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Human polyomavirus JC virus (JCV) is a causative agent of progressive multifocal leukoencephalopathy
which results from lytic infection of glial cells. Although significant progress has been made in understanding
the regulation of JCV gene transcription, the mechanism(s) underlying the viral lytic cycle remains largely
unknown. We recently reported that the JCV late auxiliary Agnoprotein may have a regulatory role in JCV gene
transcription and replication. Here, we investigated its regulatory function in viral gene transcription through
its physical and functional interaction with YB-1, a cellular transcription factor which contributes to JCV gene
expression in glial cells. Time course studies revealed that Agnoprotein is first detected at day 3 postinfection
and that its level increased during the late stage of the infection cycle. Agnoprotein is mainly localized to the
cytoplasmic compartment of the infected cell, with high concentrations found in the perinuclear region. While
the position of Agnoprotein throughout the infection cycle remained relatively unaltered, the subcellular
distribution of YB-1 between the cytoplasm and nucleus changed. Results from coimmunoprecipitation and
glutathione S-transferase pull-down experiments revealed that Agnoprotein physically interacts with YB-1 and
that the amino-terminal region of Agnoprotein, between residues 1 and 36, is critical for this association.
Further investigation of this interaction by functional assays demonstrated that Agnoprotein negatively
regulates YB-1-mediated gene transcription and that the region corresponding to residues 1 to 36 of Agno-
protein is important for the observed regulatory event. Taken together, these data demonstrate that the
interaction of the viral late regulatory Agnoprotein and cellular Y-box binding factor YB-1 modulates tran-
scriptional activity of JCV promoters.

The human polyomavirus JC virus (JCV) is the etiologic
agent of progressive multifocal leukoencephalopathy, which is
a fatal demyelinating disease of the central nervous system
observed primarily in immunocompromised patients (4, 9, 25).
JCV is a small DNA virus, and its genome is composed of three
functional domains including viral early and late coding re-
gions and viral noncoding regulatory elements (8). JCV is
closely related to other polyomaviruses, including simian vac-
uolating virus 40 (SV40) and the human BK virus (BKV), all of
which have significant sequence homology in their coding se-
quences. The JCV late genome, like those of SV40 and BKV,
contains an open reading frame for a small auxiliary protein
designated Agnoprotein, whose function in the JCV lytic cycle
remains unknown. Previous studies on both SV40 and BKV
have established that the Agnoproteins for both viruses are
expressed during the late phase of infection (18, 19, 37), and
mutational analysis of SV40 Agnoprotein suggested that it may
have a regulatory role in the viral lytic cycle including viral
assembly (19, 27, 30, 31), transcription, translation, and matu-
ration (1, 13, 14). However, the mechanisms involved in such
implicated functions are currently unknown.

Transcriptional regulation of the JCV early and late promot-
ers during the viral lytic cycle is a complicated event that
requires participation of both viral and cellular factors. During

the past 10 years we and others have identified and character-
ized a number of cellular transcription factors which are in-
volved in JCV gene regulation including the Y-box binding
protein YB-1 (6, 21, 39, 40), NF-�B, Sp-1, Tst-1, NF-1, and
Pur� (2, 6, 10, 15, 33–36, 41, 43). At the initial stages of
infection, only host cellular factors are responsible for expres-
sion of early genes in the absence of the viral large T antigen.
Cellular transcription factor YB-1 has been shown to have the
ability to transactivate viral genes driven from JCV early and
late promoters (6, 21, 40). Specifically, we recently demon-
strated that YB-1 functionally interacts with the viral early
regulatory protein T antigen and synergistically activates tran-
scription from the JCV late promoter (39). YB-1 is a member
of a large family of Y-box DNA binding proteins (50), whose
members are conserved from bacteria to higher eukaryotes.
YB-1 was originally cloned by virtue of its binding to CT-rich
double-stranded oligonucleotide spanning the DRA X and Y
elements found within the promoters of human major histo-
compatibility complex class I genes (7). Y-box binding proteins
consist of three domains: a variable glycine-rich N terminus, a
highly conserved central nucleic acid recognition domain, and
a hydrophilic C terminus tail domain. The central nucleic acid
recognition domain is also known as the cold shock domain
and shows 43% homology to the bacterial cold shock protein
(11). The tail domain, which is thought to stabilize protein-
DNA interactions, contains alternating clusters of predomi-
nantly basic or acidic amino acids. Compiled experimental
evidence indicates that Y-box binding proteins are involved in
a wide variety of biological functions including regulation of
gene expression at both transcriptional (20, 21, 28, 29, 39, 40)
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and translational levels (47, 50) and DNA repair (26). The
family members were shown to be induced by stress-related
stimuli including UV irradiation (22), anticancer agents (16,
23, 32), hypothermia (44), and small affecter molecules such as
thrombin and interleukin-2 (38, 45, 46).

Like that for all other viruses, the regulation of JCV gene
expression is not governed solely by the presence or absence of
a particular viral or cellular transcription factor in a given cell;
rather delicate interactions among host transcription factors
and/or interactions between host and viral regulatory proteins
determine pathways for a successful viral life cycle. Our recent
efforts concentrated on revealing the mechanisms underlying
the functional role of Agnoprotein in the viral life cycle
through its interactions with both viral and cellular transcrip-
tion factors. In this regard, we have demonstrated that Agno-
protein can functionally interact with the viral early regulatory
protein large T antigen and can play a regulatory role in T-
antigen-mediated viral DNA replication and gene transcrip-
tion (42). In this report, we further examined its regulatory role
in JCV gene expression through its interaction with cellular
transcription factor YB-1. Our results show that JCV late Ag-
noprotein physically and functionally interacts with YB-1 and
suppresses YB-1-mediated activation of transcription from
both viral promoters.

