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Kaposi’s sarcoma-associated herpesvirus (KSHV) is a human gammaherpesvirus that has been implicated
in the pathogenesis of Kaposi’s sarcoma and B-cell neoplasms. The genomic organization of KSHV is similar
to that of Epstein-Barr virus (EBV). EBV encodes two transcriptional factors, Rta and Zta, which functionally
interact to transactivate EBV genes during replication and reactivation from latency. KSHV encodes a basic
leucine zipper protein (K-bZIP), a homologue of EBV Zta, and K-Rta, the homologue of EBV Rta. EBV Rta and
Zta are strong transcriptional transactivators. Although there is ample evidence that K-Rta is a potent
transactivator, the role of K-bZIP as a transcriptional factor is much less clear. In this study, we report that
K-bZIP modulates K-Rta function. We show that K-bZIP directly interacts with K-Rta in vivo and in vitro. This
association is specific, requiring the basic domain (amino acids 122 to 189) of K-bZIP and a specific region
(amino acids 499 to 550) of K-Rta, and can be detected with K-bZIP and K-Rta endogenously expressed in
BCBL-1 cells treated with tetradecanoyl phorbol acetate. The functional relevance of this association was
revealed by the observation that K-bZIP represses the transactivation of the ORF57 promoter by K-Rta in a
dose-dependent manner. K-bZIP lacking the interaction domain fails to repress K-Rta-mediated transactiva-
tion; this finding attests to the specificity of the repression. Interestingly, this repression is not observed for the
promoter of polyadenylated nuclear (PAN) RNA, another target of K-Rta; thus, repression is promoter
dependent. Finally, we provide evidence that the modulation of K-Rta by K-bZIP also occurs in vivo during
reactivation of the viral genome in BCBL-1 cells. When K-bZIP is overexpressed in BCBL-1 cells, the level of
expression of ORF57 but not PAN RNA is repressed. These data support the model that one function of K-bZIP
is to modulate the activity of the transcriptional transactivator K-Rta.

Kaposi’s sarcoma (KS)-associated herpesvirus (KSHV), also
known as human herpesvirus 8, is a member of the gamma-
herpesvirus family, which includes Epstein-Barr virus (EBV)
and herpesvirus saimiri. KSHV infection is associated with all
types of KS, including AIDS-associated KS, endemic forms of
KS, and renal transplant-related KS (1, 2, 13, 24, 25, 35). It has
also been implicated in B-cell lymphoproliferative diseases,
such as primary effusion lymphoma (PEL) and multicentric
Castleman’s disease (3, 34). The KSHV genome exists in vir-
tually all tumor samples from KS cases (6) as well as in pe-
ripheral blood mononuclear cells in up to 50% of homosexual
AIDS patients with KS (38). Most of the spindle cells in KS
tumors are latently infected with KSHV, implicating the direct
involvement of latent genes in the transformation of KS cells.
However, some of the cells in KS lesions also express markers
for lytic replication (35), and several lines of evidence (e.g.,
reference 23) suggest that KSHV lytic replication also contrib-
utes significantly to the formation of KS lesions by either fa-
cilitating viral spread to the target site or releasing paracrine
factors to support the growth of neighboring KS tumor cells.
Similarly, the KSHV genome is frequently detected in human

immunodeficiency virus-associated PEL biopsies, and all cell
lines derived from PEL harbor KSHV with various degrees of
expression of latent and lytic genes (15, 35). It thus appears
that both classes of genes contribute to oncogenic processes
and that the transition from latent to lytic infection is a dy-
namic process controlled by both exogenous factors and viral
genes.

The switch from latent to lytic infection has been studied for
several gammaherpesviruses; the viral gene(s) responsible for
reactivation has been identified in some of these viruses (8, 9,
26). Notable examples are the Zta (also known as BZLF1 or
ZEBRA) and Rta (also known as BRLF1) genes of EBV (9,
19). The expression of either the Zta or the Rta gene is suffi-
cient to reactivate the EBV genome in latently infected cells (9,
29, 40). These two genes, both encoding transcriptional factors,
have the ability to individually or synergistically regulate the
expression of a host of other viral genes, leading to the lytic-
cycle cascade. The Rta and Zta loci are linked in the EBV
genome, and both are expressed as immediate-early genes
following tetradecanoyl phorbol acetate (TPA)-induced reac-
tivation of latently infected cell lines.

