was measured 6 h after infection (37). Luciferase
activity by VSV-infected cells is expressed relative to the activity by mock-
infected cells. (B) To verify IFN inducibility of the ISRE reporter, transfected
cells were treated with murine natural IFN-a/B (300 U/ml) for 6 h and luciferase
activity was measured.
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VIBP induction in P19 EC cells was not due to the lack of
productive infection by VSV, since strong cytopathic effects
were observed within 16 h following infection. P19 and other
undifferentiated EC cells do not express IRF-1 or IRF-2 (17),
nor do they express ISGF3 in response to IFN (19). Consistent
with these reports, no discernible ISRE-binding activity was
seen prior to and following VSV infection in P19 cells (Fig. 9,
lanes 1 and 2). These factors are shown to be expressed when
EC cells are allowed to differentiate in response to retinoic
acid (17, 19). As seen in Fig. 9, however, VIBP was not induced
in P19 cells that had been treated with retinoic acid for 3 days,
even though this retinoic acid treatment led to expression of
IRF-2, irrespective of VSV infection (lanes 3 to 6). These
results suggest that, similar to other IRF proteins, induction of
VIBP is developmentally controlled, although the timing of
VIBP induction appears distinct from that of IRF-2 (see Dis-
cussion).

Lack of VIBP induction by SV40 and vaccinia virus. To
assess the generality of VIBP induction, we investigated the
induction of ISRE-binding activity by two other viruses, SV40
and vaccinia virus. The former is a DNA tumor virus (55), and
the latter is a poxvirus with a double-stranded DNA genome
(6). 1929 cells were infected with either virus and VIBP induc-
tion was examined in EMSA immediately or up to 48 h after
infection. Results are summarized in Table 2. No induction of
ISRE-binding activity was observed with either virus during
these periods, although infection with these viruses caused
prominent morphological changes or cytopathic effects. These
results indicate that VIBP induction is not a universal cellular
reaction to viral infections but occurs in a virus-specific man-
ner. Further studies will determine whether VIBP induction is
specific for RNA viruses.

DISCUSSION

This paper describes a unique ISRE-binding factor, called
VIBP, that is induced in a variety of cells following VSV
infection. VIBP induction was dependent on the dosage of
VSV and was seen in fibroblasts and in monocytes/lymphocytes
with somewhat variable kinetics. VIBP or its DNA-binding
component is estimated to be about 50 kDa in size. VIBP
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FIG. 7. (A) VIBP induction following transfection of poly(I)-poly(C). L929
cells were transfected with 5 g of poly(I)-poly(C) per ml (dsRNA; lane 4) or 10
wg of plasmid DNA (pSKII; lane 5) for 5 h or infected with VSV at a MOI of 10
followed by 6 h of incubation. CHX (50 wg/ml) was added to cells 30 min prior
to transfection (or infection) and was present continuously for the subsequent 6
h (lanes 6 to 8). (B) DNA-binding specificity of VIBP and a poly(I)-poly(C)
induced factor: competition assay. Nuclear extracts from cells infected with VSV
at a MOI of 10 (lanes 1 to 9) or cells transfected with 5 pg of poly(I)-poly(C) per
ml (lanes 10 to 18) were incubated with an approximately 100-fold molar excess
of unlabeled oligonucleotides (see Materials and Methods) for 15 min prior to
addition of labeled ISG15 ISRE probe and were analyzed in EMSA. dsRNA,
double-stranded RNA.

induction most probably results from activation of a preexist-
ing cellular protein, for which a phosphorylation process plays
arole. Molecular and cellular events that follow VSV infection
have been extensively studied in many types of cells so far.
However, this report, to our knowledge, is the first to demon-
strate induction of a nuclear ISRE-binding activity upon VSV
infection in a wide variety of cells.

Mechanism of VIBP induction. VIBP is not likely to be a
viral protein itself. Most viral proteins (G, N, L, and P) may be
excluded, as they are synthesized and localized in the cyto-
plasm whereas VIBP activity is seen mostly in the nucleus. The
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FIG. 8. Estimation of the VIBP molecular mass by UV cross-linking. 1.929
cells were infected with VSV at a MOI of 100, and a gel slice with the VIBP band
generated in EMSA (upper lane) was UV cross-linked (38; see Materials and
Methods) and resolved by sodium dodecyl sulfate-PAGE (10% polyacrylamide)
(lower panel). 1D, first dimension; 2D, second dimension. The numbers at right
indicate approximate molecular mass.
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FIG. 9. Absence of VIBP induction in P19 EC cells. Undifferentiated P19 EC
cells (lanes 1 and 2) or cells treated with all-trans retinoic acid (RA; 1 pM) for
3 days (3d) (37) were infected with VSV at a MOI of 10 followed by 6 h of
incubation (lanes 3 to 6). Anti-IRF-2 antibody or control normal rabbit sera were
added as in the experiment in Fig. 2. As a control, L929 cells were infected with
VSV at a MOI of 10 followed by 6 h of incubation (lanes 7 and 8).

