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Y-box binding protein YB-1 is a member of a family of DNA and RNA binding proteins which have been
shown to affect gene expression at both the transcriptional and translational levels. We have previously shown
that YB-1 modulates transcription from the promoters of the ubiquitous human polyomavirus JC virus (JCV).
Here we investigate the physical and functional interplay between YB-1 and the viral regulatory protein large
T antigen (T-antigen), using JCV as a model system. Results of mobility band shift assays demonstrated that
the efficiency of binding of YB-1 to a 23-bp single-stranded viral target sequence was significantly increased
when T-antigen was included in the binding reaction mixture. Affinity chromatography and coimmunoprecipi-
tation assays demonstrated that YB-1 and T-antigen physically interact with each other. Additionally, results
of transcription studies demonstrated that these two proteins interact functionally on the JCV early and late
gene promoters. Whereas ectopic expression of YB-1 and T-antigen results in synergistic transactivation of the
viral late promoter, YB-1 alleviates T-antigen-mediated transcriptional suppression of the viral early promoter
activity. Furthermore, we have localized, through the use of a series of deletion mutants, the sequences of these
proteins which are important for their interaction. The T-antigen-interacting region of YB-1 is located in the
cold shock domain of YB-1 and its immediate flanking sequences, and the YB-1-interacting domain of
T-antigen maps to the carboxy-terminal half of T-antigen. Results of transient transfection assays with various
YB-1 mutants and T-antigen expression constructs confirm the specificity of the functional interaction between
YB-1 and T-antigen. Taken together, these data demonstrate that the cellular factor YB-1 and the viral
regulatory protein T-antigen interact both physically and functionally and that this interaction modulates
transcription from the JCV promoters.

The Y-box binding proteins are the most evolutionarily con-
served nucleic acid binding proteins, representing a multigene
family identified in a number of organisms ranging from bac-
teria to higher eukaryotes (52, 53). The first of these proteins
from a vertebrate was originally cloned by virtue of its binding
to a C/T-rich double-stranded oligonucleotide spanning the
DRA X and Y elements found within the promoters of human
major histocompatibility complex class I genes (12). The hu-
man homologue of Y-box proteins is called YB-1. In general,
all vertebrate Y-box binding proteins consist of three general
domains: a variable glycine-rich N terminus, a highly conserved
central nucleic acid recognition domain, and a hydrophilic
C-terminal tail domain. No function has yet been assigned to
the glycine-rich N-terminal region. The central nucleic acid
recognition domain is also known as the cold shock domain
(CSD) and shows 43% homology to the bacterial cold shock
protein (CS 7.4) (19). The tail domain contains alternating
regions of predominantly basic or acidic amino acids, each
about 30 amino acids in length. The basic regions are rich in
arginine, glutamine, and proline. The tail domain is thought to
stabilize protein-DNA interactions (52). Since Y-box binding
proteins exhibit a high degree of primary sequence conserva-
tion, particularly in the central DNA binding domain, it has

been suggested that they may have essential structural and
functional roles in eukaryotic cells. In fact, a growing body of
experimental evidence indicates that Y-box binding proteins
are involved in a wide variety of biological functions, including
regulation of gene expression at both the transcriptional (2, 10,
13, 25, 26, 32, 37, 38) and translational (48) levels, DNA and
RNA condensation, and DNA repair (21, 52, 53). In addition,
recent reports indicate that the members of the Y-box family
of proteins are responsive to many types of stress-related stim-
uli, including UV irradiation (8, 28), drug treatment (3, 32),
DNA damage (24, 28), and interleukin-2 treatment in T cells
(45). Our previous results have implicated YB-1 in transcrip-
tional regulation of JC virus (JCV) promoters (26, 46).

JCV, the etiologic agent of the fatal subacute human neu-
rodegenerative disease known as progressive multifocal leu-
koencephalopathy, lytically infects myelin-producing oligoden-
drocytes in the central nervous system. Seroepidemiological
studies have demonstrated that 70 to 80% of adults are sero-
positive for JCV (17). Despite this high prevalence of infec-
tion, progressive multifocal leukoencephalopathy emerges only
in patients with an underlying cellular immunodeficiency, such
as AIDS, lymphoma, or chronic lymphocytic leukemia (5, 29).

The major regulatory protein of JCV, large T antigen (T-
antigen), is a multifunctional phosphoprotein involved in both
viral DNA replication (33–35, 49) and viral gene transcription
(27, 30). It exhibits significant sequence homology (72%) to the
T-antigens of polyomaviruses simian virus 40 (SV40) and BK
virus, with the greatest divergence occurring within the car-
boxy-terminal region (16). Biochemical and genetic analyses of
SV40 T-antigen have defined within the protein discrete sub-
regions with particular biological functions (15). SV40 T-anti-
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gen specifically interacts with sequences within the viral origin
of DNA replication (ori) and, in the presence of ATP, oli-
gomerizes to form a double hexamer structure capable of un-
winding ori sequences (7), thereby creating a replication bub-
ble. Cellular DNA polymerase a-primase recruited to the
DNA replication initiation site initiates the elongation process
via its helicase-ATPase activity (11, 47). The phosphorylation
of T-antigen at selected serine residues, including Ser 120, 123,
677, and 679, appears to diminish its DNA binding and trans-
activation activities (14). In contrast, phosphorylation at the
Thr 124 residue greatly enhances the interaction of T-antigen
with ori sequences and, therefore, its replication and trans-
forming activities (14). Moreover, T-antigen is able to trans-
form primary cells in culture, presumably through its ability to
transactivate cellular genes and inactivate tumor suppressor
proteins, including pRb and p53 (39). JCV T-antigen appears
to have functions in viral DNA replication (33–35) and gene
transcription similar to those of SV40 T-antigen. JCV T-anti-
gen transactivates JCV late genes but suppresses gene tran-
scription from its early promoter via an autoregulatory loop
(17).

We have previously shown that YB-1 regulates JCV gene
transcription from the JCV early and late promoters (10, 26,
46). We have also shown that T-antigen stimulates the binding
of YB-1 to its target sequences in the pentanucleotide repeat
element (PRE), which is found in the regulatory region of JCV
(9). Furthermore, a unique sequence element, designated the
23-bp sequence element (23-bpse) (17, 46), found in the reg-
ulatory region of some JCV strains, including the JCV arche-
type strain and some intermediate forms, also contains binding
sites for YB-1 (17). Therefore, in the present study, we utilized
JCV sequences and promoter reporter constructs as model
systems to investigate the stimulatory effect of T-antigen on
binding of YB-1 to the 23-bpse as well as physical and func-
tional interaction between YB-1 and T-antigen. In this report,
we provide experimental evidence, obtained by several inde-
pendent assays, that the cellular factor YB-1 physically and
functionally interacts with JCV T-antigen.

MATERIALS AND METHODS

Cell lines. HJC-15b (44) cells were derived from JCV-induced hamster brain
tumors (51) and grown in Dulbecco’s modified Eagle’s medium supplemented
with 10% heat-inactivated fetal calf serum and antibiotics (penicillin-streptomy-
cin, 100 mg/ml). U-87MG, a human glioblastoma cell line, was also grown in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf serum
and the same antibiotics. All cells were maintained at 37°C in a humidified
atmosphere with 7% CO2.

