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Borna disease virus (BDV) is a noncytolytic, neurotropic RNA virus that has a broad host range in warm-
blooded animals, probably including humans. Recently, it was demonstrated that a 24-kDa phosphoprotein (P)
of BDV directly binds to a multifunctional protein, amphoterin-HMGB1, and inhibits its function in cultured
neural cells (W. Kamitani, Y. Shoya, T. Kobayashi, M. Watanabe, B. J. Lee, G. Zhang, K. Tomonaga, and K.
Ikuta, J. Virol. 75:8742–8751, 2001). This observation suggested that expression of BDV P may cause delete-
rious effects in cellular functions by interference with HMGB1. In this study, we further investigated the
significance of the binding between P and HMGB1. We demonstrated that P directly binds to the A-box domain
on HMGB1, which is also responsible for interaction with a tumor suppression factor, p53. Recent works have
demonstrated that binding between HMGB1 and p53 enhances p53-mediated transcriptional activity. Thus, we
examined whether BDV P affects the transcriptional activity of p53 by interference with HMGB1. Mammalian
two-hybrid analysis revealed that p53 and P competitively interfere with the binding of each protein to HMGB1
in a p53-deficient cell line, NCI-H1299. In addition, P was able to significantly decrease p53-mediated
transcriptional activation of the cyclin G promoter. Furthermore, we showed that activation of p21waf1 expres-
sion was repressed in cyclosporine-treated BDV-infected cells, as well as p53-transduced NCI-H1299 cells.
These results suggested that BDV P may be a unique inhibitor of p53 activity via binding to HMGB1.

Borna disease virus (BDV) belongs to the family Bornaviridae
within the nonsegmented, negative-strand RNA viruses of the
order Mononegavirales, which are characterized by low produc-
tivity, neurotropism, and nuclear localization of transcription
and replication (29, 43). Although BDV was originally de-
scribed as an agent of nonpurulent encephalomyelitis in horses
in Germany, BDV infection has now been found in a wide
range of vertebrate species (31, 37). BDV can cause neurolog-
ical disturbances characterized by behavioral or neurodevelop-
mental abnormalities in various experimental animals, such as
rats and mice, demonstrating that BDV infection may provide
a useful model for analyzing neuropsychiatric or neurodegen-
erative disorders in humans (21). Although mounting evidence
suggests that BDV infection also occurs in humans and that it
may be related to psychiatric diseases (6, 25, 33, 44), the spe-
cific link between BDV infection and any of these human
disorders has not yet been elucidated (38, 40).

BDV shows noncytolytic replication in cultured neuronal
cells. In animal models of BDV infection, persistent infection
is frequently found in specific areas in the brain (22). In rats
infected with BDV as adults, a long-lasting persistence is es-
tablished after the acute phase (22, 41). In contrast, infection
of immunoincompetent rats, such as neonates, induces a per-
sistent infection (22, 41). Numerous reports have shown that
persistently BDV-infected rats show a variety of behavioral
abnormalities and serious neurological disturbances, indicating
that establishment of persistent infection may be critical for the

induction of neuropathogenesis by this virus. Interestingly, un-
like other central nervous system (CNS) viral infections, BDV
has a unique manner of infection in which the expression levels
of viral mRNAs, as well as the viral titer, seems not to shift
from acute to persistent stages of infection (21). Furthermore,
it has been demonstrated that the viral proteins are abundantly
detected in the brain throughout the infection. These observa-
tions suggest that expression or accumulation of the viral prod-
ucts in infected cells may influence cellular functions at various
levels, leading to neurological disorders characterized by BDV
persistence, as well as maintenance of the persistent viral in-
fection.

Molecular biological analysis has indicated that the BDV
antigenome consists of at least six open reading frames, of
which the p40/38 nucleoprotein (N), p10 protein (X), and p24
phosphoprotein (P) are abundantly expressed in persistently
infected cells (43). In a recent study, it was revealed that BDV
P binds directly to a multifunctional protein, HMGB1 (also
called amphoterin or HMG-1), and inhibits its function in
cultured neural cells (30). A line of evidence has suggested that
HMGB1 plays important roles not only in the neurite out-
growth of neurons but also in cell survival through interaction
with its cellular receptor, RAGE (receptor for advanced gly-
cation end products) (36). Furthermore, it has been reported
that HMGB1 has a function in the nucleus as a specific en-
hancer of p53 activity (26, 28). Previous works have demon-
strated that HMGB1 binds directly to p53 and enhances the
p53-mediated transcriptional activities of certain promoters
that contain p53-specific binding sites. These observations
raised the possibility that BDV P can influence the transcrip-
tional activity of p53 through the interference of HMGB1 in
the nuclei of infected cells.
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This work was undertaken to further investigate the effects
of P binding to HMGB1 and to elucidate its role in p53 activity
in vivo. We demonstrate here that the A-box domain of
HMGB1, which is responsible for binding to p53, also contrib-
utes to interaction with BDV P. Interestingly, we were able to
show that p53 and P competitively interfere with the binding of
each protein to HMGB1 in transiently transfected cells. Fur-
thermore, P could significantly inhibit p53-mediated transcrip-
tional activation of the cyclin G promoter in a p53-deficient
cell line. We also showed that induction of p53 failed to up-
regulate the expression of a cell cycle inhibitor, p21waf1, in cell
lines expressing P and persistently BDV infected. These results
indicated that BDV P could repress the transcriptional activity
of p53 by binding to HMGB1, suggesting the possibility that
expression of P may play a role in the modification of p53-
mediated cellular responses in infected cells.

