JOURNAL OF VIROLOGY, Jan. 2005, p. 95-105
0022-538X/05/$08.00+0 doi:10.1128/JV1.79.1.95-105.2005

Vol. 79, No. 1

Copyright © 2005, American Society for Microbiology. All Rights Reserved.

Induction of the RelB NF-kB Subunit by the Cytomegalovirus 1E1

Protein Is Mediated via Jun Kinase and c-Jun/Fra-2
AP-1 Complexes

Xiaobo Wang and Gail E. Sonenshein*
Department of Biochemistry, Boston University School of Medicine, Boston, Massachusetts

Received 4 June 2004/Accepted 11 August 2004

We recently demonstrated that the cytomegalovirus (CMV) immediate-early 1 (IE1) protein induces tran-
scription of the gene encoding the RelB NF-kB subunit. The mechanism of this activation has been explored
here. We report that the induction of the relB promoter by IE1 protein is mediated via activation of JNK and
AP-1. The region controlling relB promoter induction was mapped to the upstream ~600-bp region between
—1694 and —1096 bp. IE1 stimulated AP-1 activity in NIH 3T3 cells. Competition electrophoretic mobility shift
assay (EMSA) confirmed the presence of one bona fide AP-1 element centered at —1503 bp. Introduction of a
G-to-C mutation in the AP-1 binding site within the distal region of the re/B promoter eliminated its activation
by IE1 in both NIH 3T3 fibroblasts and vascular smooth muscle cells (SMCs). Supershift EMSA identified
c-Jun, Fra-2, and c-Fos in AP-1 binding complexes in IE1 transfected NIH 3T3 cells. IE1 induced c-Jun
phosphorylation, and treatment with SP600125, a selective JNK inhibitor, as well as overexpression of
JNK-binding domain of JIP1, blocked IE1-mediated induction of AP-1 and relB promoter activity in NIH 3T3
cells and SMCs. Ectopic expression of c-Jun plus Fra-2, but not c-Fos, induced relB promoter activity. The relB
promoter has two proximal NF-kB elements, and c-Jun/Fra-2 worked in synergy with p50/p65 NF-kB com-
plexes. Overall, these findings demonstrate for the first time the role of AP-1 in transcriptional regulation of
a gene encoding an NF-kB subunit, and its involvement in induction of RelB activity by the CMV IE1 protein.

Cytomegalovirus (CMV) is a betaherpesvirus that latently
infects a majority of adults worldwide (24). Although most
healthy immunocompetent individuals are asymptomatic (6),
enhanced risk of atherosclerosis and restenosis after coronary
angioplasty has been observed in patients with prior human
CMV (HCMV) infection (23, 40). Infection by CMV has also
been shown to stimulate migration and proliferation of smooth
muscle cells (SMCs) in culture (38, 58, 60). HCMV has also
been implicated in the transformation and pathogenesis of
many malignancies (13, 19, 26, 46, 50, 53). Furthermore, in-
creased morbidity and mortality is frequent in immunocom-
promised and immunosuppressed individuals, e.g., patients
with AIDS or after transplantation (6). The CMV immediate-
early protein 1 (IE1), a 491-amino-acid nuclear phosphopro-
tein, is one of two major products of the ie gene and is a
predominant protein expressed during the immediate-early
phase of CMV infection (22, 40). Although IE1 was first found
to regulate viral gene expression by positive feedback regula-
tion of the ie promoter (29), other functions have been re-
ported recently, including the induction of NF-«B activity (14,
30, 47) and posttranscriptional activation of the c-Fos and
c-Jun subunits of AP-1 (35).

NF-«B/Rel is a family of dimeric transcription factors whose
DNA-binding domains have considerable homology with an
approximately 300-amino-acid region of the v-Rel oncoprotein
and was thus termed the Rel homology region (28, 64). NF-xB
plays a pivotal role in the control of cell proliferation, survival,
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neoplastic transformation, and immune and inflammation re-
sponses (25, 27, 43, 56). Members of the mammalian Rel
family include p65 (RelA), RelB, c-Rel, p50, and p52 (28). In
most non-B cells, NF-«kB factors are inactive and sequestered
in the cytoplasm by direct interaction with specific inhibitor
proteins, termed IkBs, which need to be phosphorylated and
degraded in order for NF-kB to transfer into the nucleus (12,
64). IE1 has been found to induce NF-«B activity, as judged by
NF-kB clement driven constructs, in fibroblasts and Jurkat T
cells (47). Previous work from our laboratory found that IE1
selectively induces nuclear RelB and p50 in SMCs and NIH
3T3 cells (30). The increase in RelB protein mediated by IE1
could be related to an increase in steady-state relB mRNA
levels. Although the relB promoter contains two proximal
NF-«kB elements (11), IE1 was unable to activate an NF-«kB
element driven construct in re/lB~'~ mouse embryo fibroblasts.
Thus, the data suggested that relB was the primary NF-«kB
target gene of IE1 activity (30), although the mechanism con-
trolling relB induction by IE1 was unclear. Interestingly, RelB/
pS0 complexes are somewhat unique among the NF-kB family
in that IkB-a binds only poorly (39), allowing them to almost
freely translocate to the nucleus (20). In the mouse, high levels
of RelB expression are restricted to specific regions of the
thymus and spleen (65), and RelB complexes represent con-
stitutive NF-«kB activity in these tissues (66), suggesting a role
for RelB in control of gene expression in these tissues. Impor-
tantly, RelB has recently been shown to display specificity of
NF-«B regulated gene transcription (30).