MATERIALS AND METHODS

Cell lines and viruses. U-87MG (ATCC HTB14), a human glioblastoma cell
line, was grown in Dulbecco’s modified Eagle’s medium supplemented with 10%
heat-inactivated fetal bovine serum and antibiotics (penicillin and streptomycin,
100 �g/ml). SVG-A is a subclonal population of a human glial cell line which was
established by transformation of human fetal glial cells with an origin-defective
SV40 mutant and which has been previously described (24). It should be noted
that these cells are not considered infected but rather cells transformed by SV40
large T antigen. The growth conditions for SVG-A were the same as those
described for U-87MG. Both cell lines were maintained at 37°C in a humidified
atmosphere with 7% CO2. It is difficult to study the life cycle of JCV in tissue
culture because of its restrictive replication in only primary human fetal glial
cells. Established cell line SVG-A partially alleviates this requirement and offers
a convenient cell system to study the JC virus infection cycle. Since the prototype
JCV Mad-1 strain does not grow well on this established cell line, a hybrid virus
(Mad-1/SVE�) was constructed using SV40 and JCV by insertion of the 72- and
21-bp repeats of SV40 into the regulatory region of the Mad-1 strain of JCV on
the late side of the 98-bp repeats. DNA sequence analysis of a selected clone of
the hybrid virus grown in human fetal glial cells indicated a 294-bp deletion from
the original construction. This clone (kindly provided by E. O. Major, National
Institute of Neurological Disorders and Stroke, National Institutes of Health,
Bethesda, Md.) (49) retained the sequences from the JCV replication origin, 78
bp of one 98-bp repeat, 33 bp of one SV40 72-bp repeat, and one intact 72-bp
repeat.

Plasmid constructs. The pBLCAT3-Mad-1L and the pBLCAT3-Mad-1E re-
porter constructs containing the regulatory region of JCV Mad-1 strain in the
late and early orientations, respectively, have been previously described (6).
Plasmid pGEX1�T-Agno (1-71), encoding a glutathione S-transferase (GST)
fusion protein construct of JCV Agnoprotein, and its deletion mutants
pGEX1�T-Agno (1-54), pGEX1�T-Agno (1-36), pGEX1�T-Agno (18-71),
pGEX1�T-Agno (18-54), pGEX1�T-Agno (37-71), and pGEX1�T-Agno (55-
71) have been previously described (42). In addition, pGEX1�T-YB-1 (1-318),
pGEX1�T-YB-1 (1-203), pGEX1�T-YB-1 (1-125), pGEX1�T-YB-1 (1-75), and
pGEX1�T-YB-1 (1-37), encoding GST–YB-1 fusion protein constructs, have
been described previously (40). Eukaryotic gene expression plasmid for full-
length YB-1 pEBV-HisA-YB-1 and its deletion mutants pcDNA3-YB-1 (126-
318), pcDNA3-YB-1 (204-318), and pcDNA3-YB-1 (250-318) have been de-
scribed previously (40). Furthermore, eukaryotic expression plasmid for full-
length JCV Agnoprotein pEBV-HisA-Agnoprotein and its deletion mutants
pEBV-HisA-Agnoprotein (1-36) and pEBV-HisA-Agnoprotein (55-71) have
been previously described (42). Baculovirus expression systems for both Agno-
protein and YB-1 were created with the commercially available pFastBact HTb

expression vector (Gibco BRL). Plasmid pGEX1�T-Agno (1-71) was digested
with restriction enzymes BamHI and EcoRI; the Agnoprotein fragment was gel
purified, and its coding sequence was subsequently subcloned in-frame into the
BamHI/EcoRI sites of the pFastBact HTb expression vector. The pGEX1�T-
YB-1 (1-318) plasmid was digested with BamHI and EcoRI; the YB-1 fragment
was gel purified, and then its coding sequence was subcloned in frame into
BamHI/EcoRI sites of the pFastBact HTb expression vector. Recombinant bacu-
loviruses for both Agnoprotein and YB-1 were prepared according to the man-
ufacturer’s recommendation.

Transient transfection assays. U-87MG cells were transfected by the calcium
phosphate precipitation method (12) with reporter constructs alone or in com-
bination with Agnoprotein (pEBV-His Agno) and YB-1 (pEBV-His-YB-1) ex-
pression plasmids. Plasmid concentrations used in each transfection experiment
are indicated below and/or in the figure legends. The total amount of DNA
transfected into the cells was normalized with the respective empty vector. A
glycerol shock was applied at 4 h posttransfection, and the medium was replen-
ished. At 48 h posttransfection, cells were lysed by freeze-thaw cycles. After
clearance of cell debris, the protein concentrations of the supernatants were
normalized and the chloramphenicol acetyltransferase (CAT) activity of samples
was determined by utilizing 100 �g of protein for each sample. Transfections
were repeated more than three times with different plasmid preparations, and
standard deviations were indicated by error bars.

Expression and purification of recombinant GST fusion proteins. Overnight
cultures (150 ml) of Escherichia coli DH5�, transformed with either pGEX1�T-
Agno or pGEX1�T-YB-1 or their respective deletion mutant plasmids, were
diluted 1:10 in fresh Luria-Bertani broth supplemented with ampicillin (100
�g/ml). Cultures were induced with 0.4 M isopropyl-�-D-thiogalactopyranoside
(IPTG) at an optical density of 0.4 at a wavelength of 595 nm and were incubated
for an additional 2 h at 37°C. Cells were collected by centrifugation and resus-
pended in 10 ml of lysis buffer containing 20 mM Tris-HCl (pH 8.0), 100 mM
NaCl, 1 mM EDTA, 0.5% Nonidet P-40 supplemented with 1 mM phenylmeth-
ylsulfonyl fluoride, 2 mM pepstatin A, 0.6 mM leupeptin, and 2 mM benzami-
dine. After sonication, lysates were cleared by centrifugation at 10,000 � g and
incubated with 150 �l of 50% glutathione-Sepharose beads (Pharmacia, Piscat-
away, N.J.) overnight at 4°C. GST fusion proteins were purified by three cycles
of washing and centrifugation with 5 ml of lysis buffer and analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by
Coomassie blue staining.

GST affinity chromatography assays (GST pull-down). For the GST pull-down
assay, 2 �g of either GST alone or GST-Agnoprotein or its deletion mutants
immobilized on glutathione-Sepharose beads was incubated with 0.5 mg of
whole-cell extract prepared from U-87MG cells transfected with pEBV-HisA-
YB-1 expression plasmid overnight at 4°C in lysis buffer containing 50 mM
Tris-HCl (pH 7.4), 150 mM NaCl, and 0.5% Nonidet P-40 and supplemented
with a cocktail of proteinase inhibitors (Sigma). Formed complexes bound to
Sepharose beads were washed extensively with lysis buffer and resolved by SDS-
10% PAGE, followed by Western blot analysis using an anti-T7 antibody (In-
vitrogen) directed against the histidine tag of YB-1. In reciprocal GST pull-down
assays, 0.5 mg of whole-cell extract from U-87MG cells transfected with pEBV-
His-Agnoprotein expression plasmid was incubated with either GST or GST–
YB-1 (2 �g each) and bound complexes were resolved by SDS–15% PAGE and
analyzed by Western blotting using an anti-T7 antibody directed against the
histidine tag of Agnoprotein. Additionally, whole-cell extracts from U-87MG
cells transfected with the pEBV-His-YB-1 expression plasmid were treated with
ethidium bromide (100 ng/ml) or DNase I (0.2 U/�g of protein) or RNase I (0.5
U/32 �g of protein) prior to incubation with GST-Agnoprotein to examine
whether the observed interaction between Agnoprotein and YB-1 is mediated by
a DNA or RNA molecule.