Plasmid constructs. The regulatory region of the JCV archetype strain
(JCVCY) was subcloned into the pBLCAT3 vector at the BamHI restriction site
in both the early and late orientations, resulting in constructs designated
pBLCAT3-CyE and -CyL, respectively. The regulatory region of JCVCY was also
subcloned into the pGL3-basic luciferase (Promega, Madison, Wis.) vector in
both the early and late orientations at the BglII restriction site, resulting in
constructs designated pGL3-basic-CyE and pGL3-basic-CyL, respectively. Lucif-
erase reporter plasmids containing point mutations within the 23-bp region of
JCVCY were also constructed and designated pGL3-basic-CyL mut23 (for the
late orientation) and pGL3-basic-CyE mut23 (for the early orientation).
pGEX2T-YB-1 was a kind gift from Gene MacDonald (36). It was originally
cloned into the BamHI and EcoRI sites of the vector. C-terminal deletion
mutants of glutathione S-transferase (GST) fusion proteins of YB-1, pGEX2T-
YB-1(1–37), pGEX2T-YB-1(1–75), pGEX2T-YB-1(1–125), and pGEX2T-YB-
1(1–203), were previously described (46). N-terminal deletion mutants of YB-1,
CMV-YB-1 (126–318) and CMV-YB-1(204–318), were previously described
(46). Cytomegalovirus (CMV)-JCV T-antigen and pMAL-MBP-YB-1 expression
plasmids were described previously (9, 10). pGEX2T-JCV T-antigen and its
deletion mutants were created by PCR amplification. A plasmid containing an
intronless JCV T-antigen coding region (6) was used as a template in PCR
amplification with specific primers. Forward primers were JCT 59-Eco R1 (59-C
TGAGGAATTCATGGACAAAGTGCTG-39), FP aa 266 (59-CTGAGGAATT
CGAAGAAACTAAGCAGGTT-39), FP aa 412: (59-CTGAGGAATTCCTAA
AATGCATTGTATTA-39), and FP aa 629 (59-CTGAGGAATTCGACTTTCC
TAGAGAGGAA-39); reverse primers were JCT-39 Eco R1 (59-CTGAGGAAT

TCTTATTTTGGGGGAGG-39), RP aa 81 (59-CTGAGGAATTCACTATTCC
ATGTACCAAA-39), RP aa 265 (59-CTGAGGAATTCTGGTTCTTCTGGGT
TAAA-39), RP aa 411 (59-CTGAGGAATTCAAAGTCATAAATAACAGT-
39), and RP aa 628 (59-CTGAGGAATTCAAGAATGGGTCTCCCCAT-39).
Resulting PCR fragments were digested with EcoRI and subcloned into the
EcoRI site of the pGEX2T vector. The orientations of the subcloned fragments
in pGEX2T vector were determined by DNA sequencing. The Epstein-Barr virus
(EBV)–His–YB-1 plasmid containing a Rous sarcoma virus (RSV)-driven pro-
moter was previously described (46).

Expression and purification of recombinant proteins. Expression and purifi-
cation of a maltose binding protein (MBP)–YB-1 fusion protein was described
previously (9). For GST fusion proteins, 50-ml overnight cultures of Escherichia
coli DH5a, transformed with either pGEX2T-YB-1 or pGEX2T-JCV T-antigen
or the respective deletion mutant plasmid, were diluted 1:10 in fresh Luria-
Bertani broth supplemented with ampicillin (100 mg/ml). Cultures were induced
with 0.3 M isopropyl-b-D-thiogalactopyranoside (IPTG) at an optical density at
595 nm of 0.5 and incubated for an additional 2 h at 37°C. Cells were collected
by centrifugation and resuspended in 10 ml of a lysis buffer containing 20 mM
Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM EDTA, and 0.5% Nonidet P-40 and
supplemented with 1 mM phenylmethylsulfonyl fluoride, 2 mM pepstatin A, 0.6
mM leupeptin, and 2 mM benzamidine. After sonication, clear cell lysates were
prepared by centrifugation at 12,000 3 g. Lysates were then each incubated with
150 ml of 50% glutathione-Sepharose beads (Pharmacia, Piscataway, N.J.) over-
night at 4°C. GST fusion proteins were purified by three cycles of washing and
centrifugation with 5 ml of lysis buffer. Fusion proteins were analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by
Coomassie blue staining.

Mobility band shift assays. For band shift assays, a single-stranded DNA
fragment representing the early strand (59-CAGTTTTAGCCAGCTCCTCCCT
A-39) of the JCVCY 23-bp sequence was 59 end labeled with [g-32P]ATP by using
polynucleotide kinase and then gel purified. Highly purified bacterially expressed
MBP–YB-1 fusion protein and affinity-purified baculovirus-expressed JCV T-
antigen were mixed, either alone or in combination with the single-stranded
probe (30,000 cpm/reaction), respectively, in a binding buffer containing 0.1 mg
of poly(dI-dC)/ml, 12 mM HEPES (pH 7.9), 4 mM Tris-HCl (pH 7.5), 60 mM
KCl, 5 mM MgCl2, and 0.1 mM dithiothreitol and incubated for 30 min at 4°C.
Protein concentrations in the binding reactions are indicated under the respec-
tive figure legends. The DNA-protein complexes were resolved on 6% polyacryl-
amide gels in 0.53 TBE (13 TBE is 89 mM Tris-HCl [pH 8.0], 89 mM boric acid,
and 2 mM EDTA [pH 8.0]). Gels were dried, and complexes were detected by
autoradiography at 270°C with intensifying screens.

Coimmunoprecipitation assays. The pEBV-His-YB-1 expression plasmid was
transfected into HJC-15b (a hamster astrocytic cell line that constitutively ex-
presses JCV T-antigen) cells via the calcium phosphate precipitation method
(20). At 36 h posttransfection, cells were lysed in a lysis buffer containing 150 mM
NaCl, 20 mM Tris-HCl (pH 7.4), and 0.5% Nonidet P-40 and supplemented with
a cocktail of proteinase inhibitors consisting of 1 mM phenylmethylsulfonyl
fluoride, leupeptin (10 mg/ml), aprotinin (1 mg/ml), and 50 mM sodium fluoride.
Five hundred micrograms of whole-cell extract (treated with DNase I prior to
coimmunoprecipitation assay) in a total volume of 0.5 ml was incubated with
either 0.5 mg of an anti-T7 antibody (Novagen, Madison, Wis.) directed against
the His-tagged YB-1 or 0.5 mg of preimmune antiserum overnight at 4°C. Im-
munocomplexes were precipitated by the addition of protein A-Sepharose beads
(Pharmacia), with an additional 2-h incubation, and washed extensively with lysis
buffer. Immunocomplexes were resolved on an SDS–8% polyacrylamide gel and
analyzed by Western blotting. Blots were probed with an anti-T-antigen antibody
(Ab-2 416; Oncogene, Uniondale, N.Y.) and developed with an ECL detection
kit (Amersham, Arlington Heights, Ill.) in accordance with the recommendations
of the manufacturer.