Structural and positional analogues of the EBV Rta and Zta
genes have been identified in the KSHV genome. ORF50 (or
K-Rta) has been shown to be the homologue of EBV Rta (22,
31, 36). Various investigators (20, 41) have independently
identified a basic leucine zipper protein of KSHV (K-bZIP, or
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K8) as a homologue of EBV Zta. Studies by a number of
laboratories have shown that K-Rta is sufficient to induce lytic
reactivation of the latent KSHV genome in the BCBL-1 cell
line model for PEL (22, 36). K-Rta is a potent transcriptional
factor with an N-terminal putative DNA-binding domain and a
carboxyl-terminal transactivation domain (21). A number of
KSHV promoters activated by K-Rta have been identified.
These include promoters for ORF57, K-bZIP, MIP, polyade-
nylated nuclear (PAN) RNA, thymidine kinase (TK), kaposin,
and viral interferon regulatory factor (7, 21, 33, 37). K-Rta
appears to bind DNA directly; at least two Rta response ele-
ments (RRE) have been identified, respectively, on the ORF57
(21) and PAN RNA (5, 33) promoters. Considering the large
number of target genes of K-Rta, it is likely that the binding
repertoire of K-Rta increases to include sites anchored by
transcriptional factors associated with K-Rta. The K-Rta gene
is among the first genes to be induced after treatment with
stimuli that disrupt latency (TPA, butyrate, and so forth); its
expression follows the kinetics of an immediate-early gene,
with transcripts emerging within 2 h after induction, accumu-
lating to a peak level at about 48 h, and declining thereafter.
This regulation presumably involves a number of viral and
cellular factors, among which is K-Rta itself (32).

While the role of K-Rta in reactivation and lytic replication
has been generally established, the function of K-bZIP remains
elusive. It was shown previously that the K-bZIP gene is ex-
pressed as an early lytic gene (20), and Katano et al. (15)
demonstrated its localization in both the nucleus and the cy-
toplasm. K-bZIP contains at its C terminus a basic leucine
zipper domain, a motif known to be involved in dimerization
and DNA binding. At present, however, neither its DNA-
binding nor its transactivation activities have been confirmed.
With a transient overexpression system, K-bZIP was found to
associate with the cellular factors p53 and CBP and to repress
the transactivation potential of these molecules (14, 27). At-
tempts to overexpress K-bZIP in the PEL cell line to disrupt
KSHV latency have thus far met with negative results (28).
Thus, the role of K-bZIP in viral replication and reactivation
remains largely unknown.

In this study, we report that one of the potential functions of
K-bZIP is to modulate the transactivation potential of K-Rta.
We show here that K-bZIP directly associates with and colo-
calizes with K-Rta in naturally infected BCBL-1 cells. K-bZIP
represses the transactivation potential of K-Rta, interestingly,
in a promoter-dependent manner. This finding was demon-
strated not only in a cotransfection setting by using promoter-
reporter constructs but also by overexpressing K-bZIP in the
BCBL-1 cell line reactivation model. To our knowledge, this is
the first example of K-bZIP participation in the regulation of
KSHV genes; this finding provides a framework for under-
standing the role of K-bZIP in KSHV replication and reacti-
vation.