For mapping studies, 0.3 mg of whole-cell extract from U-87MG cells trans-
fected with pEBV-His-YB-1 expression plasmid was incubated with GST, GST-
Agnoprotein, or GST-Agnoprotein amino- and carboxy-terminal deletion mu-
tants immobilized on glutathione-Sepharose beads. Bound complexes were
analyzed by Western blotting using an anti-T7 antibody for the detection of
histidine-tagged YB-1. In reciprocal-mapping studies, 4 �l of 35S-labeled in
vitro-translated Agnoprotein was incubated with 2 �g of GST, GST–YB-1, or
GST–YB-1 amino-terminal deletion mutants. Alternatively, 4 �l of 35S-labeled in
vitro-translated amino-terminal YB-1 deletion mutants was incubated with full-
length GST-Agnoprotein fusion proteins immobilized on glutathione-Sepharose
beads. All reactions were performed in a total reaction volume of 400 �l in lysis
buffer overnight at 4°C with continuous rocking. After incubation, the beads were
washed extensively with lysis buffer. In both cases, complexes were resolved by
SDS–15% PAGE and the presence of Agnoprotein or YB-1 amino-terminal
deletion mutants was determined by autoradiography.
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In vitro transcription and translation assay. Agnoprotein (42) and YB-1
amino-terminal deletion mutants [YB-1(126-318), YB-1(204-318), and YB-
1(250-318)] (40) were radiolabeled with [35S]methionine by using a TNT coupled
in vitro transcription-translation system (Promega, Madison, Wis.) according to
the recommendations of the manufacturer.

Coimmunoprecipitation and Western blot analysis. For coimmunoprecipita-
tion studies, SF9 insect cells were coinfected with recombinant baculoviruses
expressing Agnoprotein and YB-1. On the third day postinfection, cells were
collected and whole-cell lysates were prepared in lysis buffer containing 20 mM
Tris-HCl (pH 7.4), 150 mM NaCl, 0.5% NP-40, and a cocktail of proteinase
inhibitors. Two micrograms of anti-YB-1 antibody (a polyclonal rabbit anti-YB-1
antibody raised against a peptide of YB-1 amino acids 242 to 267) was incubated
with 0.5 mg of whole-cell extract overnight at 4°C with continuous rocking.
Immunocomplexes were precipitated by the addition of protein A-Sepharose
beads (20 �l of 50% slurry) (Pharmacia) for an additional 2 h and washed
extensively with lysis buffer. Immunocomplexes were resolved by SDS–15%
PAGE and transferred onto an immunoblotting membrane for 15 min at 250
mA. The membrane was probed with an anti-Agnoprotein antibody raised
against a mixture of Agnoprotein peptides (peptides spanning amino acids 1 to
36, 20 to 53, and 36 to 70), developed with an ECL detection kit (Amersham,
Arlington Heights) according to the manufacturer’s recommendations, and an-
alyzed for the presence of Agnoprotein. For the analysis of Agnoprotein expres-
sion during the course of the JCV infection cycle, SVG-A cells were infected with
Mad-1/SVE� hybrid virus at 10 PFU/cell. Infections were terminated at various
time points as indicated in the respective figure legends, and whole-cell lysate for
each sample was prepared, resolved by SDS–15% PAGE, blotted onto a nitro-
cellulose membrane (250 mA for 10 min), and analyzed by Western blotting
using an anti-Agnoprotein rabbit polyclonal antibody. For detection of expressed
JCV capsid proteins, whole-cell lysates prepared from infected cells at different
time points were analyzed by Western blotting using a rabbit polyclonal antibody
raised against the SV40 capsid protein (Lee Biomolecular Research, San Diego,
Calif.), which is cross-reactive with JCV viral proteins.

Indirect immunofluorescence microscopy. Indirect immunofluorescence mi-
croscopy studies were conducted as previously described (3). Briefly, SVG-A
cells were seeded on polylysine-coated glass chamber slides in low density. Next
day, cells were washed twice with phosphate-buffered saline (PBS) and infected
with Mad-1/SVE� virus at 10 PFU per cell. Cells were then fixed with cold
acetone at various time points of infection as indicated in the respective figure
legends. Fixed cells were blocked with 5% bovine serum albumin in PBS for 2 h
and incubated either with preimmune rabbit polyclonal antibodies or with anti-
Agnoprotein rabbit polyclonal primary antibodies for 1 h. Cells were subse-
quently washed three times with PBS–0.01% Tween 20 for 10-min intervals and
incubated with an anti-rabbit fluorescein isothiocyanate (FITC)-conjugated goat
secondary antibody for 45 min. Finally, slides were washed three times with PBS,
mounted, and examined by fluorescence microscopy for expressed Agnoprotein.
In parallel assays, the subcellular distribution of the endogenous YB-1 transcrip-
tion factor during the course of infection was also examined by indirect immu-
nofluorescence microscopy utilizing a primary polyclonal anti-YB-1 rabbit anti-
body [anti-YB-1(242-267); a kind gift from R. Kelm, Mayo Clinic/Foundation,
Rochester, Minn] and an anti-rabbit FITC-conjugated secondary goat antibody.

