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The transcriptional control region of the human neurotropic polyomavirus JC virus contains a consensus
NF-kB site which has been shown to enhance both basal and extracellular stimulus-induced levels of tran-
scription of JC promoters. Here, we show that the expression of JC late promoter constructs containing the
NF-kB site is decreased by cotransfection with the NF-kB/rel subunits, p50 and p52, but enhanced by the p65
subunit. However, JC promoter constructs lacking the NF-kB site were activated by p52 and p50 and repressed
by p65. This antithetical response of the JC promoter mapped specifically to the D domain, which is a target
site for the cellular transcription factor, YB-1. Band shift studies indicated that YB-1 and p65 modulate each
other’s binding to DNA: YB-1 augments the affinity of p65 for the NF-kB site, while p65 reduces the binding
of YB-1 to the D domain. Results from coimmunoprecipitation followed by Western blot (immunoblot) analysis
suggest an in vivo interaction between p65 and YB-1 in glial cells. Functionally, YB-1 appears to act syner-
gistically with p65 to control transcription from the NF-kB site. A converse pattern is seen with the D domain,
in which YB-1 acts synergistically with p50 and p52 to regulate transcription. p50 and p52 may function as
transcriptional activators on the D domain by removing the repressive effect of p65 on YB-1 binding to the D
domain. On the basis of these data, we propose a model in which NF-kB/rel subunits functionally interact with
consensus NF-kB sites or YB-1-binding sites, with disparate effects on eukaryotic gene expression.

The NF-kB/rel family is a well-characterized example of
inducible transcription factors that are involved in the regula-
tion of immune and acute-phase responses at the transcrip-
tional level (reviewed in references 4, 40, and 43). This family
has at least five mammalian members, including p105-p50 (NF-
kB1), p100-p52 (NF-kB2), c-rel, p65 (relA), and relB. These
proteins share a common 300-amino-acid region, the rel ho-
mology domain, which mediates DNA binding and protein-
protein interaction. The various subunits of this family interact
via the rel homology domain to form several combinations of
homo- or heterodimers. Each dimeric complex possesses a
distinct binding affinity and specificity for DNA as well as a
distinct transactivational potential (15, 24). Among the family
members, p52 and p50 are poor transactivators that bind the
NF-kB site with a high affinity, while p65, c-rel and relB are
strong transcriptional activators that exhibit a lower DNA-
binding affinity (35–37).
Analysis of various cell lines and tissues indicates that p50,

p52, and relB constitute the major components of NF-kB/rel
present in nuclei of uninduced cells (12, 26). Other members,
including c-rel, p65, p100, and p105, are confined largely to the
cytoplasm in the uninduced cell (reviewed in references 4, 20,
and 40). Upon induction, these cytoplasmic subunits rapidly
translocate to the nucleus, where they dramatically alter
dimeric combinations, specificity of DNA binding, and trans-
activational potency. In most cells, p50 homodimers are the

predominant nuclear species in uninduced nuclei whereas the
p50-p65 heterodimers form the major species in induced nu-
clei.
In addition to interfamily communication, NF-kB/rel mem-

bers interact directly with other proteins, including the IkB
family (reviewed in references 5 and 17), the TATA-binding
protein (22, 49), C/EBP family members (42), glucocorticoid
receptor (33), NF-IL6 (25), fos/jun (41), and the human T-cell
leukemia virus type 1 (HTLV-1) Tax protein (28). The ability
of NF-kB/rel subunits to functionally interact with these pro-
teins tremendously expands the scope of NF-kB-mediated
gene regulation.
The human neurotropic polyomavirus JC virus offers an

excellent model system to study the effect of the inducible
regulatory factors, especially those associated with the immune
system, on transcription of eukaryotic genes. Seroepidemio-
logical studies indicate that a majority of the population is
subclinically infected with JC virus (reviewed in references 14,
27, and 46). The virus is reactivated primarily in the context of
chronic cellular immunosuppression, such as neoplasia,
chronic diseases, chemotherapy, or, recently, AIDS (reviewed
in reference 27). In such cases, JC virus progresses to lytic
infection of oligodendroglia, the myelin-producing cells of the
central nervous system and causes the demyelinating disease
progressive multifocal leukoencephalopathy (3, 27, 29). The
reactivation of virus from latency is thought to be triggered by
immunosuppressive states with their accompanying alterations
in cytokine profile (39, 45).
Detailed analyses of the viral genome indicate that multiple

regulatory modules within the transcriptional control region
are responsible for coordinated expression of the viral genes.
Figure 1 schematizes the structure of the JC promoter, which
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is located between the late and early coding regions. The viral
promoter contains two characteristic 98-bp repeats. The B
domain, previously identified as a potential determinant for
viral tropism, is the target for several cellular proteins, includ-
ing pur a, GF-1, and the Y-box-binding protein, YB-1. Outside
the 98-bp repeats, the GG(A/C) repeat sequence represents a
cytokine-responsive element that is the target for the previ-
ously characterized GBP-i (31). Further away from the 98-bp
repeat lies a consensus NF-kB site (27, 32), whose sequence, 59
GGGGAATTTCC 39, bears close homology (10 of 11 resi-
dues) to the human immunodeficiency virus (HIV) NF-kB site.
However, previous observations suggested that distinct nucle-
oprotein complexes are formed between the JC NF-kB and the
HIV NF-kB sites (32).
We have examined the role of the various NF-kB/rel sub-

units and the effect of their homodimeric and heterodimeric
complexes on the regulation of JC gene expression. In this
report, we show that NF-kB/rel subunits regulate the transcrip-
tion of the JC promoter via two distinct sites: the consensus
NF-kB-binding site and the D domain. The NF-kB/rel subunits
do not directly bind the D domain and appear to mediate their
transactivation by a specific interaction of the p65 subunit with
a cellular target for the D-domain, YB-1. The implications of
this interaction in the context of JC virus and cellular gene
regulation are discussed.