MATERIALS AND METHODS

Cell cultures. BCBL-1 cells (30) and GA-10 cells (ATCC CRL-2392) were
grown at 37°C in RPMI 1640 supplemented with 15% fetal calf serum in the
presence of 5% CO2. To establish stable BCBL-1 cells expressing hemagglutinin
(HA)–K-bZIP, cells were transfected with 20 �g of HA–K-bZIP-expressing
plasmid pcDNA-HA-K-bZIP, which contains a neomycin resistance gene. Stable
HA–K-bZIP-expressing cells were selected in RPMI 1640 supplemented with

15% fetal calf serum and containing 400 �g of G418 (Gibco BRL)/ml in the
presence of 5% CO2. When necessary, nonviable cells were removed with Ficoll
(Amersham Pharmacia) by centrifugation at 400 � g for 15 min at room tem-
perature (RT), and cells were seeded at a small scale to maintain cell density (�5
� 104 cells/ml). Virus lytic replication was induced by treatment of log-phase
cells with TPA (20 ng/ml). 293 or 293T cells were maintained in Dulbecco’s
modified Eagle medium supplemented with 10% fetal calf serum in the presence
of 5% CO2. Transfection of plasmids into 293 or 293T cells was performed by
using FuGene 6 according to the recommendations of the supplier (Roche
Molecular Biochemicals). At 48 h after transfection of or TPA-induced virus
replication in BCBL-1 cells, protein lysates were prepared in lysis buffer (EBC
buffer; 50 mM Tris-HCl [pH 7.5], 120 mM NaCl, 0.5% NP-40, 50 mM NaF, 200
�M Na2VO4, 1 mM phenylmethylsulfonyl fluoride).

Antibodies. Anti-K-bZIP antibody was a generous gift from M.-T. Li (Harvard
Medical School). Anti-HA antibody (Babco), anti-T7 tag antibody (Novagen),
anti-Flag antibody (Upstate), anti-promyelocytic leukemia protein (PML) mouse
monoclonal antibody (PG-M3; Santa Cruz), and antiactin goat polyclonal anti-
body (sc-1615; Santa Cruz) were commercially prepared. Anti-K-Rta chicken
immunoglobulin Y (IgY) was raised against a peptide spanning amino acids 516
to 530 (KRKQRSKERSSKKRK) and used for immunoprecipitation, immuno-
blotting, and immunofluorescence analyses. Anti-Flag M2 affinity gel (Sigma)
was used for the immunoprecipitation of Flag-tagged proteins.

Plasmids. Plasmids encoding full-length K-bZIP (K-bZIP/wt; residues 1 to
273) were constructed by using pcDNA3.1 (Invitrogen). Cloning introduced a
CpoI site and either an HA tag, a Flag tag, or a T7 tag at the N terminus as
described previously (20). The resulting plasmids were denoted pHA-K-bZIP,
pFlag-K-bZIP, and pT7-K-bZIP, respectively. Deletion fragments of both K-
bZIP and K-Rta were amplified by PCR with Pfu-Turbo (Strategene) and with
the primers listed in Table 1 and then were cloned into pcDNA3.1 or pGEX4T-2
(Amersham Pharmacia) to produce glutathione S-transferase (GST) fusion pro-
teins. An expression plasmid with a deletion of the K-bZIP basic region (posi-
tions 123 to 189) (K-bZIP�BR) was constructed as follows. First, the K-bZIP
transactivation domain and leucine zipper domain were independently amplified
by PCR with primer pairs (K-bZIP NF–K-bZIP TA-R and K-bZIP LZ-F–K-
bZIP CR) (Table 1). These primers introduced an overlapping region that
allowed the resulting products to be mixed together and then amplified with
primers K-bZIP NF and K-bZIP CR to produce a K-bZIP coding region lacking
the basic region. Amplified fragments were digested with CpoI (Fermentas) and
then inserted in frame 3� of the Flag tag sequence of pcDNA-Flag after purifi-
cation of both the fragments and pcDNA-Flag from an agarose gel. The resulting
plasmid was denoted pFlag-K-bZIP�BR.