RESULTS

Expression of Agnoprotein during infection. To examine the
expression pattern of Agnoprotein during the course of infec-
tion, SVG-A cells were infected with JCV and, at various time
points after infection, whole-cell lysates were prepared and
analyzed by Western blotting. As shown in Fig. 1A, Agnopro-
tein is detectable as early as the third day postinfection. The
levels of Agnoprotein increased in a time-dependent manner
between 3 and 10 days postinfection and stabilized or slightly
declined beyond 10 days after infection. Parallel examination
of viral capsid proteins VP-1, VP-2, and VP-3 in infected cells
revealed that the time of the initial expression of these proteins
during the infection cycle coincides with that of Agnoprotein,
suggesting that late transcripts of JCV are translated simulta-
neously to generate all late proteins. Of note, SV40 Agnopro-
tein and viral capsid proteins are not expressed in uninfected
SVG-A cells (Fig. 1A and B, respectively, lanes 1). This elim-

inates the possibility that cross-reactivity of the antibodies may
contribute to the experimental outcome.

To examine the subcellular distribution of Agnoprotein dur-
ing the course of infection, SVG-A cells seeded on glass cham-
ber slides were infected with Mad-1/SVE�, fixed at various
time points following infection, and, after incubation with pri-
mary (anti-Agnoprotein rabbit polyclonal) and secondary (an-
ti-rabbit FITC-conjugated goat polyclonal) antibodies, were
examined by fluorescence microscopy. As shown in Fig. 2B to
D, Agnoprotein is mainly localized to the cytoplasmic com-
partment of the cell, with high concentrations found in the
perinuclear area particularly at the late stages of infection. It is
also apparent that Agnoprotein can be moderately distributed
to the nuclear compartment. This is in agreement with previ-
ous observations in which SV40 and BKV Agnoproteins were
detected in the cytoplasmic and perinuclear areas of the in-
fected cells (5, 17, 37). To ensure specificity of the anti-Agno-
protein antibody, infected and uninfected samples were also
reacted with preimmune antisera and no staining was observed
(data not shown).

We have previously demonstrated that cellular transcription
factor YB-1 is involved in regulation of transcription from JCV
gene promoters (6, 21, 40). Results from several laboratories
indicated that YB-1 can be induced by a variety of stress-
related stimuli, including UV irradiation (22), anticancer
agents (16, 23, 32), and hypothermia (44). Viral infection can
also create a stressful environment for host cells and lead to
the induction of several important regulatory proteins. Exam-
ples of such an inducible protein are members of the NF-�B
family of transcription factors, which, under normal conditions,
are retained in the cytoplasmic compartment; upon induction
by a variety of extracellular stimuli, including viral infection,
they translocate to the nucleus and stimulate stress-responsive
genes (48). As recent studies pointed to the stress inducibility
of YB-1, we sought to determine whether viral infection plays
a role in its subcellular distribution. To test this possibility, we
performed indirect immunofluorescence microscopy studies
on JCV-infected cells utilizing primary (anti-YB-1 polyclonal
rabbit) and secondary (anti-rabbit FITC-conjugated polyclonal
goat) antibodies. As shown in Fig. 2E to H, in accord with

FIG. 1. Analysis of Agnoprotein expression by Western blotting
during the course of infection. (A) SVG-A cells were infected with
Mad-1/SVE� hybrid virus at multiplicity of infection of 10, and whole-
cell lysates were prepared at various time points after infection (Ifxn.)
as indicated. Twenty micrograms of whole-cell lysate for each time
point was analyzed by Western blotting using an anti-Agnoprotein
polyclonal rabbit antibody. Agno, band corresponding to the Agno-
protein. (B) Expression of viral capsid proteins. Whole-cell lysates
prepared for panel A were also analyzed for the presence of viral
capsid proteins by Western blotting using polyclonal rabbit antibodies
raised against SV40 capsid proteins, which are cross-reactive with JCV
capsid proteins. VP-1, VP-2, and VP-3 are indicated. Lanes 1, whole-
cell lysate from uninfected cells loaded as a negative control.
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earlier data (50), endogenous YB-1 is mainly localized to the
cytoplasmic compartment in uninfected cells (E). During early
infection, no noticeable change in the subcellular distribution
of YB-1 was observed (F). However, as the infection cycle
progressed, the difference became more apparent, as YB-1 was
mainly localized to the nucleus (G). Further, as the infection
cycle approached its termination point, the level of YB-1
seemed to increase and its subcellular localization shifted back
to the cytoplasmic compartment. In accord with previous ob-

servations, treatment of SVG-A cells with UV irradiation
caused translocation of YB-1 from nuclei to cytoplasm (data
not shown) (22). We repeated these experiments two addi-
tional times with similar results. Immunostaining of nonin-
fected and infected cells with preimmune antisera (negative
control for anti-YB-1 antibody) did not show any noticeable
changes with respect to YB-1 induction, indicating the speci-
ficity of immunostaining (data not shown). Of note, although
the subcellular distribution of YB-1 is affected by viral infec-

FIG. 2. Subcellular distributions of both Agnoprotein and YB-1 during the infection cycle were examined by indirect immunofluorescence
microscopy. SVG-A cells were grown on tissue culture glass slides and infected with Mad-1/SVE� at multiplicity of infection (MOI) of 10. Infected
cells were fixed with cold acetone on days 5, 10, and 15 postinfection as indicated (B to D, Agnoprotein; F to H, YB-1). Samples were incubated
with either polyclonal rabbit anti-Agnoprotein (A to D) or polyclonal rabbit anti-YB-1(242-267) (E to H) primary antibodies followed by
incubation with a FITC-conjugated goat anti-rabbit secondary antibody. Samples were examined by fluorescence microscopy for the detection of
Agnoprotein and YB-1. (A and E) Negative controls for Agnoprotein and YB-1, respectively. (I) Western blot analysis of nuclear YB-1 levels in
infected cells. SVG-A cells were infected with hybrid virus (Mad-1/SVE�) at an MOI of 10. Nuclear extracts (40 �g of protein/lane) prepared on
days 5, 10, and 15 postinfection were subjected to SDS–10% PAGE and analyzed by Western blotting using an anti-YB-1(242-267) antibody. Lane
1, nuclear extracts from uninfected cells loaded as a negative control; lane 2, nuclear extracts from UV-treated cells loaded as a positive control.
(J) (Top) Northern blot analysis of YB-1 message in infected cells. In parallel to Western blot analysis of the nuclear proteins for YB-1, total RNA
(20 �g of RNA/lane) prepared from uninfected (lane 1) and infected cells (lanes 2 to 6) was analyzed by Northern blotting for the presence of
the YB-1 transcript. Arrow, hybridized YB-1 message. (Bottom) Analysis of total RNA prepared from both uninfected (lane 1) and infected cells
(lanes 2 to 6) by ethidium bromide staining. Both 18S and 28S rRNA bands indicate the integrity of total RNA analyzed for the YB-1 message.
Ifxn, infection.
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tion, it is not influenced by the expression of SV40 T antigen
alone. We also examined YB-1 induction at the level of tran-
scription and translation. As shown in Fig. 2I, Western blot
analysis of nuclear extracts from infected (lanes 3 to 5) versus
uninfected (lane 1) cells clearly indicates a noticeable increase
in the level of YB-1 in infected cells, suggesting that nuclear
translocation of YB-1 is induced by viral infection. Interest-
ingly, a relatively high accumulation of YB-1 at day 10 postin-
fection correlates with our observations from immunostaining
studies with the same data point (Fig. 2G). As expected, YB-1
levels in the nucleus are increased upon UV treatment (Fig. 2I,
lane 2, positive control). In parallel, we also analyzed total
RNA from the same data points by Northern blotting for the
induced level of YB-1 mRNA. The data indicated that YB-1
mRNA levels remained relatively unaltered throughout the
infection cycle, implying that YB-1 induction occurs at the
level of translation rather than transcription. Taken together,
these observations demonstrate that, although the subcellular
distribution of Agnoprotein throughout the infection cycle re-
mained relatively unaltered, YB-1 oscillates between nucleus
and cytoplasm during the late phase of infection.