AP-1 is a transcription factor composed of members of the
Jun and Fos families (2) that binds and activates transcription
at TPA response elements (TRE), with the consensus se-
quence of 5'-TGACTCA-3’ (1). These proteins belong to the
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bZIP group of DNA-binding proteins, which associate to form
a variety of homo- and heterodimers (2). Members of the Jun
family include c-Jun, JunB, and JunD, and members of the Fos
family include c-Fos, FosB, Fra-1, and Fra-2. The transcrip-
tional activity of c-Jun is regulated by phosphorylation at Ser63
and Ser73 (9, 54). Extracellular signals, including growth fac-
tors, transforming oncoproteins, and UV irradiation, stimulate
this phosphorylation of c-Jun, thereby activating c-Jun-depen-
dent transcription (17, 35, 36). For example, the mitogen-
activated protein kinase homologue JNK/SAPK binds to the
N-terminal region of c-Jun and phosphorylates c-Jun at
Ser63/73 (17, 36). Furthermore, Kim et al. (35) reported that
HCMYV IE1 protein induced AP-1 activity via a posttranscrip-
tional, rather than transcriptional, mechanism. Here we have
explored the mechanism of RelB induction by IE1. We report
that IE1 activates JNK and thereby AP-1 activity, which leads
to enhanced relB promoter transcription via binding to an
upstream AP-1 element.

MATERIALS AND METHODS

Cell culture conditions. NIH 3T3 fibroblasts, which were maintained as de-
scribed previously (30) were passaged prior to reaching confluence. Bovine aortic
SMCs were isolated by the explant method and maintained as described previ-
ously (7). The cell culture medium was changed every 2 days, and cultures were
passaged every 3 to 4 days. SMCs were used by passage 6 from the primary
explant. Where indicated, cells were treated with SP600125 (Calbiochem), a
selective inhibitor of JNK (8), which was dissolved in dimethyl sulfoxide
(DMSO).

Plasmids. The pON2205 construct containing a full-length CMV IE1 protein
c¢DNA driven by the simian virus 40 (SV40) early promoter was kindly provided
by Edward Mocarski (Stanford University, Palo Alto, Calif.) (14). The human
pl.7 relB promoter-Luc (—1694 to +1), pl.1 relB promoter-Luc (—1096 to + 1),
and p0.6 relB promoter-Luc (—608 to +1) vectors containing the indicated
lengths of human re/B promoter sequences driving a luciferase reporter in pGL3
basic vector, were kindly provided by Carlos V. Paya (Mayo Clinic, Rochester,
Minn.) (11). The AP-1 reporter, 4XTRE-Luc construct containing two copies of
the oligonucleotide with two human collagenase TPA-responsive elements
(TRE) driving a luciferase reporter, was kindly provided by Marcello Arsura
(University of Tennessee College of Medicine, Memphis) (4, 44). The pCMV
FJIP1 vector containing the JNK-binding domain of JIP1 tagged with FLAG was
kindly provided by Roger Davis (University of Massachusetts Medical School,
Worcester) (67). The SV40 B-galactosidase (B-Gal) reporter vector was as re-
ported previously (3). The AP-1 family members constructs containing c-Jun,
c-Fos, Fra-1, or Fra-2 in pCI expression vector were kindly provided by Dany
Chalbos (INSERM, Montpellier, France) (62).

Transfection analysis. Cultures of NIH 3T3 cells or SMCs at 50 to 70%
confluence were transiently transfected by using FUGENE transfection reagent,
according to the manufacturer’s instructions (Boehringer Mannheim). After 24
or 48 h, cells were harvested, and cellular extracts were prepared for reporter
assays as described previously (37). Cells were harvested 24 h after transfection
for immunoblot analysis and sonicated in ice-cold radioimmunoprecipitation
assay extraction buffer (50 mM Tris-HCI [pH 7.5], 150 mM NaCl, 1% sodium
lauryl sarcosine, 1% NP-40, 0.1% sodium dodecyl sulfate, 1 mM EDTA, 1 mM
dithiothreitol plus 1 mM phenylmethylsulfonyl fluoride, 1 ng of leupeptin/ml, 10
mM para-nitrophenylphosphate, 4 mM sodium orthovanadate, 10 mM NaF, 10
mM B-glycerol phosphate). After centrifugation to remove cell debris, superna-
tants were collected and analyzed for protein content by using the Bio-Rad
protein quantitation kit for detergent lysis according to the manufacturer’s di-
rections.

Immunoblot analysis. Samples (30 pg) were separated by electrophoresis
through a 10% polyacrylamide-sodium dodecyl sulfate gel, and transferred and
processed as we have described previously (5). Rainbow markers (Amersham)
were used to determine the molecular weight. The c-Jun and phospho-Ser63
c-Jun antibodies were purchased from Cell Signal. Rabbit anti-Fra-2 and rabbit
anti-c-Fos antibodies were purchased from Santa Cruz Biotechnology. Mouse
monoclonal anti-IE1 72 and B-actin (AC-15) antibodies were purchased from
Vancouver Biotech, Ltd., and Sigma, respectively. Rabbit anti-Fra-1, rabbit anti-
JunB, and rabbit anti-JunD antibodies were kindly provided by Judith A. Foster
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(Boston University School of Medicine, Boston, Mass.). Quantitation by scan-
ning densitometry was performed by using KDS1D version 2.0 (Kodak).