Immunofluorescence assay. TPA-treated BCBL-1 cells spotted on slides were
fixed with methanol-acetone (1:1) for 15 min at RT and then washed three times
with phosphate-buffered saline (PBS). Cells were incubated with anti-K-bZIP
rabbit serum (1:500) and anti-K-Rta IgY (1:500) or anti-PML mouse monoclonal
antibody in PBS–2% bovine serum albumin (BSA) for 1 h at 37°C. After four
washes with PBS, rhodamine-conjugated anti-rabbit goat IgG F(ab�)2 (1:1,000)
(ICN Biomedicals, Inc.) and fluorescein isothiocyanate (FITC)-conjugated anti-
chicken IgY donkey IgG F(ab�)2 (1:1,000) (Jackson ImmunoResearch) or FITC-
conjugated anti-mouse sheep IgG F(ab�)2 (1:1,000) (ICN) in PBS–2% BSA were
applied as secondary antibodies and allowed to react at 37°C for 1 h. DNA
staining was performed with 2.5 �M TO-PRO-3 (Molecular Probes) in PBS for
2 min. Imaging was performed by using a confocal microscope equipped with an
argon-krypton laser (LSM510-MicroSystem; Carl Zeiss Co., Ltd.).

Preparation and purification of GST fusion proteins. GST fusion proteins
were expressed in Escherichia coli strain BL21 transformed with the following
plasmids encoding distinct domains of K-bZIP and K-Rta: pGEX-K-bZIP F.L.
(residues 1 to 237), pGEX-K-bZIP I (residues 1 to 121), pGEX-K-bZIP II
(residues 1 to 189), pGEX-K-bZIP III (residues 120 to 189), pGEX K-bZIP IV
(residues 122 to 237), pGEX K-bZIP V (residues 190 to 237), pGEX-K-Rta F.L.
(residues 1 to 691), pGEX-K-Rta I (residues 1 to 109), pGEX-K-Rta II (residues
110 to 295), pGEX-K-Rta III (residues 239 to 503), pGEX-K-Rta IV (residues
299 to 550), pGEX-K-Rta V (residues 499 to 550), pGEX-K-Rta VI (residues
550 to 691), and pGEX4T-2. GST fusion proteins were then purified with glu-
tathione-agarose beads (Amersham Pharmacia) by standard procedures. Bacte-
rial cells (500 ml) were cultured in Luria broth for each construct. Protein
expression was induced with 1 mM (final concentration) isopropyl-�-D-thioga-
lactopyranoside. Bacterial cells were washed once in PBS and then lysed in PBS
containing 1% Triton X-100 and 1% sarcosyl by sonication. After clearing by
centrifugation at 7,000 � g for 10 min at 4°C, glutathione-agarose beads (500 �l
of a 1:1 slurry in PBS) were added to the lysates for affinity purification. After
incubation overnight at 4°C with rotation, the beads were washed four times in
PBS containing 1% Triton X-100 and 1% sarcosyl. The proteins immobilized on
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the glutathione-agarose beads were quantified by Coomassie blue staining with
BSA as a protein standard.

Immunoprecipitation and immunoblot analyses. Briefly, BCBL-1 cells were
rinsed in ice-cold PBS and lysed at 2 � 107 cells/ml in EBC buffer with protease
inhibitor cocktails (Roche). After clearing of debris by centrifugation at 15,000 �
g for 10 min at 4°C, 20 �l of anti-chicken IgY immobilized on agarose beads
(Promega, Madison, Wis.) was added to the lysates and incubated overnight at
4°C to reduce nonspecific binding. Each cell lysate (1 mg/ml) was reacted with