Functional interaction between Agnoprotein and YB-1 on
the JCV promoters. We previously reported that Agnoprotein
and YB-1 negatively and positively regulate the transcriptional
activity of JCV promoters, respectively (21, 39, 40, 42). In
addition, the above immunofluorescence studies demonstrated
that the subcellular distribution of YB-1 is modulated during
the infection cycle, further suggesting the involvement of YB-1
in virus growth. Hence, we sought to determine whether Ag-
noprotein exhibits any influence on YB-1-mediated transcrip-
tion of the viral promoters. To that end, cotransfection exper-
iments were performed with glial cell line U-87MG by using
reporter constructs containing the JCV early (Fig. 3A) and late
(Fig. 3B) gene promoters alone or together with expression
plasmids for Agnoprotein and YB-1. As shown in Fig. 3A,
cotransfection of the reporter construct with a YB-1 expression
plasmid resulted in an increase in the transcriptional activity of
the viral early promoter (compare lane 2 to lane 1). Expression
of Agnoprotein in the transfected cells decreased the level of
viral promoter activation by YB-1 (compare lane 2 to lanes 3
and 4). In agreement with previous observations (42) overex-
pression of Agnoprotein alone suppressed the basal transcrip-
tion of the early promoter (compare lanes 1 and 5).

Similar results were observed when the effect of Agnopro-
tein and YB-1 on viral late promoter activity was examined. As
shown in Fig. 3B, production of Agnoprotein was accompanied
by suppression of YB-1-induced transcription of the viral late
promoter in glial cells. Additionally, we have statistically com-
pared CAT values for the data points of Fig. 3A and B sepa-
rately by pairwise analysis of variance with the Bonferroni
correction for multiple comparisons. P values less than or
equal to 0.05 from such comparisons indicated a statistical
difference between data points, implying that the negative ef-
fect of Agnoprotein on YB-1-induced activation of JCV pro-
moters is statistically significant. In conclusion, these findings
demonstrate that Agnoprotein negatively influences YB-1-in-
duced transactivation from JCV promoters.

Physical interaction of Agnoprotein with YB-1. Our obser-
vations from functional studies suggested that Agnoprotein
may physically interact with YB-1. To test this possibility, we

first performed in vitro GST pull-down experiments. Bacteri-
ally expressed GST or GST-Agnoprotein was immobilized on
glutathione-Sepharose beads and incubated with whole-cell
extracts prepared from transfected U-87MG cells expressing
histidine-tagged YB-1, His–YB-1. Proteins bound to GST or
GST-Agnoprotein were analyzed by Western blotting using an
anti-histidine tag antibody. As shown in Fig. 4A, His–YB-1 was
retained on the Sepharose column containing GST-Agnopro-
tein (lane 6). An interaction of this type between YB-1 and
GST alone was not observed (lane 5), indicating the specificity
of association of YB-1 and Agnoprotein. Incubation of protein
extracts from untransfected cells with GST alone (lane 3) or
GST-Agnoprotein (lane 4) showed no protein band corre-
sponding to His–YB-1, further verifying the specificity of this
observation. Under our experimental conditions and based on
densitometric scanning of our autoradiograms, 5.6% of the
input of YB-1 was retained in the GST-Agnoprotein column.

In reciprocal GST pull-down assays, protein extracts pre-
pared from U-87MG cells transfected with an Agnoprotein
expression plasmid were incubated with either GST (lane 3) or
GST–YB-1 (lane 4) and bound proteins were analyzed by
Western blotting using antibodies against the histidine tag of
Agnoprotein. As demonstrated in Fig. 4B, Agnoprotein pro-
duced in transfected cells was retained in the GST–YB-1 glu-
tathione column (lane 6) but not in the GST column (lane 5),
demonstrating the specificity of interaction between Agnopro-
tein and YB-1. As expected, no band was detected in protein
extracts from untransfected cells incubated either with GST
(lane 3) or GST–YB-1 (lane 4). Under conditions similar to
those stated above, 7.9% of input Agnoprotein was retained in
the GST–YB-1 column.

In addition to examining protein-protein interaction be-
tween YB-1 and Agnoprotein by utilizing cellular extracts, we

FIG. 3. Effect of Agnoprotein on YB-1-mediated activation of JCV
promoters. (A and B) Agnoprotein suppresses YB-1-mediated trans-
activation from JCV promoters. Reporter plasmid constructs contain-
ing the JCV early (pBLCAT3-Mad-1E) and late (pBLCAT3-Mad-1L)
gene promoters were transfected into U-87MG cells alone or in com-
bination with Agnoprotein (pEBV-His-Agnoprotein) and YB-1
(pEBV-His-YB-1) expression plasmids. Expression plasmid DNA con-
centrations used in the transfections are indicated at the bottom (in
micrograms per 60-mm-diameter plate). At 48 h posttransfection, cells
were lysed by freeze-thaw cycles. After clearance of cell debris, protein
concentrations of the supernatants were normalized and CAT activity
of samples was determined by utilizing 100 �g of protein for each
sample. The data are represented as CAT activity relative to basal-
level expression of the promoter. The results of a representative CAT
assay are shown at the top. All results are means of three independent
experiments; bars, standard deviations.
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investigated this interaction using a cell-free system. As shown
in Fig. 4C, in vitro-transcribed and translated full-length YB-1
specifically and strongly interacts with GST-Agnoprotein (lane
3) but not GST alone (lane 2) in a GST pull-down assay; this
result further confirms the observed interaction between YB-1
and Agnoprotein.