Electrophoretic mobility shift assay (EMSA). Nuclear extracts were prepared
as described previously (57). The sequences of the oligonucleotides containing
the consensus AP-1, putative AP-1 site 1 [puta-AP-1(1)], and putative AP-1 site
2 [puta-AP-1(2)] from the human relB promoter were as follows: consensus
AP-1, 5'-GATCCGCTTGATGACTCAGCCGGAAG-3'; puta-AP-1(1), 5'-GA
TCCTCTCACTCTGTCACCCAGG-3'; puta-AP-1(2), and 5'-GATCCTGCAA
TAGCGTCATCACAG-3' (the underlined regions indicate the core binding
element). For the binding reaction, 5 g of nuclear extract was used in binding
reactions, and DNA-protein complexes were separated as described previously
(57). For competition gel shift assays, 10- or 30-fold excess unlabeled oligonu-
cleotide was incubated with nuclear extracts for 30 min at room temperature
prior to the addition of the probe. For supershift EMSA, antibodies for AP-1
family members were incubated with nuclear extracts for 20 h at 4°C prior to
addition of the probe.

Site-directed mutagenesis. The single base mutation in the puta-AP-1 (ATA
GCGTCATC — ATAGCCTCATC) element in the AP-1 mutant pl1.7 (Mut-
pl.7) relB promoter-Luc was generated by site-directed mutagenesis of the p1.7
relB promoter-Luc by using the QuickChange site-directed mutagenesis kit
(Stratagene) and verified by sequencing. To construct the kB-Mut or AP-1/kB-
Mut-pl.7, the kB-Mut pl.1 construct, kindly provided by Carlos V. Paya, was
digested with Sacl and BgllI, and the 1.1-kb fragment containing two mutant kB
sites was isolated and cloned into the wild-type (WT) or AP-1 mutant p1.7, from
which the corresponding fragment had been removed. The mutant pl.7 con-
structs were verified by sequencing.

RNA isolation and analysis. Total cellular RNA was isolated by the Ultra-
spec-II RNA isolation kit (Biotecx Lab, Inc.) from transfected NIH 3T3 cultures
in P-100 dishes, and samples (20 pg) subjected to Northern blot analysis, as
described previously (48). The 2.1-kb EcoRI insert of the RelB expression vector
was used as a probe. Quantitation by scanning densitometry was performed as
described above.

RESULTS

relB promoter induction by IE1 is mediated by distal ele-
ments. To determine whether IE1 induces the relB promoter
and to map the required region(s), three human re/B promoter
reporter constructs—pl.7, pl.1, and p0.6—were used in co-
transfection analysis (Fig. 1A). IE1 expression resulted in a
dose-dependent increase in activity of the pl.7 relB promoter,
with a 4.0-fold increase at the highest amount of IE1 (Fig. 1B).
The shorter relB promoters were not induced to the same
extents, with only a slight induction of about 1.5- to 1.7-fold at
the highest dose of IE1. The basal level of activity of each of
the three promoters was nearly identical (data not shown). In
three separate experiments, average increases of 4.2 £ (.5-,
1.5 = 0.3-, and 1.8 = 0.2-fold were observed at the highest dose
for the pl.7, pl.1, and p0.6 relB promoter constructs, respec-
tively. All of the vectors contained two NF-kB binding sites
(Fig. 1A), suggesting that activation of the re/lB promoter by
IE1 did not involve NF-«kB, which is consistent with our pre-
vious findings (30). Since only the longest promoter can be
induced by IE1, the functional element(s) appears to be within
the ~600-bp region between —1.7 and —1.1 kb.

The 600-bp region contains putative AP-1 elements. Since it
was previously reported that c-Jun and c-Fos induction occurs
after HCMYV infection (10), we used Transfac software (http:
//transfac.gbf.de/homepage/databases/transfac/transfac.html)
to analyze the 0.6-kb DNA sequence for AP-1 sites. Two pu-
tative sites were detected: —1532 bp (5'-ACTCTGTCACC-3")
and —1508 bp (5'-ATAGCGTCATC-3"), which were termed
puta-AP-1(1) and puta-AP-1(2), respectively. To first test
whether AP-1 was activated by IE1 in NIH 3T3 fibroblasts,
cells were cotransfected with a four-copy AP-1 element con-
struct 4XTRE-Luc and increasing amounts of IE1 expression
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FIG. 1. The induction of the re/B promoter by IE1 requires the
distal region of the promoter. (A) Structures of the p1.7, p1.1, and p0.6
relB promoter luciferase reporter vectors. The positions of the NF-«kB
elements and putative AP-1 sites are indicated. (B) NIH 3T3 cells were
transiently transfected, in triplicate, with the indicated dose of
pON2205 vector expressing IE1 protein; 0.5 pg of either pl.7, pl.1, or
p0.6 relB promoter-Luc vector; 0.5 pg of SV40 B-Gal expression vec-
tor; and pBluescript for a total of 3 pg of DNA. Values of luciferase
normalized to B-Gal activity (Relative luciferase units) are presented
+ the standard deviation. Untreated p1.7, p1.1, and p0.6 relB promot-
er-Luc activities were set at 1.

vector. A dose-dependent increase in the luciferase reporter
activity was observed with a 10.8-fold increase at the highest
amount of transfected IE1 DNA (Fig. 2), with an average value
of 11.2 £ 0.8-fold obtained in three separate experiments.
Thus, AP-1 activity is induced by IE1.