anti-K-Rta chicken IgY (1:100) for 3 h at 4°C with gentle rotation. The immu-
nocomplex was captured by the addition of 50 �l of anti-chicken IgY immobi-
lized on agarose beads and rocking for an additional 2 h at 4°C. Beads were
washed four times with EBC buffer and then boiled for 5 min in 20 �l of 2�
sodium dodecyl sulfate (SDS) sample buffer (125 mM Tris-HCl [pH 6.8], 4%
SDS, 10% 2-mercaptoethanol, 20% glycerol, 0.6% bromphenol blue). 293T cells
were cotransfected with 2 �g of K-bZIP expression plasmid and 8 �g of K-Rta
expression plasmid by using FuGene 6 (Roche). The total amount of plasmid was
maintained with an empty expression plasmid. Cells were harvested 48 h after
transfection and lysed in EBC buffer. Cell lysates (500 �g) were immunoprecipi-
tated with 25 �l of Flag antibody-conjugated agarose (Sigma). Beads were
washed four times with EBC buffer and then boiled for 5 min in 20 �l of 2� SDS
sample buffer. Protein samples from total cell lysates (100 �g/lane) or immuno-
precipitates were subjected to SDS–10% polyacrylamide gel electrophoresis and
then transferred to polyvinyldene difluoride membranes (Biotechnology Sys-
tems, Boston, Mass) by using a semidry apparatus (Amersham Pharmacia). After
being blocked for 1 h at RT in TBST (20 mM Tris-HCl [pH 7.5], 137 mM NaCl,
0.05% Tween 20)–5% skim milk, the membranes were incubated with primary
antibodies for 2 h at RT. The membranes were subsequently washed with TBST
three times for 10 min each time at RT. The membranes were incubated with
horseradish peroxidase-conjugated antibodies for 1 h at RT. After incubation
with the secondary antibodies, the membranes were washed three times with
TBST and visualized with enhanced chemiluminescence reagents (Amersham
Pharmacia). Final dilutions of the primary antibodies were 1:3,000 for the anti-
K-bZIP rabbit antibody, 1:2,500 for the anti-T7 tag monoclonal antibody, 1 �g of
antiactin goat antibody/ml, and 1:2,000 for anti-K-Rta chicken IgY in TBST–5%
skim milk.

In vitro interaction assay. GST fusion protein beads containing 2.0 �g of
proteins were resuspended in binding buffer (20 mM HEPES [pH 7.9], 150 mM
NaCl, 1 mM EDTA, 4 mM MgCl2, 1 mM dithiothreitol, 0.02% NP-40, 10%
glycerol supplemented before use with 1 mg of BSA/ml, 0.5 mM phenylmethyl-
sulfonyl fluoride, protease inhibitor cocktails) and then incubated with 10 �l of
in vitro-translated proteins labeled with [35S]methionine by using a TNT coupled
transcription-translation system (Promega) for 30 min at 4°C. Beads were
washed four times with binding buffer and resuspended and boiled in 2� SDS
sample buffer. After proteins were separated by SDS-polyacrylamide gel elec-
trophoresis, radiolabeled polypeptides retained on the beads were visualized by
autoradiography.

Reporter assays. As described in previous reports (33, 37), we cloned the
ORF57 promoter (nucleotides [nt] 81556 to 82008) and the PAN RNA promoter
(nt 27996 to 28680) into the pGL3-Basic vector (Promega). Promoter regions
were amplified with primer pairs (PAN RNA promoter F-PAN promoter R and
ORF57 promoter F-ORF57 promoter R) (Table 1) from total genomic DNA of
BCBL-1 cells. The PCR products were digested with restriction enzymes (SacII
and NheI) and cloned into the pGL3-Basic vector.

A dual luciferase reporter system (Promega) was used to quantify promoter
activity. 293 cells were transfected in 12-well plates, washed with PBS, and
incubated with 250 �l of passive lysis buffer provided by the manufacturer. A
Renilla TK expression vector (10 ng/well) served as an internal control. Ten
microliters of cell lysate per well was assayed by using an Optocomp I Lumi-
nometer (MGM Instruments, Hamden, Calif.) according to the manufacturer’s
recommendations. At least three independent assays were carried out for each
experiment. DNA amounts used are indicated in the figure legends.

Southern and Northern blotting. Total DNA was extracted from BCBL-1 or
K-bZIP-overexpressing BCBL-1 cells by using a QIAamp blood kit (Qiagen
GmbH, Hilden, Germany) at various times after induction by TPA. Five micro-
grams of total DNA was digested with restriction enzymes (EcoRI or EcoRI and
NcoI) and then separated on an 0.8% agarose gel. The gel was depurinated by
incubation in depurination buffer (0.25 M HCl) and sequentially denaturated in
denaturation buffer (1.5 M NaOH, 0.5 M NaCl) for 20 min each. After dena-
turation, the restriction fragments were transferred to a nylon membrane (Bio-
dyne; Pall Gelman Laboratory, Ann Arbor, Mich.) by standard procedures. The
DNA was immobilized on the membrane by drying at RT for 1 h and UV
cross-linking.