MATERIALS AND METHODS

Cell lines and virus. C6 (rat glioma) cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% heat-inactivated fetal calf
serum (FCS). The OL cell line, derived from a human oligodendroglioma, was
grown in DMEM-high glucose (4.5%) supplemented with 10% FCS. A BDV-
infected cell line, C6BV, which is persistently infected with strain He/80 (8), was
maintained under the same conditions as the parental cell line. NCI-H1299 cells
(34), which are deficient in tumor suppression protein p53, were kindly provided
by Y. Nakanishi (Kyushu University, Fukuoka, Japan) and A. F. Gazdar (Hamon
Cancer Center, University of Texas Southwestern Medical Center, Dallas) and
maintained in RPMI 1640 medium containing 10% FCS.

Plasmid construction. The recombinant HMGB1 and BDV P used for far-
Western blot analysis were expressed, using baculovirus and Escherichia coli
expression systems, as fusion proteins with histidine (His) and glutathione S-
transferase (GST), respectively. The construction of the baculovirus expression
plasmid for rat HMGB1, pBac-HMGB1 (formerly referred to as pFastBac-
AMP), and the E. coli expression plasmid for BDV P, pGEX-P, were described
elsewhere (30). The generation of expression plasmids used for mammalian
two-hybrid analysis, VP16-P and GAL4-HMGB1 (formally referred to as GAL4-
AMP), was also described previously (30). A eukaryotic expression plasmid
encoding full-length human p53 cDNA, pcD-p53, was provided by H. Nojima
(Osaka University, Osaka, Japan). The construction of the expression vectors
pcD-HMGB1 and pcD-P (also called pcD-AMP/FLAG and pcP-FLAG, respec-
tively) was described in previous studies (30). The mutant forms of these expres-
sion plasmids were generated from a wild-type plasmid by using PCR and
recloning techniques. The oligonucleotide primers used in PCR to create the
mutant plasmids are available on request. The introduction of the correct se-
quences for each mutant was confirmed by DNA sequencing and Western blot
analysis of protein production.

Expression of recombinant proteins. Recombinant HMGB1-expressing bacu-
loviruses were constructed using the BAC-TO-BAC Baculovirus Expression Sys-
tem (GIBCO/BRL) according to the manufacturer’s recommendations. Purifi-
cation of His-tagged HMGB1 produced in the baculovirus from Bac-HMGB1-
infected High Five cells (Invitrogen, Carlsbad, Calif.) was performed using a
His-Trap kit (Amersham Pharmacia Biotech, Uppsala, Sweden) according to the
manufacturer’s recommendations. Recombinant proteins expressed in E. coli
were produced as fusion proteins with GST and purified using a glutathione-
Sepharose 4B column. The purified recombinant proteins were analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
stained with Coomassie brilliant blue or transferred to a polyvinylidene difluo-
ride (PVDF) membrane by electroblotting.

Far-Western assay. The purified recombinant proteins were denatured by
boiling them in sample buffer and subjected to SDS-PAGE analysis. After elec-
trophoresis, the proteins were transferred onto PVDF membranes, which were
then blocked with 5% skim milk in phosphate-buffered saline (PBS)–0.05%
Tween-20 (PBS-T) at room temperature. As probes, purified GST- or His-tagged
recombinant proteins were allowed to bind to the blotted proteins in PBS-T
containing 5% skim milk overnight at 4°C with gentle agitation. The blots were
washed three times with PBS-T for 15 min each and then incubated with antibody
specific to the probe (anti-P or anti-HMGB1 rabbit polyclonal antibody) in
PBS-T containing 5% skim milk for 1 h at room temperature. After being

washed, the membranes were incubated with horseradish peroxidase-conjugated
antibody. The specific reactions on the membranes were then detected by an
ECL Western blotting kit (Amersham Pharmacia Biotech).