MATERIALS AND METHODS

Cells and tissue culture. All cell lines were maintained in either RPMI 1640 or
Dulbecco’s minimal essential medium supplemented with 10% (vol/vol) fetal calf
serum (Gibco) and antibiotics (penicillin and streptomycin). U-87MG is a human
glioblastoma cell line of astrocytic lineage (ATCC HTB14), which has been
shown to support JC gene transcription and replication (2).
Transfection and CAT assays. Transient-transfection assays were carried out

by the calcium phosphate method as previously described (19). Briefly, 5 3 105

cells were plated on a 60-mm plate and grown overnight. At 3 h before trans-
fection, the cells were fed with new growth medium. Transfections were carried
out with the indicated amounts of reporter plasmids along with salmon sperm
DNA to bring the total amount of DNA to 20 mg. Experiments were designed to
be promoter controlled, with either Rous sarcoma virus (RSV) b-galactosidase
(pRSV) or pCDNA3 (pCMV) plasmids added to equalize the total amounts of
promoter in each reaction mixture. The precipitate was removed after 3 to 5 h,
and a glycerol shock was applied. At 48 h posttransfection, the cells were har-
vested and a crude protein extract was made by repeated cycles of freezing and
thawing. Extracts were quantitated by the Bio-Rad Bradford assay, and equal
amounts of protein were assayed for chloramphenicol acetyltransferase (CAT)
activity (18). The fold transactivation was measured by scintillation counting of
the spots cut from the thin-layer chromatography plate. Each experiment was
repeated four or more times with different plasmid preparations.
Plasmids. The various deletion reporter constructs were made by using spe-

cific restriction enzymes, by performing exonuclease digestion of the linearized
constructs, or by directionally cloning into the pBlcat3 reporter plasmid (21).
Cloning of the JC NF-kB site into this same reporter has also been described
previously (32). Construction of the NF-kB expression plasmids downstream of
an RSV long terminal repeat was as described previously (30). Expression from
the RSV promoter is significantly higher in the astrocytic U-87MG cells than is
that from comparable amounts of a cytomegalovirus promoter (unpublished
observations). The YB-1 expression plasmid downstream of a cytomegalovirus
promoter and the histidine-T7-tagged YB-1 expression plasmid (His-T7 YB-1)

(Invitrogen) have been described previously (21). All constructs were verified by
sequencing and prepared with commercial kits (Qiagen).
Nuclear extract preparation.Nuclear extracts were prepared by a modification

of the mini-extract protocol, as described by Schreiber et al. (38). These extracts
were tested and found to exhibit a comparable binding activity to those prepared
by the method of Dignam et al. (11). Briefly, 106 cells were trypsinized, collected,
washed once with medium and twice with phosphate-buffered saline, and trans-
ferred to Eppendorf tubes. The cells were then gently resuspended in cold
hypotonic buffer [10 mM N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid
(HEPES; pH 7.9), 10 mM KCl, 0.1 mM EDTA, 0.1 mM ethylene glycol-bis(b-
aminoethyl ether)-N,N,N9,N9-tetraacetic acid (EGTA), 1 mM dithiothreitol 0.5
mM phenylmethylsulfonyl fluoride] and allowed to swell on ice. Nonidet P-40
was added to a final concentration of 0.5% (vol/vol), and lysis was accomplished
by vigorous vortexing. Nuclei were pelleted by centrifugation at 8,000 rpm (Ep-
pendorf), resuspended in cold extraction buffer containing 20 mM HEPES (pH
7.9), 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, and 1 mM
phenylmethylsulfonyl fluoride, and extracted at 48C for 15 min on a rocking
platform. The nuclear extract was centrifuged, and the supernatant was aliquoted
and frozen at 2708C.
DNA-protein interactions. The oligonucleotides were prepared commercially

by Oligos Etc., Guilford, Conn. The band shift assay was carried out essentially
as described previously (31). The probes were end labeled with [g-32P]ATP by
using T4 polynucleotide kinase and then gel purified. Labeled probe (105 cpm)
was incubated with 5 mg of nuclear extracts in a binding buffer containing 1.0 mg
of the nonspecific competitor poly(dI-dC), 5 mM dGTP, 12 mM HEPES (pH
7.9), 4 mM Tris (pH 7.5), 60 mM KCl, 5 mM MgCl2, and 0.8 mM dithiothreitol.
The reaction mixture was incubated at 48C for 30 min to allow assembly of
DNA-protein complexes. The complexes were resolved by electrophoresis on a
low-ionic strength (0.53 Tris-borate-EDTA [TBE]) 6% native polyacrylamide
gel. The gel was then dried, and the complexes were detected by autoradiography
at2708C with an intensifying screen. For competition experiments, extracts were
preincubated at 48C with unlabeled competitor oligonucleotide for 10 min before
addition of the probe. The nucleotide sequences of the DNA competitors are as
follows:

D 59-CGAGCCAGAGCTGTTTTGGCTTGTCACCAG-39
39-GCTCGGTCTCGACAAAACCGAACAGTGGTC-59

B 59-AGGTATGAGCTCATGCTTGGCTGGCAGCCATCCCTTCCC-39
39-TCCATACTCGAGTACGAACCGACCGTCGGTAGGGAAGGG-59

B* 59-GCTCATGCTTGGCTGGCAGCCAT-39
39-CGAGTACGAACCGACCGTCGGTA-59

kB 59-AAGGGAATTTCCCTGG-39
39-TTCCCTTAAAGGGACC-59

Bacterial protein purification. Bacterial YB-1 was prepared essentially as
described previously (7). Basically, bacteria carrying the maltose-binding fusion
protein were induced with isopropyl-b-D-thiogalactopyranoside (IPTG), and the
protein was purified on amylose affinity columns (Invitrogen). The purified
protein was then cleaved with factor Xa to remove the maltose-binding protein
and extensively dialyzed against 13 gel retardation buffer.
The p50 and p65 proteins were prepared essentially as described previously

(34). Briefly, mid-logarithmic-phase cultures (optical density at 595 nm, 0.4) of
Escherichia coli containing the pDS expression plasmid were induced by the
addition of 1 M IPTG for 4 h. The cells were pelleted and lysed in 6 M
guanidine-HCl (pH 8.0). The lysate was cleared by two rounds of centrifugation
at 10,000 3 g for 20 min each, passed repeatedly through a 21-gauge syringe
needle, and adsorbed to a nickel chelate affinity column (probond resin; Invitro-
gen). The resin and the lysate were allowed to mix for 15 min at 48C prior to
gravity-driven separation. The column was repeatedly washed with 6 M guani-
dine-HCl (pH 8.0), after which gradual step elutions with lower-pH solutions
were performed. Each fraction was individually collected after gravity separation.
The purified proteins were then renatured slowly by dialysis against a 1,000-fold
excess of H buffer (20 mM HEPES [pH 7.9], 0.2 mM EDTA, 1 mM dithiothre-
itol, 0.1% Nonidet P-40, 0.5 mM phenylmethylsulfonyl fluoride) with 300 mM
KCl and gradual step declines in the guanidine-HCl concentrations (4.5, 3, 2, 1.5,
1, 0.5, 0.25, and 0 M [pH 8.0]). Renatured fractions were then concentrated in a
Centricon concentrator (molecular weight cutoff, 3,000) and assayed for quantity
(Bradford assays), purity (sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis, Coomassie blue staining), quality (Western blot analyses), and binding
activity (gel shift analyses). Fractions with the highest purity, quality, and binding
activity in good quantity were chosen for further analyses.
For in vivo interaction of p65 and YB-1, 5 3 105 U-87MG cells were seeded

in 10-mm-diameter plates and transfected with 10 mg of p65 expression plasmid
(pCMV-p65), 10 mg of YB-1 expression plasmid (pHis-T7 YB-1), or 10 mg of
each plasmid expressing p65 and YB-1. The total amount of DNA was kept
constant at 30 mg by the addition of vector plasmid (pCMV) DNAs to each
transfection mixture. After 36 h, nuclear extracts were prepared and analyzed by
Western blotting or immunoprecipitation followed by Western blotting. Anti-
body to His-T7 (Invitrogen) and p65 (Santa Cruz) were commercially prepared.

FIG. 1. Structure of the JC virus promoter. The schematic depicts the archi-
tecture of the JC transcriptional control region which lies between the transcrip-
tion initiation start sites of the early and late genes. Specific sequences of the
NF-kB site, the GG(A/C) repeat sequence, the B domain, and the D domain are
detailed on either side of the schematic.
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Computer analysis. Comparative sequence analyses were performed with the
software programs BESTFIT and SIGNALSCAN, transcription factor (TF)
sites, and analysis of the eukaryotic promoter databases (GenBank).

RESULTS

Effect of NF-kB/rel subunits on JC expression. To examine
the effect of various NF-kB/rel subunits on JC gene expression,
reporter constructs with either the full-length late promoter
(pJCVL) or the late promoter with a deletion of the NF-kB site
(pJCVLDkB) cloned upstream of the CAT gene were tran-
siently transfected into the U-87MG human astrocytic cell line
along with eukaryotic expression plasmids for individual NF-
kB/rel subunits.
p52 and p50 reproducibly and modestly (2.5- and 1.3-fold,

respectively) repressed reporter activity from the pJCVL con-
struct, whereas p65 increased the expression (3.6-fold) from
the same construct (Fig. 2A and C). Under similar conditions,
a control HIV-1 promoter construct containing the NF-kB site
showed a similar responsiveness to the NF-kB/rel subunits
(unpublished observations). This functional similarity between
the JC NF-kB and the HIV-1 NF-kB sites is expected, given
the striking homology between the NF-kB motifs of these two
viruses.
Surprisingly, expression from the deletion construct

(pJCVLDkB) showed a reciprocal responsiveness to the NF-kB/
rel subunits. p52 and p50 significantly transactivated the
pJCVLDkB construct (5.0- and 3.7-fold, respectively), while p65
repressed transcription (1.9-fold) from the viral promoter (Fig.
2B and C). This effect is unique for JC, since the HIV-1
constructs lacking the NF-kB site were unresponsive to the
NF-kB/rel subunits (unpublished observations; also shown in
reference 30). Additionally, JC promoter constructs with mu-
tations in the NF-kB site were transactivated by p50 and p52
and repressed by p65 (27a).
Since NF-kB is also regulated by subcellular compartmen-

talization, nuclear and cytoplasmic extracts from U-87MG cells
transiently transfected with various subunits were examined by