Total RNA was prepared with Isogen (Nippon Gene, Tokyo, Japan) as rec-
ommended by the manufacturer. Total RNA (10 �g/lane) was separated on a
1.2% agarose–formaldehyde gel and then transferred to a nylon membrane. The
RNA was immobilized on the membrane by drying at RT for 1 h and UV
cross-linking. DNA probes were prepared from total genomic DNA of BCBL-1
cells by PCR with primer sets (Table 1). DNA fragments purified from the
agarose gel were radiolabeled with [�32-P]dATP by using a Strip-EZ DNA kit
(Ambion) as recommended by the supplier. The glyceraldehyde-3-phosphate-
dehydrogenase (GAPDH) probe, a generous gift from Dan Robinson (UC Davis

TABLE 1. Primers used for PCR amplification

Primer Sequence (5�33�)a

K-bZIP NF ..........................TAcggtccgaccATGCCCAGAATGAAGGA
CATACC

K-bZIP 120F ..........................CGggatccCTTCCAACTCGCAGATCCAA
GAGGCGA

K-bZIP 122F ..........................AAcggtccgACTCGCAGATCCAAGAGG
CGA

K-bZIP 190F ..........................AAcggtccgGCATTAGAAGAAAAGGATG
CACAA

K-bZIP 122R..........................ATcggaccgAAGCTGTTGCGAAATGTGT
GGTCC

K-bZIP 189R..........................AAcggaccgCTGCTGCAGCTGTCTTGTGTA
K-bZIP CR .............................ATcggaccgCAATAAACCCACAGCCCAT

AG
K-bZIP TA-R.........................ctaatgcAAGCTGTTGCGAAATGTGTGG
K-bZIP LZ-F..........................acagcttGCATTAGAAGAAAAGGATGC

ACAAC
K-Rta N-Cpo..........................TAcggtccgACCATGGCGCAAGATGACAA
K-Rta 110F .............................TAcggtccgATTATTCGGATCCTCACGG

AG
K-Rta 239F .............................TAcggtccgATTACCACCGGCAAGGTCAC
K-Rta 299F .............................TAcggtccgAAACCCCATCCCAACATG
K-Rta 499F .............................TAcggtccgTGTAGAGATTCAACGGC
K-Rta 550F .............................TAcggtccgTTGGGATCAATTACCACCC
K-Rta 111R ............................TAcggaccgAATAATGCCTTGGGATGCCTC
K-Rta 240R ............................TAcggaccgGTAATTGGCCGGCGTTTCT
K-Rta 297R ............................TAcggaccgCTAATGACAAACTGGCTCA

GG
K-Rta 503R ............................TAcggaccgTTGAATCTCTACACGGCAC

AC
K-Rta 550R ............................TAcggaccgCAAAGAGGTACCAGGTGTC

GT
K-Rta CR................................TAcggaccgTCAGTCTCGGAAGTAATTAC

GC
ORF57 promoter F ...............GAAgagctcCAAGACCATTAGCTATCTG

CC
ORF57 promoter R...............GAtagctaGCCTATTTTGGGAACCTGGC

AG
PAN RNA promoter F .........GAAgagctcGGACCGTGGGCGAGCCGA

AATA
PAN RNA promoter R ........GAtagctaGCTGGGCAGTCCCAGTGCTA

AAC
K-Rta probe F........................GTGCACGCCACGGATGTCGCCACG
K-Rta probe R .......................TCAGTCTCGGAAGTAATTACGCC
ORF57 probe F......................GTTACCAGATTTAGATTACTTCATC
ORF57 probe R.....................CTTAAGAAAGTGGATAAAAGAATAA

ACCC
PAN RNA probe F ...............GACTAAAGTGGTGTGCGGCAG
PAN RNA probe R...............CAATCGACGCAAGTCAAGACAC
Probe S.B(unique).-F ............CAAGAGTGCCATGTTTATATCTGC
Probe S.B(unique).-R............CTAATAAAGGATGGAAAACAGTCTG
Probe S.B(TR).-F ..................CCTGGTAGCCAGTACTTACCAATAAT

TCC
Probe S.B(TR).-R..................GGTGTTCACGTAGTGTCCAGGGCTC

CAC

a In all sequences, the italic lowercase nucleotides represent restriction en-
zyme sites used for cloning the PCR products. The lower case nucleotides of
primers K-bZIP TA-R and K-bZIP LZ-F show the overlapping region allowing
the PCR products to anneal to each other for the K-bZIP�BR basic region
deletion mutant.
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Cancer Center), served as the control. Hybridization was performed with
ULTRAhyb buffer (Ambion) as recommended by the supplier.