To determine whether the interaction between Agnoprotein
and YB-1 is mediated through nucleic acids, the GST-Agno-
protein fusion protein and the protein extract from U-87MG
cells expressing His–YB-1 were pretreated with either
ethidium bromide, DNase I, or RNase prior to the pull-down
step. As shown in Fig. 4D, neither ethidium bromide (lane 5)
nor DNase I (lane 6) nor RNase (lane 7) treatment signifi-
cantly affected the efficiency of binding between GST-Agno-
protein and YB-1, suggesting that the interaction of Agnopro-
tein and YB-1 is independent of nucleic acids.

Next, to further examine the association of Agnoprotein
with YB-1, we performed coimmunoprecipitation experiments.
Protein extracts prepared from SF9 cells coinfected with re-
combinant baculoviruses expressing YB-1 and Agnoprotein

were immunoprecipitated either with preimmune serum (con-
trol) or an anti-YB-1(242-267) antibody, and immunocom-
plexes were analyzed by Western blotting for the presence of
Agnoprotein with an anti-Agnoprotein antibody. As shown in
Fig. 5A, Agnoprotein was coimmunoprecipitated with YB-1
and was detected by the anti-Agnoprotein antibody (lane 6).
Under conditions similar to those stated above, 3.12% of Ag-
noprotein was coimmunoprecipitated with the antibody to
YB-1. The specificity of this coimmunoprecipitation was veri-
fied by the absence of a band corresponding to Agnoprotein
when protein extracts from either uninfected or infected cells
were incubated with normal mouse serum (lanes 3 and 5,
respectively). Furthermore, the anti-YB-1 antibody showed no
cross-reactivity with cellular proteins from uninfected cells
(lane 4). Figure 5B demonstrates the detection of expressed
YB-1 in infected cells by Western blot analysis. Altogether,
results from both in vitro GST pull-down and coimmunopre-
cipitation experiments demonstrate that Agnoprotein associ-
ates with YB-1.

Localization of Agnoprotein sequences important for inter-

FIG. 4. In vitro interaction of Agnoprotein with YB-1. (A and B) Agnoprotein and YB-1 interact in GST pull-down assays. (A) Whole-cell
extracts (0.5 mg) prepared from untransfected U-87MG cells (lanes 1, 3, and 4) and from U-87MG cells transfected with YB-1 expression plasmid
pEBV-His-YB-1 (lanes 2, 5, and 6) were incubated with either GST alone (lanes 2 and 5) or GST-Agnoprotein (lanes 4 and 6). After being washed,
proteins interacting with GST or GST-Agnoprotein were analyzed by Western blotting using an anti-T7 antibody for detection of histidine-tagged
YB-1. Whole-cell extracts from U-87MG cells either untransfected (lane 1) or transfected with pEBV-His-YB-1 expression plasmid (lane 2) were
loaded as negative and positive controls, respectively (50 �g/lane). Tfxn, transfection. (B) In reciprocal GST pull-down assays, whole-cell extracts
(0.5 mg) prepared from untransfected U-87MG cells and from U-87MG cells transfected with Agnoprotein expression vector pEBV-His-
Agnoprotein were incubated with GST alone or GST–YB-1 as indicated. Bound proteins were analyzed by Western blotting as described for panel
A using an anti-T7 antibody to detect histidine-tagged Agnoprotein. Whole-cell extracts (50 �g/lane) from transfected cells were immunopre-
cipitated (IP) with preimmune (�-pre; lane 1) and anti-Agnoprotein (�-Agno; lane 2) antibodies and loaded as negative and positive controls,
respectively. Open arrow, migration position of a small fragment of immunoglobulin of the antibodies used in immunoprecipitation. (C) Full-length
in vitro-translated and [35S]methionine-labeled YB-1 (IVT YB-1) interacts with GST-Agnoprotein in a cell-free system. In vitro-labeled full-length
YB-1 was incubated with either GST (lane 2) or GST-Agnoprotein fusion protein (lane 3), both of which were already immobilized on GST beads.
(D) After extensive washing of the column with binding buffer, bound proteins were resolved by SDS-10% PAGE and analyzed by autoradiography.
Whole-cell extracts prepared from U-87MG cells transfected with the YB-1 expression plasmid were treated with either ethidium bromide (Et-Br;
100 ng/ml; lane 5) or DNase I (0.2 U/�g of protein; lane 6) or RNase I (0.5 U/�g of protein; lane 7) (42) prior to incubation with GST-Agnoprotein,
and bound proteins were analyzed by Western blotting as described for panel A.
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action with YB-1. In the next series of experiments, we mapped
the region of Agnoprotein which interacts with YB-1. A series
of bacterially expressed Agnoprotein deletion mutants fused to
GST were incubated with protein extract from U-87MG cells
overexpressing YB-1. Protein complexes were resolved by
SDS-PAGE and analyzed by Western blotting using an anti-
Agnoprotein antibody. As shown in Fig. 6A, removal of the
regions of Agnoprotein positioned between residues 55 and 71

(lane 5), 37 and 71 (lane 6), and 1 and 17 (lane 7), as well as
the simultaneous deletion of residues 1 to 17 and 55 to 71, had
no effect on the ability of Agnoprotein to bind YB-1. Deletion
of residues 1 to 36 and 1 to 54 completely inhibited association
of Agnoprotein with YB-1, indicating that the residues be-
tween 18 and 36 of Agnoprotein are important for its associ-
ation with YB-1. Figure 6B illustrates the Coomassie blue-
stained SDS-PAGE gel of the full-length and mutant
Agnoproteins which were used in this study and verifies the
integrity of the protein preparations. A schematic of the GST
pull-down assay depicting the regions of Agnoprotein which
bind to YB-1 is presented in Fig. 6C.