mobility shift assays for nuclear enrichment of the transfected
subunits. A dramatic increase in binding to the NF-kB site in
the nuclear extracts and a more subtle increase in binding in
the cytoplasmic extracts confirmed previous observations that
the transfected subunits are largely nuclear (data not shown).
The data suggest a duality of NF-kB/rel-mediated effects on

the pJCVL promoter activity. The presence of the NF-kB site
on the JC promoter renders a classic portrait of p50 and p52 as
repressors and p65 as an activator. The absence of the NF-kB
site on the JC promoter inverts the picture with p50 and p52 as
activators and p65 as a repressor.
Identification of NF-kB/rel-responsive regions. Deletion

analyses were performed to identify the NF-kB/rel-responsive
regions on the JC promoter. Sequential deletions through the
first or second 98-bp repeat pointed to the existence of a more
downstream responsive region. The level of activation by p50
and p52 appeared to be increased (compare the average 10-
fold activation seen with the pJCVD19 construct with the 4- to
5-fold activation seen with the larger constructs) and the re-
pression by p65 appeared to be decreased with the sequential
deletions. This is largely a consequence of progressively lower
basal activity of the smaller reporter constructs, which may
tend to magnify the activation and minimize the repression by
the NF-kB/rel subunits. Normalization of basal activity with
higher concentrations of the smaller reporter constructs
tended to reproduce the changes with the larger constructs.
Expression from the smallest deletion construct, pCAT-D

(formerly called pJCVLD11), was augmented (8- to 10-fold) by
p52/p50 and attenuated (2-fold) by p65. The basal reporter
construct, pCAT, alone showed no response to the subunits,
potentially identifying sequences between 1240 and 1270 on
the viral genome as an NF-kB/rel-responsive region. This re-
sponsive region has previously been characterized as the D
domain (Fig. 1). The pJCV2DDDkB construct, which lacks both
the NF-kB site and the D domain, was unresponsive to the
NF-kB/rel subunits (Fig. 3). These data identify the D domain
as the second NF-kB/rel-responsive region on the JC pro-

FIG. 2. Effect of NF-kB/rel subunits on JC expression. (A and B) Representative experiments examining the effect of 2 mg of individual NF-kB/rel subunits on the
expression of 2 mg of JC promoter constructs in U-87MG cells. Line schematics above each panel describe the pJCV and pJCVDkB constructs. (C) Bar graph showing
the average activity from three experiments of the JC promoter in the presence of NF-kB subunits. Numbers above the bars represent the average fold activation with
standard deviation.
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moter. Importantly, the NF-kB/rel subunits were able to mod-
ulate expression from the D domain only in the absence of a
functional NF-kB site on the JC viral promoter.
pJCV2DD, a full-length construct lacking the D domain,

behaved like pJCVL with activation by p65 and p50/p52, re-
spectively. Furthermore, pCAT-kB, which contains a minimal
promoter with only the NF-kB site, responded to p65 and
p50/p52 in a manner similar to pJCVL. It appears that the
absence or presence of the D domain has no influence on the
effect of the NF-kB/rel subunits on the expression from a
NF-kB site.
These data point to the existence of two NF-kB/rel-respon-

sive regions within the JC viral promoter: the NF-kB site and
the D domain. These sites show a curious reciprocal regulation
by NF-kB/rel subunits, with activation by p65 and repression by
p50/p52 of the transcription from the NF-kB site and activa-
tion by p50/p52 and repression by p65 of the transcription from
the D domain.
Interaction between NF-kB/rel subunits. Cotransfection

analyses with dimeric combinations of the NF-kB/rel subunits
were performed to evaluate their functional interactions on the
D domain. Titration of increasing concentrations of p65 grad-
ually squelched the p52-mediated activation of transcription
from the pCAT-D construct (Fig. 4A, compare lanes 2 and 3
with lanes 5 and 6, lanes 8 and 9, and lanes 11 and 12). Similar
experiments indicated that p50 and p52 can overcome the
transcriptional effect of p65 on promoters driven by either the
NF-kB site or the D domain (data not shown). Taken together,
these data suggest that the NF-kB/rel subunits p50/52 and p65

are mutually antagonistic in terms of their transcriptional ac-
tivity from either the D domain or the NF-kB site.
Nuclear proteins that bind to the D domain. The identifi-

cation of the D domain as a potential NF-kB/rel-responsive
region on pJCVL led to investigation of the interaction be-
tween the NF-kB/rel proteins and the D domain. Computer-
aided analysis indicated no similarity between optimal binding
sites for various NF-kB/rel dimers (24) and the D domain.
Competition gel shift analyses and antibody supershift exper-
iments revealed no evidence for the presence of NF-kB/rel
subunits in nucleoprotein complexes formed with the D-do-
main oligonucleotide (unpublished data). Thus, we suspected
that the interplay between NF-kB subunits and other cellular
proteins may have been responsible for the observed regula-
tory action of NF-kB on the JC D domain. Computer-aided
analyses of the D domain revealed no potential binding sites
for TATA-binding protein, C/EBP, SP1, SRF, GR, NF-IL6,
and other identified partners for NF-kB/rel. However, these
analyses indicated a high degree of similarity between the D
domain and another region on the JC promoter, the B domain,
which is the binding site for the Y-box family member the YB-1
transcription factor (9, 21, 23, 44, 48). To examine the impor-
tance of this similarity, competition DNA-binding studies were
carried out with glial nuclear extracts and various oligonucle-
otide competitors (Fig. 5). The homologous competitor (D), as
well as competitors from the B domain of JC virus, were able
to compete for the binding of some nucleoprotein complexes
to the D domain (Fig. 5A, lanes 2 and 3). However, neither a
variant of the B domain, B*, which lacks the CT-rich se-