We next sought to determine whether the putative AP-1
sites in the distal 0.6-kb region are legitimate AP-1 sites. Com-
petition EMSA was performed by using a consensus AP-1 site
(core sequence TGACTCA) as radiolabeled probe and excess
unlabeled oligonucleotides containing the puta-AP-1(1) and
puta-AP-1(2) sites. The oligonucleotides containing the puta-
AP-1(2) site and the consensus AP-1 element successfully com-
peted for binding, whereas puta-AP-1(1) did not compete for
binding (Fig. 3A). We next used the three oligonucleotides as
probes and competed with excess unlabeled oligonucleotide
containing the consensus AP-1 element. The puta-AP-1(2) el-
ement gave a band that comigrated with the AP-1 complex,
and the consensus oligonucleotide successfully competed for
binding to this element (Fig. 3B). Another slower-migrating
band was not competed away by the consensus oligonucleotide,
suggesting that the puta-AP-1(2) oligonucleotide can bind a
non-AP-1 specific complex as well. In contrast, the puta-AP-
1(1) failed to display binding of an AP-1 complex. These data

CMV IE1 INDUCTION OF RelB IS MEDIATED BY AP-1 97

0.5 1.0 2.0

IE1 (ug) 0

FIG. 2. IE1 induces activity of 4XTRE-Luc, four-copy AP-1 ele-
ment-driven reporter construct, in NIH 3T3 cells. NIH 3T3 cells were
transiently transfected, in triplicate, with the indicated dose of
pON2205 vector expressing IE1 protein, 0.5 pg of 4XTRE-Luc vector,
0.5 pg of SV40 B-Gal expression vector, and pBluescript for a total of
3 ng of DNA. Relative luciferase units are presented = the standard
deviation. Activity of the control 4XTRE-Luc vector DNA was set at
1.
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suggest that only puta-AP-1(2), and not puta-AP-1(1), contains
a legitimate AP-1 binding site.

The upstream AP-1 site regulates relB promoter activity.
The identified AP-1 site in the distal region of the re/B pro-
moter was mutated to test its functional involvement. A G-to-C
point mutation was introduced within the core of this element
and tested for its affect on binding via competition EMSA.
Although WT AP-1 successfully competed against itself for
binding, the mutated sequence (Mut AP-1) was only minimally
effective even at a 30-fold molar excess (Fig. 4A). Thus, the
mutation almost completely eliminates the ability of the ele-
ment to bind AP-1 protein. This mutation was then introduced
within the p1.7 DNA via site-directed mutagenesis, generating
the AP-1 Mut-pl.7 relB-Luc construct. NIH 3T3 cells were
cotransfected with either the p1.7 relB-Luc or the AP-1 Mut-
pl.7 relB-Luc reporter construct and increasing amounts of
IE1 expression vector (Fig. 4B). Although the WT pl.7 relB
promoter activity was induced ~4.4-fold at the highest IE1
dose, only a 1.6-fold induction was seen with the AP-1 Mut-
pl.7 relB-Luc reporter construct at this dose: 4.2 = 0.3-fold
versus 1.7 = 0.1-fold in two separate experiments. The basal
level of activity of the mutant and WT promoters were similar
(data not shown). A similar assay was performed in SMCs (Fig.
4C). Mutation of the AP-1 site again resulted in a substantial
reduction in the ability of IE1 to induce relB transcription
(3.6 = 0.1-fold versus 1.6 = 0.1-fold in two separate experi-
ments). These findings demonstrate that the distal AP-1 site
plays a critical role in IEl-mediated induction of the relB
promoter in both NIH 3T3 and vascular SMCs.

The AP-1 element of the relB promoter binds c-Jun, Fra-2,
and c-Fos subunits. Next, we sought to determine which AP-1
family members are present in nuclear extracts from NIH 3T3
cells transfected with CMV IE1 expression vectors and bind to
the relB promoter AP-1 site. As control, the consensus AP-1
site was similarly analyzed. CMV IE1 expression did not in-
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FIG. 3. The distal region of the relB promoter contains an AP-1
binding site. (A) NIH 3T3 cell nuclear extracts (5 ng) were subjected
to competition EMSA by using the oligonucleotide containing the
consensus AP-1 element as a probe and 10- or 30-fold excess unlabeled
oligonucleotides containing either the consensus (Con) AP-1 element
or the putative AP-1 element Puta-AP-1(1) or Puta-AP-1(2), as indi-
cated. (B) NIH 3T3 cell nuclear extracts (5 ng) were subjected to
competition EMSA by using either the consensus AP-1 element, Puta-
AP-1(1), or Puta-AP-1(2) as a probe, and 10- or 30-fold excess unla-
beled consensus AP-1 oligonucleotide. ns, Position of non-AP-1 band.
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—

duce the level of AP-1 binding (data not shown), in agreement
with the findings of Kim et al. (35). Addition of an antibody
against c-Jun or Fra-2 resulted in a supershifted complex with
the relB AP-1 oligonucleotide and nuclear extracts from IE1
transfected cells (Fig. SA) or untransfected NIH 3T3 cells
(data not shown). Similar data were obtained with the control
consensus AP-1 oligonucleotide (Fig. 5B). The addition of an
antibody against c-Fos caused a substantial reduction in bind-
ing, while antibodies against Fra-1, JunB, or JunD had only
modest effects on binding and failed to yield a supershift. As a
negative control, incubation of antibodies with either probe
alone showed no binding (Fig. SA and B, right panels). Taken
together, these data indicate that c-Jun, Fra-2, and c-Fos are
the major AP-1 subunits binding to the AP-1 site upstream of
the relB promoter in NIH 3T3 cells.