Transient transfection assays. U-87MG cells were transiently transfected by
the calcium phosphate precipitation method (20) with reporter constructs, alone
or in combination with expression plasmids. Plasmid concentrations used in
transfections are indicated in the respective figure legends, but the total amount
of DNA transfected into the cells was normalized by using the respective empty
vector. In all transfection studies, 1 mg of RSV b-gal, a plasmid expressing
b-galactosidase (b-Gal), was included in the transfection mixture to normalize
for transfection efficiency. A glycerol shock procedure was performed at 4 h
posttransfection, and the medium was replenished. At 48 h posttransfection, cells
were lysed by three freeze-thaw cycles. Cell debris was cleared, and chloram-
phenicol acetyltransferase (CAT) activity of supernatants was determined and
normalized to b-Gal activity. Alternatively, luciferase assays were performed in
accordance with the manufacturer’s (Promega) recommendations. Transfections
were repeated at least three times with different plasmid preparations.

In vitro transcription and translation assay. Full-length YB-1 protein and its
two N-terminal deletion mutants, YB-1 (126–318) and YB-1 (204–318), were
labeled with [35S]methionine by using a TNT coupled in vitro transcription-
translation system (Promega) in accordance with the recommendations of the
manufacturer.

GST affinity chromatography assays (GST pull-down). Physical association
between JCV T-antigen and His–YB-1 proteins was tested by the GST pull-down
assay as described previously (46). Three micrograms of either GST alone or
GST–YB-1 immobilized on Sepharose beads was incubated with 0.5 mg of
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DNase I (2 U/mg of protein)- or ethidium bromide (100 mg/ml)-treated whole-
cell extract prepared from HJC cells, which constitutively express JCV T-antigen,
for 2 h at 4°C in a lysis buffer containing 50 mM Tris-HCl (pH 7.4), 150 mM
NaCl, and 0.5% Nonidet P-40. The protein-complexed beads were washed ex-
tensively with lysis buffer and resolved by SDS–10% PAGE followed by Western
blot analysis with an antibody (Ab-2 416) directed against JCV T-antigen. Sim-
ilarly, either GST or GST-JCV T-antigen immobilized on Sepharose beads was
incubated with an extract prepared from HJC cells transfected with the EBV–
His–YB-1 expression plasmid. The rest of the procedures for GST pull-down
assays were followed as described above. The presence of the His–YB-1 proteins
on Western blots was determined by using an anti-T7 antibody directed against
His-tagged YB-1.

To map the region(s) within JCV T-antigen responsible for interaction with
YB-1, or vice versa, GST pull-down experiments were performed either with
35S-labeled, in vitro-translated YB-1 or with whole-cell extracts prepared from
HJC-15b cells, using GST-JCV T-antigen, GST–YB-1, or the respective deletion
mutant.

RESULTS

In vitro binding of YB-1 is stimulated by T-antigen. We have
previously shown that JCV T-antigen enhances the binding of
YB-1 to the PRE early single strand present within the regu-
latory region of JCV isolates (9). Since the 23-bpse and the
PRE exhibit sequence homology in their C/T-rich regions, we
wanted to determine whether T-antigen would also stimulate
binding of YB-1 to the 23-bp early single-strand sequences. To
test this hypothesis, mobility band shift assays were performed
with recombinant YB-1 and T-antigen proteins and an end-
labeled single-stranded oligonucleotide derived from the early
strand of the 23-bpse, designated 23E. As shown in Fig. 1A,
MBP–YB-1 interacted with the 23E probe in a dose-dependent
manner (lanes 5 to 7), but MBP alone did not (lanes 2 to 4).
Interestingly, T-antigen interacted with 23E but formed large
complexes with the 23E probe, some of which remained in the
wells under native conditions. To examine the specificity of the
interaction between YB-1 and the 23E probe, we performed
competitive band shift assays. The 23E probe was incubated
with YB-1 protein in the absence (lane 1) or presence of 50-

and 250-fold molar excesses of unlabeled competitor DNA. As
demonstrated in Fig. 1B, wild-type 23E DNA efficiently com-
petes with the labeled 23E probe for YB-1 protein (lanes 2 and
3), whereas neither mutant 23E (lanes 4 and 5) nor the double-
stranded 23-bp oligonucleotide (lanes 6 and 7) has an effect on
the binding of YB-1 to its target, indicating the specificity of
the interaction between YB-1 and the 23E probe.

Next, we analyzed whether T-antigen influences the binding
of YB-1 to its target sequences on the 23E probe. As shown in
Fig. 1C, YB-1 alone exhibited a relatively low affinity for the
23E strand (lane 1) at low protein concentrations; however,
simultaneous addition of increasing amounts of T-antigen to
the binding reaction resulted in a significant dose-dependent
increase in binding of YB-1 to the 23E probe (compare lane 1
with lanes 2 and 3). Addition of T-antigen, however, did not
alter the mobility of the YB-1–23E complex. Rather, T-antigen
formed a complex with a slower electrophoretic mobility (lane
4), similar to that evident in Fig. 1A. Under no conditions did
we observe formation of an additional complex, suggesting that
a ternary complex of 23E, YB-1, and T-antigen, if it exists at
all, is either transient or unstable under our gel shift condi-
tions. We further examined the specificity of the T-antigen-
induced binding of YB-1 to the 23E probe by utilizing an
unrelated, bacterially produced GST protein in band shift as-
says. As shown in Fig. 1D, this GST protein did not stimulate
binding of YB-1 to the 23E probe (lanes 2 and 3), indicating
that binding of YB-1 to its target sequences is specifically
stimulated by T-antigen. GST protein alone does not bind to
the 23E probe (lane 4). Taken together, these results demon-
strate that YB-1 interacts specifically with the 23E probe and
that its interaction is specifically stimulated by T-antigen.

Interaction of YB-1 with T-antigen in the absence of DNA.
Our findings from mobility band shift assays suggested that
YB-1 and T-antigen could physically interact with one another
in the absence of DNA. To test this possibility, we performed