Mammalian two-hybrid analysis. OL or NCI-H1299 cells were transfected
with a luciferase reporter plasmid, pG5luc (Promega, Madison, Wis.), and test
plasmids (0.5 to 1.0 �g) using TransFast transfection reagent (Promega) in
six-well culture plates. Thirty-six to 48 h after transfection, the cells were lysed in
350 �l of lysis buffer for 15 min with shaking at room temperature. After
centrifugation at 18,000 � g for 5 min at 4°C, the cell extracts were assayed for
luciferase activity using the Dual-Luciferase Reporter Assay System (Promega)
according to the manufacturer’s recommendations.

Neurite outgrowth assay. Laminin-coated eight-well chamber slides (Lab-Tek
Nunc Inc., Naperville, Ill.) were covered with purified GST or GST-P fusion
proteins at 4°C overnight as previously described (30). The chambers were
washed twice with cold PBS and blocked with 1% bovine serum albumin. After
the slides were washed with serum-free DMEM, C6 cells were added to the
chambers and cultured in DMEM without FCS at 37°C for 3 to 4 h to induce cell
process outgrowth of the cells. The cells were then fixed with 4% paraformal-
dehyde and stained with hematoxylin.

Luciferase reporter gene assay. NCI-H1299 cells were cotransfected with the
pGL-cyclin G-Luc reporter plasmid (27), which was a gift from M. Oren (Insti-
tute of Science, Rehovot, Israel), and each combination of tested plasmids:
pcD-p53, pcD-HMGB1, pcD-P, and pcD-P�M1. For luciferase assays, cells were
seeded at 1.5 � 105 per well and grown overnight. To keep the total amount of
transfected DNA constant in each sample, the pcDNA3 plasmid was incubated.
To estimate the transfection efficiencies, the expression of recombinant proteins
in the transfected cells was analyzed by immunoblotting. Luciferase activity was
detected as described above.

Detection of p21waf1 protein in p53-induced cells. NCI-H1299 cells were co-
transfected with each combination of tested plasmids: pcD-p53, pcD-P, pcD-
P�M1, and pcDNA3. C6 rat glioma cells and BDV-infected C6BV cells were
treated with 60 �M cyclosporine (CsA) to induce p53 expression (35). Twenty-
four hours after transfection or CsA treatment, the cells were collected and cell
lysis was achieved by the addition of 2� sampling buffer followed by boiling the
cells for 5 min. The protein samples were then subjected to SDS-PAGE analysis
and transferred onto PVDF membranes. The membranes were subsequently
incubated with the corresponding primary antibodies as follows: mouse anti-p53
(BD Biosciences, San Diego, Calif.) and anti-p21waf1 (Santa Cruz Biotechnology,
Santa Cruz, Calif.) or anti-tubulin monoclonal antibody (Sigma-Aldrich). Anti-
body reactions were detected as described above. The images on X-ray films were
captured electronically, and the intensity of each reactive band was quantified
using NIH Image software.

RESULTS

A short amino acid stretch on BDV P is necessary for bind-
ing to HMGB1. In a previous study, we demonstrated that
BDV P binds specifically to HMGB1 and inhibits the functions
of HMGB1 in cultured neural cells. To understand the signif-
icance of the binding between P and HMGB1 in more detail,
we first examined the amino acid regions of P and HMGB1
required for the interaction. To map the binding domain to
HMGB1 on P, we constructed a series of GST-P fusions con-
taining a deletion in either the N or C terminus (Fig. 1A).
Purified GST fusion proteins were analyzed on SDS-PAGE
and stained with Coomassie brilliant blue (Fig. 1B). We per-
formed far-Western blotting with mutant P using baculovirus-
expressed HMGB1 as a probe. As shown in Fig. 1C, HMGB1
could clearly detect truncated proteins lacking 55 (GST-P�N1)
and 7 (GST-P�C1) or 27 (GST-P�C2) amino acids in the N
and C termini of P, respectively, while mutants that lacked the
N-terminal 86 (GST-P�N2) or 143 (GST-P�N3) amino acids
were unable to bind to the probe. This observation suggested
that the region encompassing the amino acid sequence be-
tween positions 56 and 86 of P is essential for the interaction
with HMGB1. To determine whether this region is also impor-
tant for interference with the HMGB1 function, we examined
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the cell process outgrowth of neural cells in the presence of
mutant P. C6 glioma cells were cultured on laminin-coated
plates with the truncated mutants. As a negative control, the
cells were cultured with purified GST protein (Fig. 2). As
described in a previous report (30), wild-type P efficiently in-
hibited the cell process outgrowth of the cells, while the dele-
tion mutant lacking the N-terminal 86 amino acids did not
show any effects on the cell processes of the cells, indicating
that the region between amino acids 56 and 86 of P is necessary
for interference with the HMGB1 function, as well as for
binding to the protein.