c-Jun phosphorylation is necessary for AP-1 activation and
RelB induction by IE1. We next evaluated the effects of IE1 on
expression of AP-1 family members via immunoblot analysis.
NIH 3T3 cells were transfected with either pCMV IE1 expres-
sion or empty vector DNA, and IE1 expression was confirmed
(Fig. 6). IE1 did not affect the overall levels of c-Jun, c-Fos,
Fra-2, JunB, or JunD protein (Fig. 6, control lanes). Since
AP-1 activity depends mainly on phosphorylation of the sub-
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FIG. 4. Mutation of the AP-1 element blocks AP-1 binding and
reduces RelB induction by IE1. (A) NIH 3T3 cells nuclear extracts (5
wg) were subjected to competition EMSA with labeled re/B promoter
WT AP-1 element as probe, and excess unlabeled oligonucleotides
containing either a WT or mutant (Mut) re/B promoter AP-1 site. (B
and C) NIH 3T3 cells or SMCs at 50 to 70% confluence were tran-
siently transfected, in triplicate, with the indicated dose of pON2205
vector expressing IE1 protein, 0.5 pg of WT pl.7 or AP-1 Mut-pl.7
relB promoter-Luc, 0.5 ng of SV40 3-Gal expression vector and pBlue-
script for a total of 3 pg of DNA. Relative luciferase units are pre-
sented = the standard deviation. Untreated WT and AP-1 Mut-p1.7
relB promoter-Luc activities were set at 1 in NIH 3T3 cells (B) or
SMCs (C).
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FIG. 5. c-Jun, Fra-2, and c-Fos bind to the distal AP-1 element of the re/B promoter. Nuclear extracts were isolated from NIH 3T3 cells 48 h
after transfection with 10 pg of pON2205 vector expressing IE1 protein, and samples were subjected to EMSA in the absence (—) or presence of
the indicated antibody using as a probe oligonucleotides containing either the AP-1 element upstream of the re/B promoter (A) or the consensus
AP-1 (B). Alternatively, in the right panels, antibodies were added to the oligonucleotides, as indicated, in the absence of extracts to verify the
specificity of the supershifted bands. ns, Nonspecific band.
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FIG. 6. CMV IE1 protein activates c-Jun phosphorylation. NIH
3T3 cells were transfected with 10 wg of pON2205 vector expressing
IE1 protein (IE1) or pPCMV empty vector DNA (EV). After 4 h, cells
were treated with DMSO, 20 nM SP600125, or 40 M SP600125 for
20 h. Total cell lysates were prepared, and samples (30 pg) were
subjected to immunoblot analysis for IE1, c-Jun, phospho-Ser63 c-Jun
(P-c-Jun), c-Fos, Fra-2, JunB, JunD, and B-actin (as a loading control).
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unit factors, the effects of IE1 expression on the level of phos-
phorylated c-Jun was examined. NIH 3T3 cells transfected with
IE1 had a large increase in Ser63 phosphorylated c-Jun com-
pared to empty vector DNA, although the overall level of c-Jun
protein did not change (Fig. 6). To evaluate the role of JNK,
the selective inhibitor SP600125 (8) was used in immunoblot
and cotransfection analyses. NIH 3T3 cells were transfected
with empty vector or IE1 expression vectors and, after 4 h,
were treated with either 20 or 40 uM SP600125 (Fig. 6). The
increase in phosphorylated c-Jun protein was reduced from
2.9-fold to 1.4- and 1.0-fold with 20 and 40 uM SP600125,
respectively. (Similar results were obtained by using a phos-
pho-Ser73 c-Jun antibody [data not shown].)

To test whether c-Jun phosphorylation is necessary for tran-
scriptional induction of the re/B promoter by IE1, NIH 3T3
cells were cotransfected with either the pl.7 relB promoter or
the 4XTRE-Luc reporter and an increasing amount of IE1
expression vector, and after 4 h treated with either 0 or 30 uM
SP600125. The normal 4.2-fold induction of the relB promoter
mediated by IE1 was almost completely inhibited by the JNK
selective inhibitor: 4.0 = 0.3-fold versus 1.5 = 0.1-fold in two
separate experiments (Fig. 7A). Activation of the AP-1 ele-
ment reporter was also essentially completely inhibited by
SP600125: 3.6 = 0.5-fold versus 1.6 = 0.3-fold in two separate
experiments (Fig. 7B). These findings suggest that most of the
induction of the relB promoter by IE1 can likely be attributed
to enhanced c-Jun phosphorylation and increased AP-1 activ-
ity.