FIG. 1. T-antigen induces binding of YB-1 to the 23-bp early strand (23E) in electrophoretic mobility shift assays. (A) Interaction of bacterially expressed MBP,
MBP–YB-1 fusion protein, and baculovirus-expressed T-antigen with the 23-bp early single-stranded DNA probe. The 23E probe was incubated with 30, 60, or 240 ng
of MBP alone (lanes 2 to 4, respectively) or MBP–YB-1 fusion protein (lanes 5 to 7, respectively) or with 100, 200, or 400 ng of T-antigen (T-Ag) (lanes 8 to 10,
respectively). DNA-protein complexes were resolved on a 6% polyacrylamide gel under native conditions. Positions of MBP–YB-1 and T-antigen complexes with the
23E probe are indicated by arrows. (B) Competitive band shift assay. The 23E probe was incubated with MBP–YB-1 protein in the absence (lane 1) or presence of
a 50- or 250-fold molar excess of unlabeled competitor DNA as indicated. 23E represents the 23-bp wild-type early single-stranded oligonucleotide (59-CAGTTTTA
GCCAGCTCCTCCCTA-39) (lanes 2 and 3), mut 23E represents a mutant 23E single-stranded oligonucleotide (59-AGTATTACACAGATATTTATTAC-39) (lanes
4 and 5), and ds23 represents the wild-type double-stranded 23-bpse (lanes 6 and 7). (C) T-antigen induces binding of YB-1 to the 23-bp early single strand. The 23E
probe was incubated with recombinant YB-1 (MBP–YB-1), either alone (lane 1) or with baculovirus-expressed T-antigen (lanes 2 and 3), or with T-antigen alone (lane
4). Formed DNA-protein complexes were resolved on a 6% polyacrylamide gel under native conditions. Respective protein concentrations used for the binding
reactions are shown above the panel. The protein concentration used for all binding reactions was kept constant by addition of MBP. MBP–YB-1:23E and T-Ag:23E
complexes are indicated by arrows. (D) Bacterially expressed, purified GST protein does not induce binding of YB-1 to the 23-bp early single strand. The 23-bp probe
was incubated with recombinant YB-1, either alone (lane 1) or in combination with GST (lanes 2 and 3), or with GST alone (lane 4). Formed DNA-protein complexes
were resolved as described for panel C. Respective protein concentrations used for the binding reactions are shown above the panel. MBP–YB-1:23E complex is
indicated by an arrow. In all panels, brackets indicate free probe.
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affinity chromatography (GST pull-down) experiments in
which one of the two proteins was expressed as a GST fusion
protein and bound to a glutathione resin while the other pro-
tein was passed over the resin and analyzed for its ability to be
specifically retained by the GST fusion protein. For this pur-
pose, bacterially expressed GST or GST–YB-1 was immobi-
lized on glutathione-Sepharose beads and incubated with
whole-cell lysate from HJC-15b cells, which constitutively ex-
press T-antigen. Beads were extensively washed, and bound
proteins were analyzed by immunoblotting with antibodies di-
rected against T-antigen. As demonstrated in Fig. 2A, T-anti-
gen was retained by GST–YB-1 (lane 3) but not by GST alone
(lane 2). Additionally, whole-cell lysate treated with DNase I
(lane 4) or ethidium bromide (lane 5) prior to pull-down ex-
periments was also incubated with GST–YB-1 to eliminate the
possibility that DNA mediates any interaction between YB-1
and T-antigen. As shown in Fig. 2A, neither DNase I nor
ethidium bromide treatment affected the efficiency of the bind-
ing observed between GST–YB-1 and T-antigen in GST pull-
down assays, indicating that these two proteins physically in-
teract in the absence of DNA. In reciprocal GST pull-down
assays, we also demonstrated the physical association of YB-1
and T-antigen proteins. Whole-cell lysates prepared from ei-
ther untransfected HJC-15b cells or the same cell line trans-
fected with a histidine-tagged YB-1 expression plasmid
(pEBV-YB-1) were incubated with either GST or GST–T-
antigen columns. The columns were washed, and bound com-
plexes were analyzed by Western blotting with antibodies spe-
cific for His-tagged YB-1. As shown in Fig. 2B, His–YB-1 was
specifically retained on the Sepharose column containing
GST–T-antigen (lane 6) but not on the column containing
GST alone (lane 5). The specificity of the association was
demonstrated both by the absence of an interaction between
expressed His–YB-1 and the GST moiety alone (Fig. 2B, lane
5) and by the absence of such an interaction when protein
extract prepared from untransfected cells was used (Fig. 2B,
lanes 3 and 4).

To further examine the physical association of YB-1 and
T-antigen, coimmunoprecipitation experiments were per-
formed to determine the interaction between these two pro-

teins in cells. Whole-cell lysates prepared from HJC-15b cells
that were either untransfected or transfected with the His–
YB-1 expression plasmid were immunoprecipitated with either
an anti-T7 antibody that recognizes His-tagged YB-1 or pre-
immune serum (normal mouse serum). Immunocomplexes
were then resolved by SDS–7% PAGE and analyzed by West-
ern blotting for the presence of T-antigen. In extracts from
HJC-15b cells transfected with His-tagged YB-1, anti-T7 anti-
body coimmunoprecipitated T-antigen (Fig. 3A, lane 5). The
specificity of this coimmunoprecipitation was investigated by
using (i) normal mouse serum, which failed to show any cross-
reactivity with proteins prepared from either untransfected
cells (lane 2) or cells transfected with His–YB-1 (lane 4), and
(ii) the anti-T7 antibody, which did not result in any immuno-
precipitation of proteins from untransfected cells (lane 3).
Figure 3B demonstrates the expression of the histidine-tagged
YB-1 and its immunoprecipitation with anti-T7 antibody (lanes
2 and 4, respectively). Taken together, data from both in vitro
affinity chromatography and coimmunoprecipitation experi-
ments demonstrate that T-antigen and YB-1 physically associ-
ate with one another in the absence of DNA.

Functional interaction between T-antigen and YB-1 on the
JCVCY promoters. The physical interaction between YB-1 and
T-antigen led us to investigate whether any functional interac-
tion between these two proteins occurs. For this purpose, we
performed transient transfection experiments with U-87MG
cells, using reporter constructs containing the JCV early and
late gene promoters. Previous observations have shown that
YB-1 transactivates transcription from the JCV early and late
promoters (10, 26) whereas T-antigen transactivates transcrip-
tion only from the JCV late promoter (27) while suppressing its
own transcriptional activity from the JCV early promoter (17).
In the next series of experiments, we assessed the activity of the
viral early and late promoters in the presence of each transac-
tivator, alone or in combination. As shown in Fig. 4A, a CAT
reporter construct containing the late promoter was poorly
expressed in U-87MG cells in the absence of the transactiva-
tors (lane 1). Cotransfection of the reporter construct with a
T-antigen expression plasmid resulted in a substantial (eight-
to ninefold) increase in the transcriptional activity from the

FIG. 2. In vitro interaction between YB-1 and T-antigen. (A) Bacterially expressed GST (lane 2) or GST–YB-1 (lane 3) was immobilized on GST-Sepharose beads
and incubated with whole-cell extract prepared from hamster glial cells constitutively expressing T-antigen (HJC-15b). Additionally, whole-cell extracts from HJC-15b
cells, treated with DNase I (0.2 U/mg of protein) or ethidium bromide (100 ng/ml) (Et-Br), were also incubated with GST–YB-1 (lanes 4 and 5, respectively). HJC-15b
whole-cell extract was loaded as a migration control (lane 1). Nonbinding proteins were removed from the column by extensive washing, and proteins interacting with
GST or GST–YB-1 were resolved by SDS–10% PAGE and analyzed by Western blotting with an anti-T-antigen antibody (Ab-2 416). The bracket indicates T-antigen
(T-Ag). (B) Whole-cell extracts prepared from untransfected HJC-15b cells (lanes 1, 3, and 4) and from HJC-15b cells transfected with a histidine-tagged YB-1
expression plasmid (pEBV-YB-1) (lanes 2, 5, and 6) were incubated with either GST alone (lanes 3 and 5) or GST–T-antigen (GST-T-Ag) (lanes 4 and 6) as indicated.
After being washed, proteins interacting with GST or GST–T-antigen were resolved by SDS–10% PAGE and analyzed by Western blot analysis with anti-T7 antibody
for detection of His-tagged YB-1. Whole-cell extracts from HJC-15b cells either untransfected (lane 1) or transfected with pEBV-His-YB-1 expression plasmid (lane
2) were loaded as negative and positive migration controls, respectively. The arrow indicates histidine-tagged YB-1. The positions of molecular mass markers (in
kilodaltons) are shown on the left of each panel.
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late promoter (compare lanes 1 and 2). However, when a
constant amount of T-antigen was cotransfected with increas-
ing amounts of YB-1, we observed a synergistic effect on the
transcriptional activity of the late promoter (14- to 18-fold
increase) (compare lane 2 to lanes 3 and 4). At the highest
YB-1 concentration alone, we observed only a threefold in-
crease in transcription (Fig. 4A, lane 5), demonstrating a syn-
ergistic effect of these two transactivators on transcription
from the late promoter. This synergistic effect is independent
of an increase in DNA replication of the reporter plasmid,
which contains the origin of viral replication, because similar
results were obtained when transient transfections were per-
formed in the presence of aphidicolin, an inhibitor of DNA
replication (data not shown). It is of note that expression of
T-antigen or YB-1 remains unaltered upon expression of ei-
ther transactivator (data not shown), suggesting that the ob-
served transcriptional cooperativity between T-antigen and
YB-1 is not due to the effect of one transactivator on the
expression of the other.