26-kDa matrix protein (M), the only viral protein shown to
localize in the nucleus (27), is unlikely to be responsible for
VIBP complex formation either, since several antibodies spe-
cific for M did not react with VIBP in EMSA or immunode-
plete VIBP activity (results not shown). Furthermore, trans-
fection of mammalian expression vectors for M into 1.929 cells
did not induce VIBP but did inhibit transcription of a cotrans-
fected reporter gene, as was expected of M (3, 41; data not
shown). Also, it is unlikely that viral protein synthesis is re-
quired for VIBP induction. CHX treatment, known to abolish
viral protein synthesis in 1929 cells (61), only reduced but did
not abolish VIBP induction (Fig. 3). Rather, our data appear
to point to the involvement of viral transcripts in VIBP induc-
tion. VIBP induction was strongly inhibited by IFN-«/B (Fig.
5), which is shown to block viral transcription (2, 30, 33, 51).
Staurosporine, also an inhibitor of VSV transcription (45),
inhibited VIBP induction (Fig. 4). The lack of inhibition by
actinomycin D (Fig. 3) is not inconsistent with involvement of
VSV transcripts, since it selectively inhibits host cell transcrip-
tion but not VSV transcription (20). Our observations that
poly(I)-poly(C), a double-stranded RNA analog, induces an
ISRE-binding activity similar to VIBP further support the role
of RNA for inducing VIBP (Fig. 7). Upon infection, VSV
RNA is sequentially synthesized from the 3’ end (1). Among
VSV transcripts, the small leader RNA may be a candidate for
activating VIBP. The leader RNA, the first transcript to be
synthesized upon infection, is localized in the nucleus (24) and
is thought to form a short “double-stranded” stem-loop struc-
ture. However, at present there is no experimental evidence to
substantiate the involvement of leader RNA in VIBP induc-
tion. It is possible that other RNA species, including partially
uncoated genomic RNA, become double stranded with either
leader and/or mRNAs and stimulate VIBP. Further analysis to
determine a component of the VSV genome involved in VIBP
induction is under way.

Identity of VIBP. The lack of inhibition by actinomycin D
and by CHX (Fig. 3) strongly indicates that VIBP does not
require de novo synthesis of cellular RNA or protein. Thus,
induction of VIBP is likely to represent activation of a latent
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TABLE 1. VIBP inducibility in human and mouse cells®

VIBP induction in following cell type:

Time p.i.? EC (P19) 1 .o Monocytic cells Epithelial Fibroblasts
—RA +RA B pusis Hi60 (HeLd)  psa N1 313
Early (0-2h) - - + - + - - -
Late (6 h) - - - + - + + o+

“ Cells were infected with VSV at a MOI of 10, and nuclear extracts prepared
0, 2, 4, 6, and 10 h after infection were tested for induction of VIBP activity in
EMSA as in Fig. 1.

b p.i., postinfection.

cellular protein upon VSV infection. Our data favor the idea
that this activity occurs in the nucleus and is dependent on
activities of a certain cellular tyrosine kinase(s) and a serine-
threonine kinase(s). VSV transcription is reported to require
cellular kinase activity (45). Thus, the observed phosphoryla-
tion dependence (Fig. 4) may reflect a requirement of phos-
phorylation for VSV transcription and may or may not imply
phosphorylation of VIBP itself.

It has been shown that very short self-complementary viral
RNAs, such as human immunodeficiency virus TAR, as well as
double-stranded RNA can directly activate IFN-regulated en-
zymes such as 2-5A synthetase, Mx (18), and PKR (12, 43, 50).
Kumar et al. (23) reported that PKR, for its ability to phos-
phorylate Ik-B, can activate NF-«kB, a nuclear factor that binds
to the IFN-B promoter. Thus, PKR may be expected to be
involved in activating VIBP. However, on the basis of the lack
of sensitivity to 2-aminopurine (Fig. 4) (23, 54), it is unlikely
that PKR has a major role in activating VIBP.