To assess whether c-Jun phosphorylation is necessary for the
previously observed increased relB mRNA levels (30), NIH
3T3 cells were treated with 30 wM SP600125 or control DMSO
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FIG. 7. SP600125, the selective inhibitor of the JNK signaling path-
way, blocks relB promoter induction by IE1. NIH 3T3 cells were tran-
siently transfected, in triplicate, with the indicated dose of pON2205
vector expressing IE1 protein, and either 0.5 pg of p1.7 relB promoter-
Luc (A) or 4XTRE-Luc (B), 0.5 pg of SV40 B-Gal expression vector,
and pBluescript for a total of 3 wg of DNA. After 4 h, cells were
treated with carrier DMSO (control) or 30 puM SP600125. Cells were
harvested after 20 h, the luciferase and B-Gal activities were measured,
and normalized values were obtained. Relative (Rel.) luciferase units
are presented * the standard deviation. Control p1.7 relB promoter-
Luc activity (A) and untreated 4XTRE-Luc activity (B) were set at 1.
(C) NIH 3T3 cells were transiently transfected with 10 wg of pON2205
vector expressing IE1 protein (IE1) or pCMV empty vector DNA
(EV). After 4 h, cells were treated with DMSO or 30 pM SP600125 for
20 h, the RNA was isolated, and samples (20 pg) were subjected to
Northern blot analysis for re/lB mRNA (upper panel). Equal loading
was confirmed by GAPDH (glyceraldehyde-3-phosphate dehydroge-
nase) mRNA level (lower panel).
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FIG. 8. Inhibition of the JNK pathway blocks IE1-mediated acti-
vation of the relB promoter. (A) 4XTRE-Luc. NIH 3T3 cells were
transiently transfected, in triplicate, with 1 ug of pCMV empty vector
or pON2205 vector expressing IE1 protein; 0, 1, or 2 pg of pCMV
FJIP1; 0.25 pg of 4XTRE-Luc; 0.25 pg of SV40 B-Gal expression
vector; and pBluescript for a total of 3.5 pg of DNA. After 24 h, cells
were harvested, and the luciferase activity and B-Gal activity were
measured. Relative luciferase units are presented * the standard de-
viation. The control, empty vector DNA sample was set at 1. For the
lower part of panel A, samples of cell lysates (20 pg) from reporter
transfection analyses were subjected to immunoblot analysis for IE1
and B-actin. (B) pl.7 relB promoter. NIH 3T3 cells were transiently
transfected, in triplicate, with the 1 ug of pCMV empty vector or
pON2205 vector expressing IE1 protein, the indicated dose of pPCMV
FJIP1, 0.25 pg of pl.7 relB promoter-Luc, 0.25 pg of SV40 B-Gal
expression vector, and pBluescript for a total of 3.5 ug of DNA. After
24 h, samples were processed, and data are presented as described
above. (C) SMCs were transiently transfected, in triplicate, with 0 or
0.2 pg of pON2205 vector expressing IE1 protein, the indicated dose
of pCMV FIIP1, 0.5 pg of pl.7 relB promoter-Luc, 0.5 ug of SV40
B-Gal expression vector, and pBluescript for a total of 2 pg of DNA.
After 24 h, samples were processed, and data are presented as de-
scribed above.

4 h after transfection with pON2205 IE1 expression vector or
pCMV empty vector. RNA was isolated after 20 h and sub-
jected to Northern blot analysis (Fig. 7C). The levels of relB
mRNA were substantially increased upon expression of IE1,
and the JNK inhibitor potently reduced this induction from
4.2- to 1.4-fold (Fig. 7C).

Since the pharmacologic inhibitor SP600125 may also affect
other kinases, a vector expressing a dominant-negative inhib-
itor of JNK, containing the JNK-binding domain of JIP1,
pCMV-FJIP1 (68), was used to test directly its role in relB
promoter activation. First, we confirmed that overexpression of
the JNK-binding domain of JIP1 blocked AP-1 activation by
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using the 4XTRE-Luc construct and an increasing dose of
pCMV-FIIP1 (Fig. 8A). The 4.4 = 0.6-fold induction seen in
NIH 3T3 cells in the absence of FJIP1 was reduced to 1.6 *
0.1-fold in the presence of 2 wg of pCMV-FJIP1. Immunoblot
analysis showed that the cotransfection of pCMV-FJIP1 did
not reduce the expression of CMV IE1 (Fig. 8A, lower panel).
We next tested the effects of pCMV-FJIP1 on relB promoter
activation by IE1. NIH 3T3 cells or SMCs were cotransfected
with the pl.7 relB promoter reporter, the parental vector, or
the IE1 expression vector, and an increasing amount of
pCMV-FJIP1 vector DNA. The normal induction of the relB
promoter by IE1 in NIH 3T3 cells was reduced from 4.2 =
0.4-fold down to 1.7 * 0.3-fold with the higher dose of pCMV-
FJIP1 (Fig. 8B). Similarly, pCMV-FJIP1 caused a similar dose-
dependent decrease in the ability of IE1 to induce re/B pro-
moter activity in SMCs: 3.2 = 0.2-fold versus 1.6 = 0.2-fold at
the higher dose (Fig. 8C). Thus, JNK signaling plays a critical
role in AP-1-mediated induction of relB promoter activity by
IE1 in fibroblasts and SMCs.

c-Jun/Fra-2 activate the relB promoter via its AP-1 element.
To verify the ability of AP-1 family members to induce relB
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FIG. 9. Expression of c-Jun and Fra-2 induces the re/B promoter. NIH 3T3 cells were transiently transfected, in triplicate, with 0.5 ug of the
indicated AP-1 subunit expression vector, 0.5 pg of WT p1.7 or AP-1 Mut-re/B promoter-Luc, 0.5 pg of SV40 B-Gal expression vector, and pCI
empty vector for a total of 3 pg of DNA. (Inset) NIH 3T3 cells were transiently transfected, in triplicate, with 0.5 pg of the indicated AP-1 subunit
expression vector, 0.5 pg of 4XTRE-Luc vector, 0.5 pg of SV40 B-Gal expression vector, and pCI empty vector for a total of 3 pg of DNA. Values
of luciferase normalized to B-Gal activity (in relative luciferase units) are presented =+ the standard deviation. Control p1.7 re/B promoter- and