To determine the region on P binding to HMGB1 in vivo in
more detail, we next used a GAL4-VP16-based mammalian
two-hybrid system in human OL cells (Fig. 3). The cDNAs
corresponding to HMGB1 and mutant P were fused to the
GAL4 DNA binding domain and the VP16 transactivating
domain, respectively. Forty-eight hours after transfection, the
luciferase activity was measured in cell extracts as an index of
the protein-protein interactions (Fig. 3B). As previously re-
ported, the interaction between P and HMGB1 was clearly
demonstrated in cells transfected with VP16-P and GAL4-
HMGB1. Transfection of mutant forms of P containing dele-
tions in the N-terminal 55, 66, or 76 amino acids also showed
significant luciferase activities compared with the negative con-
trol plasmids (Fig. 3B). In contrast, no interaction was detected
in the cells transfected with mutant P lacking the region from
amino acids 77 to 86 of the protein. We repeated this experi-
ment at least six times and obtained similar results in each
experiment. This result indicated that a short amino acid
stretch on P, K77LVTELAENS86, is important for interaction
with HMGB1 in vivo.

BDV P interacts with the A-box domain of HMGB1. We next
determined the HMGB1 domain responsible for interaction
with BDV P. Because HMGB1 consists of three domains, two
basic domains (A and B boxes) and a highly acidic C-terminal
domain, we introduced deletions corresponding to each do-
main of the protein (Fig. 4A). The truncated HMGB1 was
expressed in a baculovirus system and subjected to far-Western
blot analysis using wild-type P as a probe. As shown in Fig. 4C,
the mutants which contain a deletion in the A-box domain
(Bac-H�N1 and -H�N2) could not bind to P, whereas
HMGB1 lacking the B-box and/or the C-terminal domain
(Bac-H�C1 and -H�C2) were clearly detected by the P probe.
Furthermore, the P probe clearly detected a mutant that con-

FIG. 1. Identification of the portion of BDV P necessary for inter-
action with HMGB1. (A) Schematic representation of GST-P fusion
proteins. The numbers indicate amino acid (aa) positions in BDV P.
(B) Expression of GST-P fusion proteins. The purified fusion proteins
were analyzed by SDS-PAGE and stained with Coomassie brilliant
blue. (C) Far-Western blot analysis of GST-P fusion proteins. The
purified GST-P proteins were transferred onto PVDF membranes.
His-tagged HMGB1 protein was used as a probe. The specific binding
was detected by an antibody to HMGB1. (B and C) Lanes 1, GST
alone; lanes 2, GST-P; lanes 3, GST-P�N1; lanes 4, GST-P�N2; lanes
5, GST-P�N3; lanes 6, GST-P�C1; lanes 7, GST-P�C2.

FIG. 2. BDV P lacking 86 amino acids in the N terminus does not affect cell process outgrowth of rat glioma cells. A neurite outgrowth assay
was performed in laminin-coated chamber plates covered with purified GST or GST-P fusion proteins. C6 rat glioma cells were cultured in DMEM
without FCS at 37°C for 3 to 4 h to induce cell process outgrowth of the cells. The cells were then fixed and stained with hematoxylin.
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tains only the A-box domain (Bac-H�C3), indicating that the
A box of HMGB1 is sufficient for interaction with BDV P.

To verify the role of the A-box domain in the interaction
between HMGB1 and BDV P in vivo, we also performed
mammalian two-hybrid analysis using the deletion mutants of
HMGB1 fused to the GAL4 DNA binding domain. Transfec-
tion of the tested plasmids into OL cells confirmed that lucif-
erase activity was not detected in the cells transfected with the
GAL4-H�N1 and -H�N2 constructs, indicating that the A-box
domain of HMGB1 is the only region responsible for binding
to P in vivo (Fig. 4D).

Competitive binding to HMGB1 between BDV P and p53.
Previous studies have demonstrated that the A-box region of
HMGB1 is important for interaction with several cellular tran-
scription factors, including p53, Hox, steroid hormone recep-
tors, and POU domain-containing factors, resulting in en-
hancement of the sequence-specific DNA binding of the
factors (3, 26, 28, 47, 48). These observations raise the possi-
bility that P and the cellular proteins competitively interfere
with the binding of each protein to HMGB1 in BDV-infected
cells. Among these cellular factors, p53 may be a particularly
interesting protein, because it has been demonstrated that p53
binds directly to HMGB1 only via the A-box domain (26).