FIG. 3. Identification of the NF-kB-responsive subunits on the JC promoter. The organizational structure of the various JC promoter constructs, with numbers that
reflect positions on the viral genome, is given on the left. The designations adjacent to the map represent the name of each plasmid reporter construct. The panel on
the right portrays the effect of 2 mg of the various NF-kB/rel subunits on 2 mg of each reporter construct in U-87MG cells, with arrows depicting the overall effect and
numbers in parentheses showing the average fold effect with standard deviation. The numbers are all standardized to the basal level of expression of each reporter
construct. NC, no change.
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quences, nor the NF-kB-binding site had an effect on the
nucleoprotein complexes (lanes 4 and 5). Binding of YB-1 to
the D domain was examined by supershift analysis, and the
results suggested the presence of YB-1 in the more slowly
migrating complex (31a). The reported molecular mass of
YB-1 (37 to 42 kDa) (47) is in agreement with the previously
reported 43-kDa nucleoprotein complex detected on the D
domain (1).
Next, direct interaction of YB-1 with the D domain was

further investigated by using purified, prokaryotically ex-
pressed YB-1 in a competition band shift assay. YB-1 binds the
D domain under native conditions with a sequence require-
ment similar to that of the more slowly migrating complex in
the U-87MG nuclear extract, as evidenced by competition
analysis (Fig. 5B). Oligonucleotides from the B domain effi-
ciently competed for YB-1 binding to the D domain (Fig. 5B,
lane 2), while the variant of the B sequence, B*, and the NF-kB

site did not (lanes 3 and 4). We attempted to identify specific
nucleotides on the D domain that were in contact with YB-1.
Methylation interference assay did not show any protection
over G residues of the D domain (unpublished observations).
This result is not surprising, given the nature of YB-1 as a
CT-tract binding protein.
Taken together, these data provide compelling evidence that

YB-1 interacts with the D domain. The identity of other D-
domain-binding proteins is of interest, in terms of their poten-
tial interaction with YB-1 and the NF-kB/rel members.
Interaction of YB-1 and the NF-kB/rel subunits with the D

domain. We examined the potential interactions between
YB-1 and the NF-kB/rel members in mobility shift assays with
highly purified prokaryotically produced proteins. As shown in
Fig. 6A, addition of p50 to the binding-reaction mixture did
not significantly affect YB-1 binding to the D domain even at
the highest concentration (compare lane 1 with lanes 2 to 4).

FIG. 4. Dose-dependent effect of NF-kB/rel subunits on the pCAT-D construct. The effect of increasing concentrations (0, 0.5, and 2.5 mg) of pRSV-p52 on the
expression of the pCAT-D construct (1 mg) in the presence of increasing concentrations of pRSV-p65 (0 mg [lanes 1 to 3] 0.5 mg [lanes 4 to 6], 2.5 mg [lanes 7 to 9],
and 12.5 mg [lanes 10 to 12]) in U-87MG cells was examined. The overall amounts of pRSV in each transfection were brought to 15 mg with RSV-bgal plasmid. (A)
Representative experiment; (B) average activation observed over several experiments.
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Furthermore, p50 was unable to bind the D domain (lane 5).
On the other hand, at higher concentrations, p65 was able to
disrupt binding of YB-1 to the D domain (Fig. 6B, compare
lane 1 with lane 4). This disruptive effect of p65 is specific for
YB-1, because it showed no effect on the binding of another
DNA-binding protein, GF-1, to the D domain (unpublished
observations). At high concentrations, the highly purified p65
was able to bind, albeit weakly, the D domain (Fig. 6B, lane 5).
This interaction, however was not detected in the presence of
YB-1 (compare lane 5 with lane 4). It should be noted that the
heterodimer p50-p65 complexes were able to decrease the
binding of YB-1 to the D domain, although not as efficiently as
p65 did. Again, no complexes were detected between p50/p65
and the D domain (data not shown).
In parallel studies, increasing concentrations of YB-1 had

virtually no effect on p50 binding to the NF-kB probe (Fig. 6C,
compare lane 1 with lanes 2 to 4). YB-1 by itself was unable to
bind to the NF-kB site (lane 5). Interestingly, addition of
increasing concentrations of YB-1 to the binding-reaction mix-
ture dramatically increased the association of p65 and the
NF-kB probe (Fig. 6D, compare lane 1 with lanes 2 to 4).
Similar concentrations of either a control bacterial protein, i.e.,
maltose-binding protein, or GF-1 showed no effect on p65
binding (data not shown).
Taken together, these data suggest that p65 and YB-1 have

the ability to influence each other’s binding ability to their
respective targets. p65 diminishes YB-1 binding to the D do-
main, and, in turn, YB-1 increases p65 binding to NF-kB. The
reciprocal nature of the interaction between YB-1 and p65
implies direct protein-protein contact.
Preliminary far Western data obtained with highly purified

p65 and YB-1 suggested a direct and specific interaction be-
tween YB-1 and p65 but not between YB-1 and p50 (31a). To
evaluate the interaction between p65 and YB-1 in vivo, expres-
sion plasmids producing histidine-tagged YB-1 (His-T7 YB-1)
and p65 (pCMV-p65) were constructed and introduced into
U-87MG glial cells. Nuclear extracts were examined by immu-