Mapping of the interaction domain of YB-1 with Agnopro-
tein. To identify the protein domains within YB-1 which confer
the interaction with Agnoprotein, a series of YB-1 carboxy-
terminal (Fig. 7A) deletion mutants fused with GST were pre-
pared and incubated with in vitro-synthesized [35S]methionine-
labeled Agnoprotein. In agreement with the results shown in
Fig. 4A, GST–YB-1 but not GST bound to Agnoprotein (Fig.
7, lanes 2 and 3). A YB-1 carboxy-terminal deletion mutant
retaining residues 1 to 203 showed a slight increase in Agno-
protein binding activity, suggesting that a region in the carboxy
terminus of YB-1 may exert a negative effect on the interaction
between YB-1 and Agnoprotein. The remaining three carboxy-
terminal deletion mutants retaining residues 1 to 125, 1 to 75,
or 1 to 37 showed no YB-1 binding activity.

We also examined the Agnoprotein binding activities of
three in vitro-synthesized YB-1 amino-terminal deletion mu-

FIG. 5. (A) Coimmunoprecipitation of Agnoprotein with YB-1.
Coimmunoprecipitation experiments were performed as described in
Materials and Methods. Antibodies used for the respective lanes are
shown at the top. �-pre is as defined for Fig. 4. Whole-cell extracts
prepared from uninfected (lane 1) and infected (lane 2) Sf9 cells were
loaded as negative and positive controls, respectively (50 �g/lane).
Arrowhead, position of immunoglobulin light chain detected by the
secondary antibody. IP, immunoprecipitation; Ifxn, infection. (B)
Western blot analysis of recombinant YB-1 expressed in Sf9 insect
cells.

FIG. 6. Mapping of the domain of the interaction between Agnoprotein and YB-1. (A) Whole-cell extracts from U-87MG cells transfected with
YB-1 expression plasmid pEBV-His-YB-1 were incubated with either GST alone (lane 3) or GST-Agnoprotein (lane 4) or Agnoprotein deletion
mutants fused to GST (lanes 5 to 10) immobilized on glutathione-Sepharose beads. Bound complexes were analyzed by Western blotting using an
anti-T7 antibody. Whole-cell extracts prepared from untransfected (lane 1) and transfected (lane 2) U-87MG cells were loaded as negative and
positive controls, respectively. Tfxn, transfection. (B) Analysis of GST and GST-Agnoprotein and its deletion mutants by SDS-PAGE. (C) Sum-
mary of the results obtained from in vitro mapping assays. �, ability of Agnoprotein and its deletion mutants to interact with YB-1; 	, no
interaction.
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tants, including YB-1(126-318), YB-1(204-318), and YB-
1(250-318), by GST pull-down assays. For these mutants we
utilized in-vitro synthesized proteins, as our initial studies
showed that GST fusion proteins corresponding to these three
YB-1 deletion mutants are unstable in bacteria. Each deletion
mutant was incubated with either GST or GST-Agnoprotein,
and bound proteins were visualized by autoradiography. As
demonstrated in Fig. 7B, the YB-1 deletion mutant lacking the
residues between 1 and 125 (lane 3) showed a moderate bind-

ing ability. Removal of amino acids 1 to 249 resulted in very
weak Agnoprotein binding activity of YB-1 (lane 9). However,
the deletion mutant that retains amino acid residues 204 to 318
completely abolished the interaction of YB-1 with Agnopro-
tein (lane 6), implying that YB-1 residues 204 to 250 negatively
affect the interaction between Agnoprotein and YB-1. This
finding is consistent with our observation in Fig. 7A, where we
demonstrated that the Agnoprotein binding activity of YB-1
was significantly increased when carboxy-terminal residues 204

FIG. 7. Localization of the domain of the interaction between YB-1 and Agnoprotein. (A) GST (lane 2), GST–YB-1 (lane 3), and GST–YB-1
C-terminal deletion mutants (lanes 4 to 7) were immobilized on glutathione-Sepharose beads and incubated with in vitro-translated [35S]methi-
onine-labeled Agnoprotein. The Sepharose beads were washed extensively, and bound proteins were resolved by SDS-PAGE and analyzed by
autoradiography. Lane 1, 1/10 of the input Agnoprotein loaded for migration control. Agno, position of in vitro-translated [35S]methionine-labeled
Agnoprotein; IVT-Agno, in vitro translation of Agnoprotein. (B) Three different [35S]methionine-labeled in vitro-translated YB-1 amino-terminal
deletion mutants, i.e., YB-1(126-318), YB-1 (204-318), and YB-1 (250-318), were incubated with GST (lanes 2, 5, and 8) or GST-Agnoprotein
(lanes 3, 6, and 9). Bound proteins were analyzed as described for panel A. Lanes 1, 4, and 7 contain 1/10 of the amount used in the pull-down
experiments with YB-1(126-318), YB-1(204-318), and YB-1 (250-318), respectively. (C) Analysis of GST, GST–YB-1, GST–YB-1 C-terminal
deletion mutants by SDS-PAGE. (D) Summary of the results obtained from in vitro mapping assays. A schematic representation of YB-1 is shown
at the top (not shown to scale). The abilities of YB-1 and its deletion mutants to interact with Agnoprotein are shown on the right (���, very
strong interaction; ��, strong interaction; �, minimal interaction; �/	, weak interaction; 	, no interaction). CSD, cold shock domain.
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to 318 were deleted (lane 4). Taken together, results from
mapping experiments demonstrate that the domain(s) of the
interaction of YB-1 with Agnoprotein lies within the carboxy-
terminal region of the protein between amino acids 126 and
318, where residues 204 to 249 negatively regulate this inter-
action. Figure 7C illustrates the Coomassie blue-stained SDS-
PAGE gel of the full-length YB-1 and YB-1 mutants which
were used in this study. A scheme for these observations is
shown in Fig. 7D.