Therefore, we examined whether p53 and P competitively in-
terfere with each other in the interaction with HMGB1 in
transiently transfected cells (Fig. 5). We performed mamma-
lian two-hybrid analysis to examine the interference between
the proteins. To eliminate the effects of endogenous p53 in this
experiment, we used a p53-deficient cell line, NCI-H1299, for
the transfection. As shown above, efficient binding between
HMGB1 and P was observed in the cells without transfection
of p53. However, the luciferase activity in the cells significantly
decreased when p53 was expressed in a dose-dependent fash-
ion (Fig. 5A). A mutant p53 (pcD-�p53) which lacks a domain
interacting with HMGB1 was unable to inhibit the activation of
luciferase by P, indicating p53-specific inhibition of P binding
to HMGB1. In contrast, increased amounts of transfected P
resulted in the recovery of the luciferase activity in the NCI-
H1299 cell line even in the presence of p53 (Fig. 5B). These
results suggested that P and p53 competitively interfere with
the binding of each protein to HMGB1 in the cells.

BDV P represses transcriptional activation of cyclin G by
p53 and HMGB1. p53 is a transcriptional activator that binds
to sequence-specific binding sites at the promoters of several
cellular genes and activates their transcription (11, 32). Recent
studies have indicated that HMGB1 enhances p53-mediated
transactivation of the promoter by direct binding to p53 via its
A-box domain (26). Therefore, to determine the effect of BDV
P expression on p53-mediated transcriptional activation, a cy-
clin G-luciferase reporter that contains p53-specific binding
sites was transfected into p53-null NCI-H1299 cells together
with a p53, HMGB1, and/or P expression vector. As shown in
Fig. 6, repeated experiments revealed that p53 dramatically
induces activation of the cyclin G promoter in the cotransfec-
tion with HMGB1 compared with transfection alone. In addi-
tion, HMGB1 itself did not affect the promoter activity of
cyclin G, indicating that the interaction between p53 and
HMGB1 specifically up-regulates the transcriptional activity of
p53. On the other hand, cyclin G promoter activity was signif-
icantly decreased by the expression of wild-type P but not by
mutant P (pcD-P�M1), which lacks the region responsible for
binding to HMGB1 (Fig. 6). In contrast, overexpression of
HMGB1 overcame P-mediated inhibition of p53-dependent
transcriptional activation of the promoter (Fig. 6). These re-
sults suggested that BDV P specifically inhibits p53-mediated
transcriptional activation through interference with the bind-
ing of HMGB1 to p53.

Suppression of p21waf1 activation in cells expressing P and
persistently BDV infected. We investigated whether BDV P
can influence p53 activity by interfering with endogenous
HMGB1. Previous work has demonstrated that a cell cycle
inhibitor, p21waf1, is a major target for p53-mediated transcrip-
tional activation (11, 12). Thus, we estimated the expression
level of p21waf1 protein in NCI-H1299 cells transfected with
p53 expression plasmid. As shown in Fig. 7A, in the absence of
BDV P, transduction of p53 could efficiently up-regulate the
expression of p21waf1 in the transfected cells. On the other
hand, coexpression of BDV P significantly inhibited the induc-
tion of p21waf1 expression in the cells, while no inhibition was
found in the cells cotransfected with pcD-P�M1, which lacks
the domain for HMGB1 binding (Fig. 7A). This result indi-
cated that P may repress up-regulation of p21waf1 by interfer-
ence with endogenous HMGB1.

FIG. 3. Mammalian two-hybrid analysis determines the domain of
BDV P essential for interaction with HMGB1. (A) Schematic repre-
sentation of VP16-P fusion proteins. The numbers indicate amino acid
(aa) positions in BDV P. VP16-P�M1 lacks amino acids between
positions 78 and 86 of BDV P. (B) Mammalian two-hybrid analysis of
VP16-fused BDV P. OL cells were transfected with the luciferase
reporter plasmid pG5luc, GAL4-HMGB1, and the indicated VP16-P
fusion plasmids. �, VP16 plasmid (negative control). Forty-eight hours
after transfection, the cell extracts were assayed for luciferase activity.
The values are expressed as means plus standard errors of the mean.
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We also examined the activation of p21waf1 in BDV-infected
C6 cells by treatment with CsA, which is known to be able to
efficiently induce p53 in C6 cells (35). Twenty-four hours after
the treatment, induction of p53 was detected in both the in-
fected and uninfected C6 cells (data not shown). As shown in
Fig. 7A, CsA treatment significantly induced p21waf1 expres-
sion in the uninfected C6 cells (lane 6). Intriguingly, despite
the fact that there was no difference between the abilities for
cell growth and the viabilities of the infected and uninfected
cells, expression of p21waf1 was up-regulated in the infected
cells even under normal culture conditions. Several different
signaling pathways have been identified in p21waf1 activation
with or without p53 involvement. We demonstrated, however,
that CsA at least failed to increase p21waf1 up-regulation in the
infected cells by 24 h after treatment (Fig. 7A, lane 8). The

quantification analysis of the signal intensities of the protein
indicated that both NCI-H1299 cells showing p53-induced P
expression and BDV-infected C6 cells had p21waf1 activation
ratios reduced to almost 70 and 80% of those of control cells,
respectively (Fig. 7B). Similar activation levels were obtained
in at least three independent experiments. These observations
suggested that BDV infection may decrease the chance of
interaction between p53 and HMGB1 in cells by the expression
of P, resulting in the repression of p53-mediated transcrip-
tional activity in infected cells.