noprecipitation Western blot analyses for the level of expres-
sion of the proteins and their association with each other.
Western blot analyses indicate detectable levels of nuclear
expression of a 65-kDa protein species with anti-p65 antibody
(Fig. 7A, lane 1) and a 40-kDa protein species (corresponding
to the expected size of the YB-1 fusion protein) with the
anti-His-T7 antibody (Fig. 7C, lane 1). As expected, the 65-kDa
protein species was immunoprecipitated by anti-p65 antibody
(Fig. 7A, compare lane 1 with lane 3). A similar 65-kDa pro-
tein species was detected in the anti-p65 probe of the Western
blot of the immunocomplex pulled down with anti-His-T7 an-
tibody (Fig. 7B, lane 3). This result suggests that p65 and YB-1
interact with each other in the transfected glial cells. In the
reciprocal experiment, a 40-kDa protein species can be de-
tected by the anti-His-T7 Western blot of the immunocomplex
pulled down with the anti-p65 antibody (Fig. 7C, compare lane
1 with lane 3). Taken together, these observations strongly
suggest that YB-1 and p65 bind to each other in vivo.
Functional interaction between YB-1 and NF-kB. Transient-

transfection assays were performed to examine the biological
relevance of YB-1 and p65 interaction, with regard to the
regulation of JC promoter activity from both the NF-kB site
and the D domain.
YB-1 was able to activate transcription from a minimal pro-

moter containing the JC NF-kB site (pCAT-kB) (Fig. 8A, lane
1; Fig. 8B, lane 2). The ability of YB-1 to activate transcription

FIG. 5. YB-1 binds to the D domain. (A) Competition mobility shift assays
were performed with nuclear extracts from U-87MG cells and labeled D-domain
probe in either the absence (lane 1) or presence of a 1,000-fold excess of cold
unlabeled oligonucleotides derived from the homologous D domain (lane 2), the
B domain (lane 3), a mutant variant of the B domain, B* (lane 4), and the NF-kB
site (lane 5). (B) A similarly organized competition experiment with bacterially
produced YB-1. FIG. 6. Interaction between YB-1 and NF-kB/rel subunits. Mobility shift

assays were performed with purified prokaryotically expressed proteins and la-
beled probes from either the D domain (A and B) or the NF-kB site (C and D).
Increasing concentrations (10, 100, and 1,000 ng) of purified p50 (A, lanes 2 to
4) or purified p65 (B, lanes 2 to 4) were incubated with 10 ng of purified YB-1
prior to the addition of the D-domain probe. The binding activities of these
proteins individually to the D domain can be seen for 10 ng of YB-1 (A and B,
lanes 1), 1,000 ng of p50 (A, lane 5), and 1,000 ng of p65 (B, lane 5). In the
reciprocal experiments, increasing concentrations of YB-1 (10, 100 and 1,000 ng)
were incubated with 1 ng of either purified p50 (C, lanes 2 to 4) or p65 (D, lanes
2 to 4). The binding activities of these proteins individually to the NF-kB site can
be seen for 1 ng of p50 (C, lane 1), 1 ng of p65 (D, lane 1), or 1,000 ng of YB-1
(C and D, lanes 5). Overall protein amounts and volumes per reaction were
normalized with bovine serum albumin.
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from pCAT-kB was dependent upon the presence of a func-
tional NF-kB site, because mutations in the NF-kB site abol-
ished the transactivational ability of YB-1 (data not shown).
Cotransfection assays indicated that YB-1 attenuated the p50-
and p52-mediated repression of pCAT-kB (Fig. 8A, compare
lane 3 with lanes 5, 7, and 9). In contrast, YB-1 synergistically
enhanced the p65-mediated transcriptional activation of
pCAT-kB (compare lane 11 with lane 13). In the antisense
orientation, YB-1 decreased the ability of p65 to activate tran-
scription from the NF-kB site (compare lane 11 with lane 16).
These observations suggest that YB-1/p65 interaction may be
relevant for both the basal and p65-mediated transactivation of
the NF-kB site.
YB-1 exhibited no effect on transcription from a minimal

promoter containing the D domain (pCAT-D) (Fig. 8A, lane 2;
Fig. 8B, lane 1). YB-1 did not affect p65-mediated repression
from the D domain (Fig. 8A, compare lane 12 with lane 14).
One explanation is that the very low transcriptional activity
observed in the presence of p65 may mask any corepressive
effect of YB-1. In contrast, YB-1 enhanced p50/52-mediated
transactivation of pCAT-D (compare lane 4 with lane 6, and
lane 8 with lane 10). Again, in the antisense orientation, YB-1
overcame p50-mediated activation from the D domain (com-
pare lane 8 with lane 18). These observations suggest that
YB-1 is involved in the transcriptional activation from the D
domain by p50/52.
In light of the demonstrated physical interaction between

p65 and YB-1, additional cotransfection experiments were per-
formed to examine the functional interplay between p50 and
YB-1. The ability of YB-1 to activate expression from the
NF-kB site was overcome by titration of increasing concentra-
tions of p50 (Fig. 8B, compare lanes 6, 10, and 14). This effect
is more pronounced than the repressive effect of p50 on the
basal expression from the pCAT-kB promoter (compare lanes
6, 10, and 14 with lanes 4, 8, and 12, respectively). Since
p50-p65 complexes do not interact well with YB-1, these ob-
servations allow speculation that p50 functions to sequester
p65 from interaction with YB-1 and thus decrease the net
transcriptional activity of YB-1 from an NF-kB site.
The expression of pCAT-D mediated by p50 was also more

dramatic in the presence of YB-1 (Fig. 8B, compare lanes 5, 9,
and 13 with lanes 3, 7, and 11). Perhaps p50 functions to

sequester p65 from YB-1 and the D domain, allowing YB-1 to
bind to and activate transcription from the D domain.
To further evaluate these hypotheses, we used mutant ver-

sions of NF-kB/rel proteins. The inactive full-length versions of
p50 and p52, i.e., p105 and p100, respectively, were unable to