A similar set of cotransfection experiments was also carried
out to evaluate the effect of transcriptional cooperation be-
tween YB-1 and T-antigen on the viral early promoter. As
shown in Fig. 4B, a CAT reporter construct containing the
early promoter showed a notable basal expression level in the
absence of the transactivators (lane 1). However, as expected,
cotransfection of the reporter construct with the T-antigen
expression plasmid resulted in a substantial decrease in tran-
scriptional activity, demonstrating the T-antigen-mediated
suppression of transcription from the early promoter (compare
lanes 1 and 2). In contrast, when a constant amount of T-
antigen was cotransfected with increasing amounts of YB-1, we
observed a dose-dependent alleviation of T-antigen-mediated
suppression of transcription from the early promoter (compare
lane 2 to lanes 3 and 4), again indicating the occurrence of a
functional interaction between YB-1 and T-antigen. As ex-
pected, YB-1 alone significantly activated transcription from
the early promoter (lane 5).

Since YB-1 binds to single-stranded early sequences of the
23-bpse and its binding is stimulated by T-antigen, we assessed
the role of the 23-bpse in the transcriptional regulation of
JCVCY promoters with respect to YB-1 and T-antigen. For this

purpose, we created PCR-based point mutations within the
23-bpse of the viral regulatory region and subcloned them into
a luciferase reporter plasmid in both the early and late orien-
tations, resulting in early mut23 and late mut23, respectively.
As shown in Fig. 4C, compared to the wild-type promoter
activity, the late mut23 promoter showed a relatively low level
of transcriptional activity even in the presence of transactiva-
tors YB-1 and T-antigen (compare the reporter activity of the
late promoter with that of the late mut23 promoter). This
indicates that the 23-bp region plays a critical role in the
regulation of transcriptional activity from the late promoter by
YB-1 and T-antigen. A similar set of transfection studies was
also performed to assess the effect of point mutations within
the 23-bp region on the transcriptional activity of the early
promoter. As demonstrated in Fig. 4D, the presence of a mu-
tant 23-bpse deregulated the effect of T-antigen and YB-1 on
the early promoter, reaffirming the importance of the 23-bp
region in the transcriptional activity of the early promoter by
YB-1 and T-antigen.

Stability of YB-1 in the presence of T-antigen. Recent re-
ports have indicated that YB-1 can be induced by a variety of
stress-related stimuli, including UV irradiation (28) and anti-
cancer agents (41). It is possible that under stress-related con-
ditions, cellular or viral proteins bind YB-1 and stabilize the
protein to prevent its degradation. Since we have demon-
strated the occurrence of a physical and functional interaction
between T-antigen and YB-1, we further postulated that T-
antigen might contribute to YB-1’s stability in cells. To inves-
tigate this possibility, we overexpressed YB-1 in U-87MG cells
in the presence and absence of T-antigen and analyzed the
levels of YB-1 in whole-cell extracts by Western blotting with
antibodies specific for T-antigen, His-tagged YB-1, and flag-
tagged CDK9 (control). As shown in Fig. 5, in the presence of
T-antigen, YB-1 protein was readily detectable (compare lanes
6 and 7 with lanes 4 and 5, respectively). Conversely, we ob-
served a very low level of YB-1 in the absence of T-antigen
(lanes 4 and 5), suggesting that the steady-state levels of YB-1
protein were increased in the presence of T-antigen. The ob-
served stability cannot be attributed to the transregulatory
effect of T-antigen on the YB-1 expression plasmid (RSV pro-
moter-driven YB-1) because when we coexpressed T-antigen

FIG. 3. T-antigen coimmunoprecipitates with YB-1. (A) Coimmunoprecipitation of T-antigen with His–YB-1. Coimmunoprecipitation experiments were performed
as described in Materials and Methods. Antibodies used for the respective lanes are shown at the top. HJC-15b whole-cell extract was loaded as a migration control
(lane 1). The bracket indicates T-antigen (T-Ag). An arrowhead indicates the position of immunoglobulin heavy chain detected by the secondary antibody. Open arrows
indicate nonspecific bands. IP, immunoprecipitation; a-T7, anti-T7 antibody; a-pre, preimmune serum. (B) Direct immunoprecipitation of His-tagged YB-1 with
anti-T7 antibody, demonstrating that this antibody works in immunoprecipitation assays. Whole-cell extract (40 mg) from hamster glial cells (HJC-15b) transfected with
the pEBV-YB-1 expression plasmid was immunoprecipitated with preimmune serum or with anti-T7 as indicated. The immunocomplexes were analyzed by Western
blotting for His-tagged YB-1, using anti-T7. Whole-cell extracts from HJC-15b cells either untransfected or transfected with His-tagged YB-1 were loaded as negative
and positive controls (lanes 1 and 2, respectively). The arrow indicates His-tagged YB-1. The positions of molecular mass markers (in kilodaltons) are shown on the
left of each panel.
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along with an RSV promoter-driven b-Gal reporter plasmid
we did not detect any increase in b-Gal activity (data not
shown). Further, this stability is not attributable to variations in
transfection efficiencies. To account for this variability, we used
flag-tagged CDK9 as an internal control in our transfections,
and we observed a relatively uniform expression of flag-tagged
CDK9 (bottom panel). Hence, our data suggest that the
steady-state level of YB-1 is increased in the presence of T-
antigen. It is of note that preliminary pulse-chase labeling
experiments have also demonstrated that T-antigen stabilizes
the YB-1 protein level in U-87MG cells (data not shown).