DISCUSSION

The 24-kDa phosphoprotein of BDV is abundant in infected
cells. Although the precise role of the protein in the viral life

FIG. 4. Identification of the portion of HMGB1 necessary for binding to BDV P. (A) Schematic representation of His-tagged HMGB1 fusion
proteins. The numbers indicate amino acid positions in HMGB1. The solid box between amino acids (aa) 162 and 215 represents the acidic
C-terminal domain. (B) Expression of His-HMGB1 fusion proteins. The purified fusion proteins were analyzed on SDS-PAGE and stained with
Coomassie brilliant blue. (C) Far-Western blot analysis of His-HMGB1 fusion proteins. The purified HMGB1 mutants were transferred onto
PVDF membranes. GST-fused BDV P was used as a probe. The specific binding was detected by a BDV P monoclonal antibody. (B and C) Lanes
1, Bac-HMG1; lanes 2, Bac-H�N1; lanes 3, Bac-H�N2; lanes 4, Bac-H�C1; lanes 5, Bac-H�C2; lanes 6, Bac-H�C3. (D) Mammalian two-hybrid
analysis of HMGB1 mutant proteins. OL cells were transfected with the luciferase reporter plasmid pG5luc, VP16-P, and the indicated
GAL4-HMGB1 mutant plasmids. �, GAL4 plasmid (negative control). Forty-eight hours after transfection, the cell extracts were assayed for
luciferase activity. The luciferase activities represent means plus standard errors of the mean.
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cycle has not yet been elucidated, it is assumed that P plays a
pivotal role in viral transcription and replication in the nucleus
in cooperation with the viral pol protein. We have recently
demonstrated that P specifically binds to HMGB1 and inhibits
its functions in vivo. In this study, we identified those amino
acid regions of BDV P and HMGB1 required for the interac-
tion (Fig. 1 to 4). Furthermore, we showed that BDV P inter-
feres with p53 binding to HMGB1 and inhibits p53 activity in
transiently transfected cells (Fig. 5 and 6). We were also able
to demonstrate that activation of p21waf1 expression is re-
pressed in cells showing p53-induced P expression and in
BDV-infected cell lines (Fig. 7). These results suggest that
BDV P may repress p53 transcriptional activity by interfering
with HMGB1. This strategy of P may be involved in unique
features of BDV infection in CNS cells, such as noncytolytic
replication and persistent infection.

Increasing evidence has demonstrated that HMGB1 is mul-
tifunctional in neuronal cells. As we described in a previous
report, some roles of HMGB1 are conducted by secretion from
the cell plasma membrane. Surface coating of culture plates
with HMGB1 directly mediated neurite outgrowth in neuronal
cell lines and primary rat brain cells via interaction with the
extracellular moiety of RAGE (23, 36). In addition, activation
of RAGE by HMGB1 appeared to promote cell survival
through increased expression of the anti-apoptotic protein
Bcl-2 (13, 24). In accordance with these observations, HMGB1
is likely to be critical in the maturation or construction of the
CNS, as well as in network formation of neuronal cells in the
developing or injured brain. Such extracellular functions of
HMGB1 have been the prime focus of recent studies of the
protein. The extracellular functions of HMGB1 should provide
an important paradigm for understanding the neuropathogen-
esis of BDV in various animals.

Beyond its extracellular roles, HMGB1 also has intranuclear
functions, which have been extensively studied. The HMG box
(A and B) domains in HMGB1 allow the protein to bind to
DNAs exclusively through the minor groove and to modify the
structure of DNA (4, 18, 45). This feature may be relevant to
the biological functions of HMGB1 in the nucleus, such as
DNA repair, recombination, replication, and transcription. In
addition, HMGB1 can interact via the HMG boxes with a
broad range of proteins, from nuclear proteins to virus com-
ponents. Interaction with HMGB1 has been described in sev-
eral transcription factors (p53, Hox, Pou, Oct, steroid hormone
receptors, and TATA-binding protein) (3, 5, 17, 26, 28, 47, 48),
viral proteins (adeno-associated virus Rep) (7), and the recom-
bination activation gene proteins (RAG1 and -2) (1). In gen-
eral, HMGB1 increases the DNA binding affinities of these
factors and shows either a negative or positive effect on tran-
scription. A recent study using phage display analysis has iden-
tified peptide motifs that are recognized by HMGB1 (10). The