FIG. 7. Interaction between YB-1 and p65 in glial cells. U-87MG cells were
transfected with His-T7 YB-1 and/or p65, alone or together, by the calcium
phosphate precipitation method. After 36 h, nuclear extracts were prepared and
analyzed by Western blot assay either directly (lanes 1) or after being immuno-
precipitated with preimmune serum (lanes 2) or specific antibodies (lanes 3) as
indicated above the lanes. (A and B) Blots were reacted with anti-p65 antibody
(Santa Cruz); (C) blot was incubated with His-T7 antibody (Invitrogen). The
arrows in panels A and B depict the position of the band corresponding to p65;
the arrow in panel C points to the 40-kDa YB-1 fusion protein. The asterisks
indicate immunoglobulin G heavy and light chains from immunoprecipitation.
Lane M, protein high-molecular-weight marker.

FIG. 8. Functional interaction between YB-1 and the NF-kB/rel subunits.
(A) The effect of 2 mg of pRSV p52 (lanes 3 to 6), pRSV p50 (lanes 7 to 10), and
pRSV p65 (lanes 11 to 14) on the expression from 1 mg of the indicated reporter
plasmids in the presence of 2.5 mg of pCMV (lanes 3 and 4, 7 and 8, and 11 and
12) or 2.5 mg of pCMV YB-1 (lanes 5 and 6, 9 and 10, and 13 and 14) in U-87MG
cells was examined. The effect of 2.5 mg of pCMV YB-1 alone is shown (lanes 1
and 2). The change in transcriptional activity measures the change in the fold
activation or repression over basal, which is defined as the effect of 2.5 mg of
pCMV on the reporter construct. The effect of 2.5 mg of pCMV antisense YB-1
either alone (lanes 15 and 17) or in the presence of p50 (lane 16) or p65 (lane 18)
is also depicted. (B) The effect of 12.5 mg of pCMV YB-1 on the expression from
1 mg of the indicated reporter plasmids in the presence of increasing but sub-
optimal concentrations of pRSVp50 (0 mg [lanes 1 and 2], 0.25 mg [lanes 5 and
6], 0.5 mg [lanes 9 and 10], and 1.25 mg [lanes 13 and 14]) in U-87MG cells was
examined. The effect of pRSVp50 alone (0.25 mg [lanes 3 and 4], 0.5 mg [lanes
7 and 8], and 1.25 mg [lanes 11 and 12]) is also shown. Symbols:■, pCAT-kB;
u, pCAT-D.
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affect transcription from promoters driven by the NF-kB site or
the YB-1-binding sites on the D domain or the B domain (31a).
In an attempt to further elucidate the effect of the functional

interaction between p65 and YB-1, further experiments were
performed with p65 deletion mutants (Fig. 9). We observed
that a truncated version of p65, lacking both the rel homology
domain and the IkB-binding domain (amino acids 1 to 298),
activated expression from the pCAT-D construct but was un-
able to significantly affect the expression from the pCAT-kB
construct (Fig. 9B, line 4). These data suggest that this trun-
cated p65 acts in a dominant negative manner with respect to
both the NF-kB site and the D domain. Interestingly, in the
presence of this dominant negative p65 construct, YB-1 is able
to enhance the expression from the pCAT-D construct (Fig.
9C, line 2). Furthermore, the presence of the dominant nega-
tive p65 construct abrogated the ability of YB-1 to affect ex-
pression from the pCAT-kB construct (Fig. 9C, line 2). Put
together, these data support our model of regulation of the JC
promoter by NF-kB/rel subunits.

DISCUSSION

We examined the paradigm of NF-kB/rel in the context of
JC virus and observed an interesting dual and reciprocal reg-
ulation. We have demonstrated the presence of two NF-kB/
rel-responsive regions on the viral promoter, a bona fide con-
sensus NF-kB site and the D domain. The constitutive NF-kB/
rel subunits, p50 and p52, negatively regulate expression from
JC promoter constructs (pJCVL, pCAT-kB) containing the
NF-kB site and positively regulate the transcription of JC pro-
moter constructs (pJCVLDkB, pCAT-D) containing the D do-

main. A reciprocal pattern can be seen for the inducible sub-
unit, p65, with activation of promoters containing the NF-kB
site and repression of promoters containing the D domain. The
dual regulation of JC virus by NF-kB/rel subunits is indepen-
dent of the orientation of the viral promoter or of the presence
of the viral transactivator protein, the large T antigen, or of the
cell type (unpublished observations). Furthermore, the consti-
tutive and inducible subunits tend to act in a mutually antag-
onistic manner with regard to either site on the viral promoter.
Our data presented here suggest that a D-domain-binding

protein, YB-1, interacts with p65 with functional conse-
quences. p65 may repress transcription from the D domain via
direct interaction with the D domain or, indirectly, via inter-
action with YB-1. p50-mediated activation of the D domain
may be a consequence of its ability to titrate p65 away from
potential interactions with either YB-1 or the D domain itself.
This proposed mechanism supports previous dissectional stud-
ies that revealed no potential transactivational domains within
p50 and p52 (6, 8, 50).
YB-1 exhibits the ability to modulate both basal and acti-

vated levels of transcription of pJCVL through the NF-kB site.
These data point to a potential role for YB-1 as a transcrip-
tional coactivator for the regulation of transcription from a
NF-kB site. On the other hand, the inability of increasing
concentrations of YB-1 alone to significantly affect transcrip-
tion from the D domain may reflect the unchanged ratios of
the NF-kB subunits in the vicinity of the D domain.
Pieced together, these data can be assembled into the model