Localization of T-antigen sequences important for interac-
tion with YB-1. In the next series of studies, we attempted to
identify the region(s) of T-antigen necessary for the interaction
with YB-1. For this purpose, series of amino-terminal (Fig. 6A)
and carboxy-terminal (Fig. 6B) deletion mutants of T-antigen
were created as GST fusion proteins and incubated with in
vitro-translated 35S-labeled YB-1. The beads were washed ex-
tensively, and bound complexes were resolved by SDS–10%
PAGE and analyzed by autoradiography. As shown in Fig. 6A,
consistent with the data presented above (Fig. 2B), full-length

T-antigen fused to GST (GST–T-Ag) efficiently bound to YB-1
(lane 3) but GST alone did not (lane 2). The amino-terminal
deletion mutant of T-antigen which retains residues 266 to 688
was able to form a complex with YB-1 (lane 4), although its
binding affinity was reduced (compare lanes 3 and 4). The
removal of residues 1 to 411 significantly affected the ability of
this mutant to interact with YB-1 (lane 5). A further amino-
terminal deletion completely abrogated the ability of T-antigen
to interact with YB-1 (lane 6). To further define the sequences
within T-antigen that are important for its interaction with
YB-1, we also created a series of carboxy-terminal deletion
mutants of T-antigen and used them in GST pull-down exper-
iments as described for Fig. 6A. As shown in Fig. 6B, a deletion
construct of T-antigen lacking the carboxy-terminal 60 amino
acids (lane 4) showed a reduced ability to interact with YB-1
compared with full-length T-antigen (compare lanes 3 and 4).
A further carboxy-terminal deletion up to amino acid 411 sig-
nificantly reduced the interaction between these two proteins
(lane 5). Furthermore, C-terminal deletion mutants GST–T-
antigen (1–265) and GST–T-antigen (1–81) did not interact
with YB-1 (lanes 6 and 7). Taken together, these results dem-

FIG. 4. Functional interaction between T-antigen and YB-1. (A) T-antigen and YB-1 synergistically transactivate the JCV late gene promoter in U-87MG cells. A
reporter plasmid (7.5 mg) containing the JCV late gene promoter was transfected into U-87MG cells alone or together with YB-1 and T-antigen expression plasmids
(T-Ag). Expression plasmid DNA concentrations used in the transfections are indicated at the bottom of the panel (in micrograms per plate). 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. (B) YB-1 alleviates T-antigen-
mediated transcriptional suppression from the JCV early promoter. Experiments similar to those detailed for panel A were also performed with a reporter plasmid
containing the JCV early gene promoter. The results are expressed as CAT activity relative to basal-level expression of the promoter. (C and D) Experiments similar
to those detailed for panel A were also performed with luciferase plasmids containing early and late wild-type promoters as well as early and late promoters containing
point mutations within the 23-bp region (Late mut23 and Early mut23). Reporter activity of each plasmid is expressed as luciferase activity relative to basal-level
expression of the wild-type promoter. Results shown in each panel represent the means of data from three independent experiments. Bars indicate standard deviations.
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onstrate that the minimal region of T-antigen which is impor-
tant in the interaction with YB-1 resides in the carboxy-termi-
nal half of the protein between amino acids 266 and 628. These
results are summarized in Fig. 6E.

Localization of YB-1 sequences important for interaction
with T-antigen. Next, we attempted to map the YB-1 region(s)
involved in the interaction with T-antigen. YB-1 C-terminal
deletion mutants (Fig. 7A) were created as GST fusion pro-
teins and incubated with whole-cell lysates from HJC-15b cells,
which constitutively express T-antigen. As shown in Fig. 7A,
substantial removal of alternating acidic and basic clusters in
YB-1 had little effect on its interaction with T-antigen (lane 4).
Further deletions including two-thirds of the CSD (lane 5) and
additional residues from the glycine-rich amino-terminal do-
main of the protein (lane 6) reduced its affinity for T-antigen
by approximately half compared to full-length YB-1 (compare
lanes 5 and 6 to lane 3). However, mutant GST–YB-1 (1–37)
did not show any detectable association with T-antigen (lane
7).

To further define the amino-terminal boundary of the inter-
action, in vitro-translated, [35S]methionine-labeled amino-ter-
minal deletion mutants of YB-1, YB-1 V (126–318) and YB-1
VI (204–318), were separately incubated with either bacterially
expressed GST or GST–T-antigen in GST pull-down assays.
After being washed, bound proteins were resolved by SDS–
15% PAGE and analyzed by autoradiography. As shown in
Fig. 7B, YB-1 V (126–318) was able to interact with GST–T-
antigen (lane 3), indicating that the C-terminal half of the CSD
of YB-1, and perhaps residues adjacent to the carboxy termi-
nus of the CSD, contribute to the observed interaction be-
tween YB-1 and T-antigen. YB-1 VI (204–318) failed to exhibit
a detectable level of binding affinity for T-antigen, suggesting
that the alternating basic and acidic clusters near the C termi-
nus of YB-1 do not contribute to the observed interaction.
Taken together, the above-described mapping results demon-
strate that the minimal region of YB-1 which is important in
the interaction with T-antigen lies between amino acids 37 and

204. These results are summarized and shown schematically in
Fig. 7D.

Two YB-1 mutants confirm the functional interaction be-
tween T-antigen and YB-1. To further assess the interaction
between YB-1 and T-antigen, we examined the functional re-
lationship between two YB-1 deletion mutants (46) and T-
antigen, using reporter plasmids containing the early and late
promoters. One of these mutants, YB-1 (1–125), interacts with
T-antigen, whereas the other mutant, YB-1 (1–37), does not
(Fig. 7A). Interestingly, YB-1 (1–125), unlike full-length YB-1,
did not synergistically activate the late promoter but rather
decreased the T-antigen-mediated late-gene transactivation
(Fig. 8A; compare lane 2 with lanes 3 and 4). This T-antigen-
interacting mutant, however, like full-length YB-1, was able to
alleviate T-antigen-mediated suppression of transcription from
the early promoter (Fig. 8B; compare lane 2 with lanes 3 and
4). When its transcriptional activity was compared with that of
full-length YB-1 (Fig. 4B), this mutant did not show a detect-
able level of transcription from the early promoter (Fig. 8B,
lane 5), suggesting that perhaps the sequences 39 of the CSD of
YB-1 are involved in transcriptional activation. Upon deletion
of these sequences, the protein is no longer transcriptionally
active, which is consistent with our previous findings (26). We
also examined the functional interaction between T-antigen
and YB-1 (1–37). As expected, YB-1 (1–37) failed to function-
ally interact with T-antigen at detectable levels in cotransfec-
tion experiments, which is consistent with our findings from in
vitro mapping studies (Fig. 7A). As shown in Fig. 8C and D,
both T-antigen-mediated transactivation of the late promoter
(Fig. 8C) and T-antigen-mediated transcriptional suppression
of early-promoter activities were essentially unaltered when
YB-1 (1–37) was coexpressed along with T-antigen, demon-
strating that YB-1 (1–37) does not functionally interact with
T-antigen.

DISCUSSION

In this study, by means of several independent assays, in-
cluding coimmunoprecipitation and affinity chromatography
experiments, we demonstrated that the Y-box binding protein
YB-1 physically associates with the JCV regulatory protein
T-antigen. Moreover, we demonstrated that these two proteins
interact functionally as well. Coexpression of YB-1 and T-
antigen in glial cells synergistically activates transcription from
the JCVCY late promoter. In addition, YB-1 abrogates T-
antigen-mediated suppression of transcription from the
JCVCY early promoter.