Effect of mutant Agnoprotein on YB-1-mediated JCV gene
transcription. To further assess the functional interaction be-
tween Agnoprotein and YB-1, we examined the ability of mu-
tant Agnoproteins which have retained or lost their YB-1 bind-
ing activity in GST pull-down assays. We chose mutant
Agnoprotein(1-36), which had the ability to interact with YB-1
in in vitro GST pull-down assays, and mutant Agnoprotein(55-
71), which displayed no YB-1 binding activity. Transient trans-
fection assays were performed utilizing a reporter JCV late
CAT construct and expression plasmids for mutants Agnopro-
tein(1-36) and -(55-71). As shown in Fig. 8A, mutant Agno-
protein(1-36), which binds to YB-1 with the same efficiency as
the full-length protein (Fig. 6A, lane 6), suppressed YB-1-
mediated transcriptional activation from the JCV late pro-
moter while mutant Agnoprotein(55-71) had no effect on the
level of transcriptional activation of the JCV promoter by
YB-1 (Fig. 8B). The findings from functional studies, where we
used mutant Agnoproteins to further verify the interaction
between Agnoprotein and YB-1, corroborate our observations
from in vitro GST pull-down assays (Fig. 6A). Of note, the
stable expression of Agnoprotein mutants used in transfection
assays has been reported previously (42), and therefore the
absence of a functional interaction between YB-1 and mutant
Agnoprotein(55-71) may not be attributed to its lack of expres-
sion in transfected cells. In addition, we also statistically com-
pared CAT data points for Fig. 8A and B in a pairwise manner
to demonstrate that the effect of mutant Agnoprotein(1-36) on
YB-1-induced CAT expression is statistically significant. We

used analysis of variance with the Bonferroni correction for
multiple comparisons for this analysis. The obtained P values
(less than or equal to 0.05) suggested that the effect of mutant
Agnoprotein(1-36) on YB-1-induced CAT expression of the
JCV late promoter is statistically significant. As expected, a
similar comparison of data points for mutant Agnoprotein(55-
71) did not show any statistically significant difference. Taken
together, the data from functional assays utilizing Agnoprotein
mutants, one of which physically and functionally interacts with
YB-1, mutant YB-1(1-36), and the other of which lacks such
characteristics, mutant YB-1(55-71), further confirm the sig-
nificance of the physical and functional interactions between
Agnoprotein and YB-1 in the regulation of JCV gene expres-
sion.

DISCUSSION

In this report, we examined the molecular mechanism(s)
involved in the regulation of JCV gene transcription by JCV
late Agnoprotein via an interaction with cellular transcription
factor YB-1 and showed that Agnoprotein negatively regulates
YB-1-mediated gene transcription. These findings support our
previous observations (42) indicating that Agnoprotein, similar
to large T antigen, has regulatory functions in the JCV life
cycle.

Examination of Agnoprotein expression during the course of
infection by Western blot analysis and immunofluorescence
microscopy demonstrated that its expression is detectable by
both techniques as early as the third day postinfection. Further,
its expression coincides with that of the viral capsid proteins.
As observed for Agnoproteins of the other closely related
polyomaviruses including BKV and SV40, JCV Agnoprotein is
also mainly localized to the cytoplasmic and perinuclear com-
partments of the infected cells. To a lesser extent, however, its
nuclear localization is also apparent. At this moment, it is not
clear what function(s) might be associated with its subcellular
distribution. Studies with SV40 Agnoprotein have suggested

FIG. 8. Two Agnoprotein deletion mutants confirm the interaction between Agnoprotein and YB-1. Shown is the effect of Agnoprotein
deletion mutants on YB-1-mediated transcriptional activation of the JCV late promoter. A CAT reporter plasmid (pBLCAT3-Mad-1L; 7
�g/60-mm-diameter dish) containing the JCV late promoter was transfected into U-87MG cells alone or in combination with expression plasmids
for deletion mutant constructs Agnoprotein(1-36) (A) and Agnoprotein(55-71) (B) and YB-1. The concentrations of expression plasmids in
micrograms are indicated at the bottom. Representative CAT assays are shown at the top. The results represent the means of three independent
experiments. Error bars indicate standard deviations.
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that it may have regulatory roles in the viral lytic cycle includ-
ing viral assembly (19, 27, 30, 31), transcription and translation,
and maturation (1, 13, 14).

Results from in vitro protein-protein interaction studies re-
ported in this paper have clearly shown a direct association
between Agnoprotein and YB-1. Such an interaction does not
appear to be mediated by a nucleic acid molecule, since the
treatment of cell extracts with either DNase I, RNase I, or
ethidium bromide did not result in any noticeable change in
the band intensities corresponding to YB-1. Results from in
vitro mapping experiments utilizing various deletion mutant
constructs demonstrated that the Agnoprotein interaction do-
main of YB-1 is localized to its carboxy-terminal half. This
region of the protein contains alternating basic and acidic
amino acid islands, which are thought to stabilize protein-DNA
interactions, and perhaps acts as a transactivation domain of
the protein (50). Consistent with our observations from trans-
fection assays, when Agnoprotein is coexpressed with YB-1 in
cells, the suppressive effect of Agnoprotein on YB-1-mediated
activation of transcription from both JCV promoters was ob-
served, suggesting that Agnoprotein, by binding to the carboxy-
terminal half of YB-1, may diminish its transcriptional activity.

Many reports indicate that viral infection induces stress in
host cells that can alter the activity of regulatory proteins
including the NF-�B family of transcription factors (48). Such
factors under normal conditions are retained in the cytoplasm
and, upon induction, translocate into the nucleus and thereby
stimulate stress-responsive genes. YB-1 is also a cytoplasmic
stress-inducible factor and can be induced by a variety of
stress-related stimuli including anticancer agents (16, 23, 32),
UV irradiation (22), and hypothermia (44). These observations
suggested that perhaps viral infection may also be an important
factor in its induction. We explored such a possibility by im-
munofluorescence microscopy studies with infected cells. We
observed that, although early during infection the subcellular
distribution of YB-1 was not noticeably altered, as the infec-
tion cycle progressed, its subcellular localization oscillated be-
tween the cytoplasm and the nucleus. This finding strongly
suggests that YB-1 can be induced by viral infection and
thereby may play an important role in JCV gene regulation. In
fact, we have previously demonstrated that YB-1 is able to
upregulate JCV transcription from the viral early promoter in
the absence of the viral early regulatory protein large T antigen
in transfection assays. Together with T antigen, YB-1 is then
able to synergistically transactivate viral late genes (39).

One of the interesting characteristics of viruses is their abil-
ity to use the host machinery to maximize the efficiency of the
viral lytic cycle. It was interesting to observe that Agnoprotein,
which is expressed at the late phase of lytic infection, nega-
tively regulates both viral DNA replication and transcription
(42), suggesting that negative regulation mediated by Agno-
protein on both processes may have physiological conse-
quences for a successful viral life cycle which includes capsid
formation. Experiments are under way to further analyze the
role of Agnoprotein in the JCV life cycle by using JCV Agno
mutant viruses.
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