We show that a binding activity similar to VIBP was induced
upon transfection of double-stranded RNA analog poly(I)-
poly(C) (Fig. 7). Like VIBP, poly(I)-poly(C)-induced binding
activity was resistant to CHX, and its binding specificity was
identical to that of VIBP. Recently, Daly and Reich (8) re-
ported that poly(I)-poly(C) activates two ISRE-binding fac-
tors, designated DRAF1 and DRAF2. It is interesting that
VIBP migrates to a position similar to that of DRAF2 and that
both VIBP and DRAF?2 are induced following activation of a
latent protein, suggesting a close similarity between VIBP and

TABLE 2. Absence of VIBP induction by SV40 and vaccinia virus”

. Inducible
Virus Mol CPE Time (h)  {GRE pinding
(PFU/cell) postinfection activity
Vaccinia virus 10 + 6 -
100 ++ 6 -
1,000 +++ 6 -
10 - 0 -
10 * 1 -
10 + 3 -
SV40 10 * 6 -
10 - 0 -
10 - 3 -
10 + 12 -
10 + 24 —
10 ++ 48 -

“1.929 cells were infected with vaccinia virus or SV40 at the indicated MOIs
for 1 h and incubated for the indicated periods. Nuclear extracts from infected
cells were tested for ISRE-binding activity in EMSA as in Fig. 1.

b Morphological changes and cytopathic effects (CPE) were monitored by
measuring cell rounding and lysis.
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DRAF?2. However, the EMSA pattern we have detected in our
system differs from that reported by these authors: a band
corresponding to DRAF1 was not detected in our assays. This
difference may be due to the use of different cells and exper-
imental conditions, but it may also suggest that different factors
are induced in different cells by different RNAs. The identity of
VIBP awaits its purification and sequence determination.

Biological significance of VIBP. Transfection analysis (Fig.
6) indicate that activity of the ISRE-bearing reporter is less
susceptible to the transcriptional shutdown caused by VSV
than is the activity of a control reporter without ISRE. These
data suggest that VIBP participates in enhancing transcription
of genes that bear the ISRE and homologous sequences. This
enhancement of transcription may allow for expression of
some genes despite the overall shutdown of cellular transcrip-
tion by the VSV matrix protein. Hence, VIBP may contribute
to stimulation of IFN genes, as is noted in some cells after VSV
infection leads to production of type I IFNs (31). Marcus et al.
reported that VSV of the New Jersey serotypes produces
higher levels of IFNs than does VSV of the Indiana serotype
(31). However, inducibility of VIBP was similar in the two
serotypes (data not shown), suggesting the requirement of
multiple components for and/or suppression of (14) IFN pro-
duction. That poly(I)-poly(C) induces type I IFN and IFN-
inducible genes (49) may also support the involvement of
VIBP and VIBP-like proteins in regulating IFN and IFN-
inducible genes. Our observations, as well as those by Dale and
Reich (8), raise the possibility that there are additional ISRE-
binding proteins that have not been fully studied so far, which
are involved in regulating IFN and IFN-inducible genes. Some
of these proteins may belong to the IRF family. The presence
of additional ISRE-binding proteins may indeed be predicted
from the redundancy in IFN-regulated transcription. Analyses
of IRF-17/~ and IRF-27/~ mice show that these mice are
capable of mounting IFNs in response to viral infection and
expressing many IFN-inducible genes (34, 44).

It is interesting that P19 EC cells, despite full permissiveness
to VSV infection, failed to induce VIBP. Neither IRF-1,
IRF-2, nor ISGF3 is expressed in undifferentiated EC cells,
including P19 EC cells. However, these factors become induc-
ible when EC cells differentiate upon stimulation by retinoic
acid, which presumably reflects developmental control of IFN-
regulated transcription (17, 19). It is possible that VIBP induc-
ibility is also developmentally controlled and that the absence
of VIBP inducibility in P19 EC cells reflects the absence of the
expression of a latent factor in these cells. It is of note that
treatment of P19 EC cells with retinoic acid for 3 days was
sufficient to induce expression of IRF-2 (17) but was not suf-
ficient to fully induce VIBP-binding activity or ISGF3 activity
(Fig. 9). Induction of both factors appeared to require a longer
period of retinoic acid treatment (data not shown), suggesting
that mechanisms allowing induction of VIBP are distinct from
those allowing induction of IRF-2. More analysis is required
for clarifying mechanisms governing developmental regulation
of VIBP.

Lastly, it is conceivable that VIBP is induced upon infection
by other viruses and pathogens. At present, the range of vi-
ruses and pathogens capable of inducing VIBP is unknown.
Our limited surveys indicate that infection by DNA viruses
such as SV40 or vaccinia virus does not lead to VIBP induction
in L.929 cells. Screening of a wider array of viruses, and par-
ticularly viruses from other RNA virus families, may provide a
better scope for the mechanism of induction and biological
activity of VIBP.

J. VIROL.
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