illustrated in Fig. 10. The basal state contains both p50 and p65
in the nucleus, allowing for various combinations of NF-kB
dimers, including p50-p50 homodimers, p50-p65 heterodimers,
and the occasional p65-p65 homodimers. Each dimer can po-
tentially interact with the NF-kB site, and their collective in-
fluence accounts for the basal transcriptional level from this
site (Fig. 10A, upper diagram). YB-1 could also play a role in
basal levels of NF-kB driven transcription by its influence on
p65 interaction with the NF-kB site. On the other hand, p65
attenuates the binding of YB-1 to the D domain. The effective
level of basal transcription from the D domain is thus a con-
sequence of YB-1 as well as its interaction with p65 (Fig. 10A,
lower diagram).
Excess p50 alters the combinatorial dimerization of subunits

in favor of predominantly p50-p50 homodimers and the occa-
sional p50-p65 heterodimer. p50 homodimers are compara-
tively poor transactivators and thus may account for the de-
crease in basal transcription from the NF-kB site (Fig. 10B,
upper diagram). On the other hand, the preponderance of p50
creates a relative dearth of p65 homodimers in the vicinity of
the D domain. YB-1, in the absence of the disrupting influence
of p65, could account for the increased transcription from the
D domain (Fig. 10B, lower diagram).
Excess p65 alters the combinatorial dimerization of subunits

in favor of p50-p65 heterodimers and p65-p65 homodimers
(10, 16). The abundance of p65-maintaining dimers ensures
the interaction of the powerful p65 transactivational domain
with DNA and causes the increase in the basal transcription
from the NF-kB site (Fig. 10C, upper diagram). p65 ho-
modimers further increase the transcription from the NF-kB
site by virtue of their increased DNA affinity upon interaction
with YB-1. On the other hand, the surplus of p65 increases the
likelihood of a YB-1–p65 interaction. In addition, p65 at high
concentrations could bind to the D domain and account for the
decreased transcription from the D domain (Fig. 10C, lower
diagram).
The ability of the NF-kB/rel subunits to modulate transcrip-

FIG. 9. Functional interaction between YB-1 and mutant p65 constructs. (A)
A schematic depicting the functional domain of p65 previously dissected (16).
(B) Effect of 5 mg of pCMV-p65 constructs on the expression of 1 mg of indicated
reporter plasmid. The overall effect and numbers in parentheses show fold effect
on transcription of the reporter constructs. The numbers are normalized to the
basal level of expression of each reporter construct. (C) Representative experi-
ment showing the fold effect of 2 mg of pCMV-p65 constructs on transcription
from 2.5 mg of pCAT-D and 1 mg of pCAT-kB reporters in the absence or
presence of 5 mg of pCMV-YB-1.
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tion from the D domain led us to investigate whether a similar
scenario was under way with another YB-1-binding site on the
JC promoter, the B domain. We found that p50 and p52 in-
creased transcription from a minimal promoter containing
multiple copies of the B domain cloned upstream of a CAT
reporter gene. The extent of activation and repression was
reproducibly less pronounced (1.5- to 2-fold) with reporter
constructs containing only one copy of the B domain. However,
a more noticeable effect (3.5- to 5-fold) was seen with con-
structs containing multiple copies (three or more) of the B
domain cloned upstream of the CAT reporter gene (data not
shown). Perhaps the D domain represents a more optimal site
for the interaction between YB-1 and the NF-kB/rel subunits.
The choice of YB-1 as a target for p65 is intriguing. The C

terminus of p65 may be involved in p65–YB-1 protein-protein
interaction, because a deletion of this region results in a trans-
dominant negative construct. The alternating acidic basic re-
gions at the N terminus of YB-1 represent the most likely
domain of YB-1 involved in protein-protein interactions (47).
Our analysis with deletions of YB-1 indicates that this may
indeed be the case (unpublished observations). Some members
of YB-1 have a dual function: regulation of transcription by
binding to DNA in the nucleus (44) and regulation of transla-
tion by binding to mRNA in the cytoplasm. Recently, a mem-
ber of the YB-1 family has been shown to be one of the major
proteins of messenger ribonucleoprotein particles (13). YB-1
has been shown to have both a nuclear and cytoplasmic local-
ization in eukaryotic cells (47). The dual localization of YB-1
and the NF-kB subunits may allow for interactions in both the
nucleus and the cytoplasm or in transit between these subcel-
lular compartments. The complex paradigm of NF-kB, with its
multiple levels of regulation, potentially provides the cell with
an exquisite control mechanism over both constitutive and
induced NF-kB activity.
The implications of this dual regulation of the JC virus lytic

cycle deserve close scrutiny. The D domain contains the tran-
scription initiation start site of many of the late viral RNA
species, yet there is no consensus TATA box or initiator site

that drives transcription from this site (1). The basal (unin-
duced) transcription of the viral late promoter is positively
regulated by p50/p52 via the D domain, whereas induced tran-
scription is positively regulated by p65 via the NF-kB site.
These data suggest that stimulation with specific agents could
induce a switch in the determinant of viral gene expression
from the D domain to the NF-kB site, as a functional conse-
quence of altered stoichiometric ratios of the NF-kB subunits.
Viruses with mutations in the NF-kB site may still be regulated
by NF-kB/rel subunits and may offer the virus an important
backup route for expression in the absence of exogenous stim-
uli.
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