Our DNA binding assays using recombinant YB-1 and T-
antigen proteins revealed that T-antigen induces binding of
YB-1 to its target sequences within the 23E probe (Fig. 1C).
Results from these experiments appear to be similar to those
found previously for the PRE, in which binding of YB-1 to the
PRE early strand was enhanced by T-antigen (9). These data
suggest that these two transcription factors may interact with
each other in the absence of DNA. It was of interest that the
electrophoretic mobility of the YB-1–DNA complex was not
altered when T-antigen was included in the binding reaction,
suggesting that T-antigen is not part of complexes. Altogether,
these results suggest the following possibilities. (i) T-antigen
may transiently interact with YB-1, inducing a conformational
change in its structure. This may result in an increase in the
DNA binding activity of YB-1, and T-antigen is subsequently
released from the complex. (ii) T-antigen may function as a
stabilizer of the YB-1–DNA complex by forming a ternary
complex in solution but may dissociate from this complex un-
der mobility band shift assay conditions and, thus, be unde-

FIG. 5. Stability of YB-1 protein is increased in the presence of T-antigen.
U-87MG cells were either transfected with CMV–T-antigen alone (lane 3) or
cotransfected with pEBV-His-YB-1 and CMV–T-antigen expression plasmids
(lanes 6 and 7). Lanes 4 and 5 received only pEBV-His-YB-1. Expression plas-
mid concentrations used in the transfections are indicated above the panels. The
DNA concentrations for the transfection mixtures were normalized by addition
of the respective empty expression vector DNA. A flag-tagged CDK9 expression
plasmid was also included in the transfection mixture as an internal control for
transfection efficiency. Thirty micrograms of whole-cell lysate was resolved by
SDS–10% PAGE followed by immunoblotting. The different strips were cut out
from the same blot and analyzed for T-antigen (T-Ag), His-tagged YB-1, and
flag-tagged CDK9. Whole-cell lysate from untransfected cells (lane 1) was loaded
as a negative control. The arrowheads indicate nonspecific bands. The arrows
indicate the positions of the respective proteins. The positions of molecular mass
markers (in kilodaltons) are shown to the left of the panels.
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tectable. Nonetheless, the ability of one protein to influence
the DNA binding capacity of another is well established. Ex-
amples include HMG-I/Y-induced DNA binding of Tst-1 (31)
and Phox1-induced DNA binding of the serum response factor
(23).

Results from in vitro protein-protein interaction assays have
clearly shown a direct association between T-antigen and YB-1
(Fig. 2). It should be noted, however, that this interaction was
detected in the absence of their respective DNA binding sites.
These results are interesting when compared to our findings
from DNA binding assays, in which T-antigen appears to mod-

ulate YB-1’s binding to DNA without being involved in a stable
ternary complex of DNA, YB-1, and T-antigen. It is of note
that T-antigen present in HJC-15b cells exists as several iso-
forms depending on the phosphorylation state of the protein
(18, 44). Interestingly, YB-1 interacts with all of the isoforms of
T-antigen (Fig. 2A and 7A). This is similar to the observed
interaction between Pura protein and T-antigen, since Pura
appears to interact with all T-antigen isoforms (18). Interest-
ingly, the phosphorylation state of T-antigen does not appear
to dictate the association between YB-1 and T-antigen, since
bacterially expressed T-antigen which does not contain phos-

FIG. 6. Localization of the domain of T-antigen that interacts with YB-1. (A and B) GST–T-antigen (GST-T-Ag) and N-terminal (A) and C-terminal (B) T-antigen
deletion mutants immobilized on glutathione-Sepharose beads were incubated with in vitro-translated [35S]methionine-labeled YB-1. The Sepharose beads were
washed extensively, and bound proteins were resolved by SDS–10% PAGE and analyzed by autoradiography. One-tenth of the input YB-1 used in each reaction was
loaded as a migration control (lane 1 in each panel). The arrows indicate the position of in vitro-translated [35S]methionine-labeled YB-1. (C and D) SDS–10% PAGE
analysis of GST, GST–T-antigen, and T-antigen N-terminal (C) and C-terminal (D) deletion mutants. (E) Summary of the results obtained from in vitro mapping assays.
A schematic representation of T-antigen is shown at the top (not to scale). The abilities of T-antigen and its deletion mutants to interact with YB-1 are shown on the
right (111, specific interaction; 11, reduced interaction; 1/2, minimal interaction; and 2, no interaction). Pol a binding, polymerase a binding domain. The
positions of molecular mass markers (in kilodaltons) are shown to the left of panels A to D.
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phorylated residues is able to interact with YB-1 (Fig. 6A and
B). Nonetheless, further experiments will be required to dem-
onstrate the contribution, if any, of the phosphorylation state
of T-antigen to the efficiency of formation of the intermolec-
ular complex between YB-1 and T-antigen. In addition, results
from in vitro mapping experiments demonstrated that the T-
antigen interaction domain of YB-1 is localized to its central
DNA binding domain and its immediate flanking sequences.
Alternating acidic and basic amino acid clusters of YB-1, lo-
calized to the protein’s carboxy terminus, appear to contribute
to this interaction but are not essential for it (Fig. 7D). The
YB-1 interaction domain of T-antigen maps to the carboxy-
terminal half of the protein (Fig. 6E), where it encompasses
functionally important domains, including the polymerase a,
ATP binding, ATPase, and helicase domains, implying that
YB-1 may interfere with those functions by sequestering T-
antigen in cells; alternatively, it may cooperate with T-antigen
in those functions. Again, further experiments are required to
address these questions.

Knowledge of the physical interaction between YB-1 and
T-antigen in vitro is complemented by in vivo functional assays.
We demonstrated that both transcription factors act in synergy
to activate transcription from the JCV late promoter but an-
tagonize each other’s transcriptional activity from the JCV
early promoter. Since YB-1 interacts with the 23-bpse early
single strand and this interaction is enhanced by T-antigen, we
also examined the relevance of this binding in terms of viral

gene transcription by creating point mutations within the 23-bp
region and performing transient-transfection assays with these
mutated constructs. Consistent with our previous findings (46),
the 23-bp region appears to play an important role in tran-
scription from the JCV early and late promoters. Point muta-
tions within the 23-bp region significantly reduced the tran-
scriptional activity of JCV promoters compared to the wild-type
activity (Fig. 4C and D), suggesting that this region plays a
significant role in JCV transcriptional regulation. Additionally,
results from transient transfection assays using JCV early pro-
moter reporter constructs suggested that YB-1 may sequester
T-antigen in cells and alleviate T-antigen-mediated suppres-
sion of transcription from the JCV early promoter. Perhaps the
additional accumulation of T-antigen in cells provides an ad-
vantage for the virus, facilitating T-antigen-dependent viral
DNA replication with subsequent production and assembly of
capsid proteins.