4XTRE-Luc activities were set at 1.

promoter activity, NIH 3T3 cells were cotransfected with ei-
ther the pl.7 relB-Luc or AP-1 Mut-pl.7 relB-Luc reporter
construct, and vectors expressing c-Jun, c-Fos, Fra-1, or Fra-2
alone or in various combinations. In two separate experiments,
the WT pl.7 relB promoter was induced by c-Jun alone, c-Jun/
Fra-1, or c-Jun/Fra-2, with an induction of 6.8 = 0.5-, 5.4 +
0.6-, or 13.6 = 1.3-fold, respectively, whereas the AP-1 Mut-
pl.7 relB promoter was induced to a much lower extent (Fig.
9). Surprisingly, c-Jun/c-Fos appeared to have little effect on
WT pl.7 relB promoter. To confirm the activity of the vectors
expressing c-Jun and c-Fos, we tested their effects on the
4XTRE-Luc AP-1 reporter construct. Cotransfection of vec-
tors expressing c-Jun and c-Fos in NIH 3T3 cells increased the
activity of the 4XTRE-Luc by 24.8 = 3.6-fold (Fig. 9, inset).
Thus, c-Jun/c-Fos can induce the activity of the 4XTRE-Luc
AP-1 element reporter but not the re/B promoter. c-Jun/Fra-2
AP-1 complexes, which are activated by IE1, can therefore
potently induce the relB promoter activity.

c-Jun/Fra-2 synergize with p50/p65 classical NF-kB to po-
tently activate the relB promoter. It was previously reported
that NF-kB and AP-1 can functionally synergize to transacti-
vate transcription of several specific genes (21, 41, 42). The
relB promoter contains two proximal NF-kB elements, in ad-
dition to the distal AP-1 element. To check whether these two
transcription factor families can function in synergy on the relB

promoter, we introduced mutations into the two NF-«B sites in
both the WT pl.7 relB-Luc and the AP-1 Mut-pl.7 relB-Luc
constructs (Fig. 10A). NIH 3T3 cells were cotransfected with
the WT and kB Mut-pl.7 relB-Luc reporter constructs in the
presence of pS0/RelA or c-Jun/Fra-2 alone or in combination
(Fig. 10B). For this analysis, suboptimal doses of NF-kB and
AP-1 expression vectors were used. In two separate experi-
ments, the p5S0/RelA and c-Jun/Fra-2 expression vectors alone
induced the WT promoter to 2.5 = 0.3- and 6.0 = 0.5-fold,
respectively, whereas the combination resulted in a 28.0 =
2.2-fold induction. Mutation of either the kB or AP-1 sites
alone blocked the activation seen upon expression of pS0/RelA
or c-Jun/Fra-2, respectively. Furthermore, an almost complete
inhibition was observed with the AP-1/kB double mutant relB
promoter. Thus, c-Jun/Fra-2 synergize with p50/RelA to po-
tently activate the relB promoter. To assess whether AP-1
expression caused an increase in relB mRNA levels, NIH 3T3
cultures were transfected with c-Jun/Fra-2 expression vectors
alone or in combination with pS0/RelA expression vectors, and
after 48 h RNA was isolated (Fig. 10B, inset). Northern blot
analysis demonstrated that re/lB mRNA levels were increased
1.8-fold upon expression of c-Jun/Fra-2 alone and 2.5-fold
when cotransfected in combination with p50/RelA. Thus, c-
Jun/Fra-2 synergize with pS0/RelA to induce re/B mRNA lev-
els.
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FIG. 10. Synergy between c-Jun/Fra-2 AP-1 complexes and p50/p65 NF-kB complexes potently activate the relB promoter. (A) Scheme of the
structures of the WT and NF-«kB/AP-1 mutant p1.7 relB promoter luciferase reporter vectors. Mutant elements are indicated by an X. (B) NIH
3T3 cells were transiently transfected, in triplicate, with 0.25 pg of the indicated AP-1 or NF-kB subunit expression vector, 0.5 wg of WT or the
indicated NF-kB/AP-1 mutant p1.7 relB promoter-Luc, 0.5 pg of SV40 B-Gal expression vector, and pCI empty vector for a total of 3 pg of DNA.
Values of luciferase normalized to B-Gal activity (in relative luciferase units) are presented * the standard deviation. Control pl.7 relB
promoter-Luc activities were set at 1. (Inset) NIH 3T3 cells were transiently transfected with 5 pg of EV and c-Jun/Fra-2 alone or in combination
with 5 pg of pS0/RelA expression vectors. After 48 h, the RNA was harvested, and samples (20 pg) were subjected to Northern blot analysis for

relB mRNA or GAPDH as a control for equal loading.