FIG. 5. BDV P competitively interferes with binding between p53
and HMGB1. p53-deficient NCI-H1299 cells were cotransfected with
pG5luc (a luciferase reporter plasmid), VP16-P, and GAL4-HMGB1
plasmids with or without the p53 expression plasmid pcD-p53. Binding
between BDV P and HMGB1 was monitored by luciferase activity.
(A) Effect of p53 expression on binding of BDV P to HMGB1. VP16-P
(0.5 �g) was cotransfected with various amounts of pcD-p53 plasmid
into the cells. pcD-�p53, p53 mutant plasmid lacking a domain inter-
acting with HMGB1. �, present; �, absent. (B) Effect of BDV P on
luciferase activity in p53-transfected NCI-H1299 cells. Various
amounts of VP16-P plasmid were transfected with pcD-p53 plasmid
(0.05 �g) into the cells. The total DNA transfected was normalized
with the pcDNA3 plasmid. Luciferase activity in the cells was mea-
sured 36 h after transfection using the Dual-Luciferase Reporter Assay
System. Values are expressed as means plus standard errors of the
mean.

FIG. 6. BDV P inhibits p53-mediated transcriptional activation of
cyclin G promoter. NCI-H1299 cells were transiently transfected with
the pGL-cyclin G-Luc reporter plasmid (0.5 �g) and tested plasmids
(pcD-HMGB1 [1.25 �g], pcD-p53 [0.3 �g], pcD-P [0.15 �g], and pcD-
P�M1 [0.5 �g]). pcD-P�M1 contains a small deletion corresponding to
the HMGB1-binding domain of BDV P amino acids 78 to 86. The total
DNA transfected (3.0 �g) was normalized with the pcDNA3 plasmid.
�, present; �, absent; ��, overexpression of pcD-HMGB1 (2.5 �g) in
transfected cells. Twenty-four hours after transfection, the cell extracts
were assayed for luciferase activity. Values are expressed as means plus
standard errors of the mean. **, P � 0.01 (Student’s t test).
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study revealed that the peptide sequences selected by the assay
are very variable and that HMGB1 may not have a preferred
interaction sequence (10). Our results also support this finding.
The HMGB1-binding region of P, K77LVTELAENS86, has
only slight homology to the peptide identified in the work
mentioned above, suggesting high complexity in the sequences
for HMGB1 binding. On the other hand, however, it was pos-
tulated that the sequences binding to HMGB1 may be grouped
into at least two classes by their amino acid distributions:
proline-rich (PxxPxP) and tryptophan-rich (WxxW) motifs
(10). In fact, several HMGB1-binding proteins, including p53,
progesterone, and Groucho-related gene protein 1 (Grg1),
contain a consensus proline-rich motif in their sequences (10).
Although the HMGB1-binding region of P contains neither a
proline-rich nor a tryptophan-rich region, interestingly, P has
two consensus proline-rich motifs in both the N and C termini
of the sequence (R25PGSPRP31 and L174PSHPAP181). This
might indicate the possibility that P recognizes HMGB1 with
more than a region in the sequence. As we clearly demon-
strated, amino acids 77 to 86 of P must be essential for inter-
action with HMGB1, while a cooperative role of the proline-
rich motifs may also exist in the secure binding between P and
HMGB1. Also note that our experiment could not rule out the
possibility that the amino acid sequence between positions 87
and 143 of P is also required for interaction with HMGB1.

We determined that the HMGB1 A box is necessary for
binding to P. The A box is also known to be involved in
interactions with several cellular proteins, including p53, Hox,
steroid hormone receptors, and RAGs (1, 3, 26, 47). These
observations indicate the possibility that the presence of P in
BDV-infected cells competitively interferes with the binding of
these cellular proteins to HMGB1 and affects their functions.

Among them, p53 may be a particularly interesting protein,
because it has been revealed that p53 directly binds to HMGB1
only via the A box, while in other proteins, either the A or B
box is sufficient for the interactions. We could clearly demon-
strate that the transcriptional activity of p53 is significantly
reduced when P is present in the transfected cells, suggesting
that P could efficiently block p53 binding to the HMGB1 A box
in the nucleus.