The specificity of the functional interaction between YB-1
and T-antigen was tested with specific YB-1 deletion mutants
in cotransfection experiments. In contrast to full-length YB-1,
YB-1 (1–125), which still interacted with T-antigen in in vitro
protein-protein interaction assays, down-regulated T-antigen-
mediated activation of transcription from the JCV late pro-
moter. This observation is consistent with previous observa-
tions demonstrating that the carboxy terminus of YB-1
contains the transactivation domain of the protein (26). This is
further supported by the observation that this mutant does not
activate the JCV promoter itself (compare Fig. 4A and 8A)
(46). Thus, this mutant, which lacks a transactivation domain

FIG. 7. Localization of the domain of YB-1 that interacts with T-antigen. (A)
Whole-cell extract from hamster glial cells constitutively expressing T-antigen
(HJC-15b) was incubated with either GST alone (lane 2) or C-terminal deletion
mutants of GST–YB-1 fusion proteins immobilized on glutathione-Sepharose
beads. Bound complexes were washed extensively, resolved by SDS–8% PAGE,
and analyzed for T-antigen by Western blotting with an anti-T-antigen antibody
(Ab-2 416). HJC-15b whole-cell extract was loaded as a migration control (lane
1). The bracket indicates T-antigen. (B) SDS–10% PAGE analysis of GST and
of GST–YB-1 and its C-terminal deletion mutants. (C) Two different 35S-labeled,
in vitro-translated N-terminal deletion mutants of YB-1 [YB-1 (126–318) and
YB-1 (204–318)] were incubated with GST (lanes 2 and 5) or GST–T-antigen
(T-Ag) (lanes 3 and 6). Bound proteins were resolved by SDS-PAGE and
analyzed by autoradiography. Lanes 1 and 4 contain 1/10 of the amount used in
the pull-down experiments with YB-1 (126–318) and YB-1 (204–318), respec-
tively. An arrowhead and an open arrow designate the positions of the in
vitro-translated N-terminal deletion mutants YB-1 (126–318) and YB-1 (204–
318), respectively. The asterisks denote nonspecific products of the in vitro
transcription-translation reactions. (D) A schematic representation of full-length
YB-1 is shown at the top. The abilities of YB-1 and its deletion mutants to
interact with T-antigen are depicted on the right (111, specific interaction; 11
or 1, reduced interaction; and 2, no interaction). The positions of molecular
mass markers (in kilodaltons) are shown to the left of panels A to C.
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but interacts with T-antigen, will be unable to synergistically
activate the JCV late promoter. Furthermore, YB-1 (1–125)
exerted an antagonistic effect on T-antigen-mediated suppres-
sion of transcription from the JCV early promoter, possibly by
sequestering T-antigen in cells. Expectedly, YB-1 (1–37),
which does not interact with T-antigen in vitro, showed no
detectable increase or decrease in transcription from the JCV
promoters in the presence of JCV T-antigen.

What is the functional significance of the observed interac-
tion between T-antigen and YB-1 in terms of viral biology?
Since T-antigen interacts not only with YB-1 but also with
other cellular proteins, including TATA-binding protein (22),
it is possible that T-antigen mediates contact between the tran-
scriptional activator YB-1 and the basal transcriptional ma-
chinery, potentiating transcriptional cooperativity between T-
antigen and YB-1 on the JCV late promoter. In previous
studies (46), we demonstrated that YB-1 interacts with another
single-stranded cellular DNA binding protein, Pura. These two
proteins, YB-1 and Pura, which recognize C/T- and GC/GA-
rich sequences, respectively, directly interact with the 23-bpse
and can modulate the association of each other with this DNA
element. Moreover, ectopic expression of these proteins in
cells results in synergistic transactivation through the 23-bpse.
In this study, we demonstrated that YB-1 interacts with the
viral protein T-antigen and modulates T-antigen-mediated
transactivation from the JCV early and late gene promoters.

Future studies detailing the interplay between YB-1, Pura, and
T-antigen will further elucidate the mechanisms underlying
transcriptional control by these proteins.

Recent reports indicate that the members of the Y-box fam-
ily of proteins are responsive to a wide spectrum of stress-
related stimuli, including UV irradiation (8, 28), drug treat-
ment (3, 32), DNA damage-inducing antineoplastic agents (24,
40), and interleukin-2 treatment in T cells (45). Our present
and previous (10, 26, 46) data demonstrate that YB-1 is in-
volved in transcriptional regulation of the JCV promoters.
Since viral infection certainly causes cellular stress, YB-1 may
be a candidate for an inducible protein secondary to stress and
inflammation by viruses. Such an assumption leads to the fol-
lowing reasoning with respect to the viral life cycle: it is likely
that in the initial phase of infection, YB-1 levels are up-regu-
lated due to viral infection, which in turn activates transcrip-
tion from the early promoter, leading to T-antigen production.
As the lytic infection progresses, T-antigen stabilizes the
steady-state levels of YB-1 by physical interaction and prevents
YB-1 from rapid degradation. Simultaneously, T-antigen pro-
motes viral DNA replication (33–35) and transcription from
the viral late promoter (27, 30). Although T-antigen suppresses
its own gene transcription via an autoregulatory loop (17), this
suppression appears to be alleviated by YB-1, resulting in
further accumulation of T-antigen in infected cells. T-antigen
then, by stimulating the binding of YB-1 to the 23-bp region,

FIG. 8. Functional interaction of T-antigen with YB-1 deletion mutants. (A and B) Transcriptional activity of deletion mutant YB-1 (1–125), in the presence or
absence of T-antigen (T-Ag), on CAT reporter plasmids (7.5 mg) containing the viral late (A) and early (B) promoters. The concentrations of expression plasmids are
indicated at the bottom of the respective panels (in micrograms per plate). Representative CAT data are shown above the graphs, and quantitative analysis of results
is expressed as CAT activity relative to the basal-level expression of the promoter. (C and D) Transcriptional activity of deletion mutant YB-1 (1–37), in the presence
or absence of T-antigen, on CAT reporter plasmids (7.5 mg) containing late (C) and early (D) promoters. The experimental design was virtually identical to that
described for panels A and B. The results shown in each panel represent the means of data from three independent experiments. Bars indicate standard deviations.
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may potentiate the transcriptional activity of viral late genes
and thereby the production of the viral capsid proteins, with
cell lysis eventually occurring.

A growing body of experimental evidence suggests that the
regulation of gene expression is not mediated solely by the
presence or absence of a particular transcription factor. The
interactions among transcription factors or interactions be-
tween host and viral proteins may be an important determinant
in gene regulation. Here we have presented evidence of spe-
cific physical and functional interactions between a cellular
transcription factor, YB-1, and the JCV regulatory protein
T-antigen. YB-1 has also been shown to interact with other
cellular and viral transcriptional factors and to modulate tran-
scription of various genes, including the MDR1 gene (2), the
chicken a-2 collagen gene (4), the grp78 gene (32), the matrix
metalloproteinase 2 gene (38), the major histocompatibility
complex class II HLA-DR-a gene (40), the thyrotropin recep-
tor gene (42), the gamma-interferon gene (50), the myosin
light-chain 2 gene (54), and the human immunodeficiency virus
type 1 long terminal repeat (1). Mechanisms involved in reg-
ulation of transcription of these genes may be related to the
ability of YB-1 to functionally interact with both basal pro-
moter and enhancer binding proteins, such as Pura, AP2, and
NF-kB (37, 43, 46). In addition, interactions between YB-1 and
several viral proteins, including human immunodeficiency virus
type 1 tat (1) and T-antigen, also modulate gene transcription.
The interactions of YB-1 with both cellular and viral transcrip-
tion factors reflect its diverse functions in gene regulation.
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