DISCUSSION

Here we demonstrate for the first time that induction of relB
NF-«kB subunit gene transcription by the CMV IE1 protein is
mediated via c-Jun/Fra-2 complexes binding to an upstream
AP-1 element; furthermore, these AP-1 complexes can syner-
gize with classical NF-kB transcription factors to potently in-
duce relB promoter activity. The sequences mediating activa-
tion were mapped to an ~600-bp region between bp —1694
and —1096 of the relB promoter, which contained a bona fide
AP-1 element at bp —1503. IE1 expression induced c-Jun
phosphorylation and AP-1 activity as judged by a four-copy
element construct. Mutation of the upstream AP-1 element of
the relB promoter prevented its induction by IE1 in both NIH

3T3 cells and vascular SMCs. The transcriptional activity of
c-Jun is regulated by phosphorylation at Ser63 and Ser73 by
JNK (9, 54), and addition of the pharmacological inhibitor
SP600125 or overexpression of the JNK-binding domain of
JIP1 blocked relB promoter activation. Binding of c-Jun, Fra-2,
and c-Fos was demonstrated by using antibody supershift
EMSA of IE1 transfected NIH 3T3 cells, but only ectopic
expression of c-Jun plus Fra-2 induced relB promoter activity.
Although the NF-«kB elements, which are located at bp —245
and —178 of the relB promoter (11), were not required for
IE1-mediated activation, classical NF-kB complexes syner-
gized with c-Jun and Fra-2 in promoter induction. Overall, our
findings demonstrate for the first time the role of AP-1 in the



104 WANG AND SONENSHEIN

activation of NF-«kB RelB subunit expression. Furthermore,
given the role of CMV IE1 in control of SMC migration and
proliferation, these findings suggest a role for RelB in these
processes.

In our previous work, we showed that the NF-kB activity
induced by IE1 was predominantly RelB and p50 nuclear pro-
teins, as judged by immunohistochemistry and supershift
EMSA (30). Furthermore, IE1 was unable to induce an NF-xB
element driven reporter construct in relB~'~ cells. In agree-
ment with these findings, we observed that IE1 protein was
unable to induce either the pl.1 or p0.6 relB promoter con-
structs, which contain two functional NF-kB binding sites at
—245 and —178 bp (11). Furthermore, although RelA was a
very potent inducer, p5S0/RelB complexes only modestly acti-
vated the relB promoter and failed to synergize with c-Jun/
Fra-2 complexes (data not shown). Thus, indicating the relB
promoter is not activated indirectly via delayed induction RelB
binding. Recently, an alternative pathway leading specifically
to activation of RelB/p52 complexes has been elucidated (15,
45, 55). This pathway involves IKKa phosphorylation of p100
in RelB/p100 cytoplasmic complexes, leading to proteasome-
mediated processing of p100 to p52 and to p52/RelB migration
to the nucleus. Interestingly, we observed that expression of
CMYV IE1 failed to induce either IKKa activation or a change
of the ratio of p52 to pl00 (data not shown). These results
indicate that CMV IE1 does not activate this alternative signal
pathway.

AP-1 is an important transcription factor involved in control
of cell proliferation, death, survival, and differentiation (2, 31,
51, 52). Its activity can be regulated at the transcriptional or
posttranslational level (33, 34). It was reported previously that
IE1 does not raise the mRNA levels of c-jun or c-fos (35),
indicating posttranslational control of AP-1 activation. Consis-
tent with these observations, no increase in the protein levels
of AP-1 family members or AP-1 binding was seen upon IE1
expression in NIH 3T3 cells. The mitogen-activated protein
kinase/extracellular signal-regulated kinase kinase kinase 1
(MEKK1) had a highly synergistic effect on AP-1 activation by
IE1 (35). The mechanism of the synergy between IE1 and
MEKKTI is unclear. MEKKI1 is one important upstream pro-
tein kinase of JNK and Erk signal pathway (32). In our study,
IE1 induces AP-1 activity mostly via c-Jun phosphorylation by
JNK. Since Erk signaling is responsible for the expression and
activation of Fra-1 and Fra-2 (63), the synergistic effect may
depend on the activation of the substrates of both pathways.

The AP-1 and NF-«kB family of factors have been found to
interact physically and functionally at multiple levels. Stein et
al. (589) first reported p65 could physically interact with both
c-Jun and c-Fos and functionally synergize to transactivate the
human immunodeficiency virus type 1 5’ long terminal repeat.
Consistent with our findings, Murayama et al. reported that
HCMV induces interleukin-8 gene expression through concur-
rent AP-1 and NF-«B activation (41). AP-1 and NF-kB factors
also synergistically cooperate in the transcriptional regulation
of interleukin-6 expression by transforming growth factor 1 in
prostate carcinoma cells (42). PPARa has been shown to re-
press the activities of both AP-1 and NF-«B via physical inter-
action with c-Jun, p65, and CBP (16). More recently, Gelinas
and coworkers (21) demonstrated that binding of the NF-kB
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c-Rel subunit to the promoter region of bfl-I induced the
assembly and concerted binding of both AP-1 and C/EBP to
form an enhanceosome-like regulatory complex. Interestingly,
interaction of both NF-kB and AP-1 with glucocorticoid re-
ceptor has also been reported to release repression mediated
by these factors individually, although the mechanism has not
been fully elucidated (49). In addition to cooperation between
NF-kB and AP-1, several groups have demonstrated that
NF-kB can inhibit JNK signaling induced by tumor necrosis
factor alpha (18, 61). Consistent with these reports, we showed
that the transient activation of NF-kB through TAKI1/IKK
kinase pathway by transforming growth factor g1 inhibits JNK
signaling and inhibits AP-1/SMAD signaling in hepatocytes
(4). Our findings here demonstrate for the first time the role of
AP-1 in direct regulation of relB gene transcription, providing
an additional important linkage between these two transcrip-
tion factor families critical for cell survival and proliferation.
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