The possibility of competitive inhibition of p53 activity by P
allows us to speculate about the role of P in the infected CNS.
Activation of p53 gives rise to a variety of cellular responses,
most notably cell cycle arrest and apoptosis, through the acti-
vation of numerous cellular genes, such as Mdm2, cyclin G,
p21waf1, Bax, and Apaf1 (11, 12, 15, 32). These cellular re-
sponses led by p53 could be part of the host defense mecha-
nisms against several cellular stresses, such as viral infection (2,
9). Many viruses have been shown to interfere with the func-
tion of p53, suggesting that alteration of p53 activity is likely to
be important for viral replication or survival in infected cells. It
has been demonstrated that the LANA protein of human her-
pesvirus 8 contributes to viral persistence through its ability to
promote cell survival by altering p53 function (16). BDV shows
noncytolytic replication and easily establishes persistent infec-
tion in various cultured cells and brain cells. The long-lasting
persistent infection is frequently found in infected animal
brains (22). Recent studies have indicated that induction of
immune tolerance or T-cell ignorance may play a major role in
BDV persistence in the brain (19, 21). Indeed, it has been
demonstrated that T lymphocytes from the brains of acutely
BDV-infected rats, but not those from persistently infected
rats, could lyse BDV-infected target cells (39). Although eva-
sion of host immune response must be essential for the estab-

FIG. 7. Activation of p21waf1 in p53-transduced and CsA-treated cell lines. (A) Western immunoblot analysis of BDV P, p53, and p21waf1 in
total proteins extracted from transfected NCI-H1299 cells. pcD-p53 (0.5 �g) was cotransfected with pcD-P (1.5 �g) or pcD-P�M1 (1.5 �g) into
NCI-H1299 cells. The total DNA transfected (3.0 �g) was normalized with the pcDNA3 plasmid. Lanes: 1, pcDNA3 only; 2, pcDNA3 plus
pcD-p53; 3, pcDNA3 plus pcD-p53 plus pcD-P�M1; 4, pcDNA3 plus pcD-p53 plus pcD-P. p21waf1 expression was also demonstrated in the cell
lysates prepared from uninfected and BDV-infected C6 cells before (lanes 5 and 7) and 24 h after (lanes 6 and 8) CsA treatment. As a control
for protein input, the level of expression of tubulin was measured. (B) Activation of p21waf1 protein in BDV p53-induced NCI-H1299 cells showing
P expression and BDV-infected C6 cells. The signal intensity shown in panel A was quantified by NIH Image software. Similar activation levels
were obtained in at least three independent experiments.
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lishment of persistence in the CNS, the viral strategy that
disturbs host surveillance for viral replication could also be
required for maintenance of the persistent infection. It has
been demonstrated that the expression patterns of BDV
mRNAs do not shift from acute to persistent stages of infec-
tion in the brain and that the viral proteins are abundantly
expressed throughout the infection (21). These observations
strongly suggest that BDV replication itself protects infected
cells against host defense mechanisms. Our results demon-
strated the possibility that the modulation of p53 activity by P
may perturb p53-dependent cell defense responses. The ex-
pression of P may prolong cell survival through the reduction
of p53-mediated apoptosis, resulting in the maintenance of
BDV persistence in the CNS. Although neuronal cell loss is
found in specific regions of BDV-infected rat brains (20, 46),
most cells appear to survive and express the viral antigens
during persistent infection. Recently, it has been demonstrated
that HMGB1 has the potential to cell- and promoter-specifi-
cally down- or up-regulate in vivo transcriptional activities of
different members of the p53 family (p53 and p73�/�) (42).
This finding suggests that BDV P may show cell-type- or re-
gion-specific modulation of p53 transcriptional activity in the
brain. On the other hand, we could demonstrate that a persis-
tently BDV-infected cell line exhibits up-regulation of p21waf1

even under normal culture conditions, although induction of
p53 by CsA failed to increase the level of p21waf1 in the cells
(Fig. 7). This observation suggested that p53-independent re-
sponses may play key roles in cellular defense in BDV-infected
cells. However, our experiment could not exclude the possibil-
ity that levels of p21waf1 had already reached their peaks in the
infected cells and that the lack of further activation in response
to CsA is not related to the inhibition of p53 activity by P. It
should be also noted that alterations of other cellular factors,
the functions of which are mediated by HMGB1 binding, by P
are also involved in the persistence and neuropathogenesis of
BDV. Further study will be needed to understand the effect of
P expression on BDV survival in CNS cells.

BDV P may be a unique inhibitor of p53. Almost all viral
proteins known to modify p53 activity have been shown to
directly interact with p53 (14). Furthermore, many viruses en-
coding p53-binding proteins are known to be oncogenic, e.g.,
adenovirus, papillomavirus, retrovirus, and herpesvirus. The
features of BDV, such as indirect modification of p53 via
interference with its cellular coactivator and nononcogenesis,
would make BDV a unique p53-inhibiting virus. In tumor
viruses, control of the cell cycle and apoptosis by p53 inhibi-
tion, as well as the production of viral oncogenes, would be
necessary for the transformation of infected cells. In BDV, the
modification of p53, as well as inhibition of neurite outgrowth
or cell migration, by interfering with HMGB1 may be linked to
the successful persistence and unique neuropathogenesis of
the virus in the CNS. Studies using experimental animals to
understand the roles of interference with HMGB1 in BDV-
induced neuronal disturbance and neurobehavioral disorders
are in progress.
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