RESULTS

K-bZIP associates with K-Rta in BCBL-1 cells. K-bZIP is
the positional and structural analogue of EBV Zta, a strong
transcriptional factor and a potent trigger of EBV lytic repli-
cation. Parallel studies with K-bZIP thus far, however, have
failed to show its ability to reactivate the latent KSHV genome
harbored in the BCBL-1 cell line (reference 28 and data not
shown). Thus, the role of K-bZIP in viral replication remains
elusive. To explore the possible function(s) of K-bZIP, we
studied viral and cellular proteins which might interact with
K-bZIP under physiologyical conditions; this was done with a
cell system in which the interactions between endogenous
rather than ectopically overexpressed proteins can be studied.
The BCBL-1 cell line was chosen because it expresses K-bZIP
and other viral lytic gene products upon treatment with TPA.
The expression of K-bZIP peaks at about 48 h after induction
(27; also see below). Extracts were isolated from BCBL-1 cells

at 48 h after TPA treatment and immunoprecipitated with
antibodies against various KSHV proteins. Among the viral
genes analyzed, anti-K-Rta coprecipitated K-bZIP (Fig. 1A).
Specificity was shown by the lack of K-bZIP in the anti-HA
immunoprecipitate of BCBL-1 cells (data not shown) or the
anti-K-Rta immunoprecipitate of GA-10, a B-cell line negative
for KSHV infection (Fig. 1A). These data provide the first
evidence that K-bZIP associates with K-Rta.

K-bZIP colocalizes with K-Rta in BCBL-1 cells. If a physical
interaction between K-bZIP and K-Rta exists in intact cells, we
would expect these two molecules to be colocalized in TPA-
treated BCBL-1 cells. For this experiment, we raised chicken
antibody against K-Rta (IgY isotype), so that it could be dis-
tinguished from rabbit IgG antibody against K-bZIP. Rhodam-
ine-conjugated anti-rabbit IgG antiserum and FITC-conju-
gated anti-chicken IgY antiserum were used, respectively, to
detect K-bZIP (red) and K-Rta (green). Previously, Katano et
al. (16) and Wu et al. (39) showed that K-bZIP colocalized
with PML. Therefore, we first performed a similar experiment
to validate the fidelity of the K-bZIP antibody. As shown in

FIG. 1. Coimmunoprecipitation assay. (A) Coimmunoprecipitation assay with the KSHV-positive BCBL-1 cell line. The GA-10 cell line was
used as a KSHV-negative B-cell control. BCBL-1 cell lines induced with TPA (48 h) were harvested, and the same amounts of lysates (1.0 mg)
were precipitated with anti-K-Rta chicken IgY and then immunoblotted with anti-K-bZIP rabbit antibody. IP, immunoprecipitation; W.B, Western
blotting; �, anti. (B) Colocalization of K-bZIP with PML (a) and K-Rta (b) in BCBL-1 cells. Confocal analyses were performed by using
anti-K-bZIP rabbit serum and anti-PML mouse monoclonal antibody (MAb) or anti-K-Rta chicken IgY. K-bZIP (red), PML (green), and K-Rta
(green) were detected with rhodamine-conjugated anti-rabbit IgG and FITC-conjugated anti-mouse IgG or anti-chicken IgY. The nucleus was
counterstained with TO-PRO-3 (blue). These panels are representative of 10 different fields.
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Fig. 1B, panel a, K-bZIP colocalized with PML in PML bodies,
as previously reported (16, 39). K-bZIP, however, had a much
wider distribution in the nucleus, occupying both the nucleo-
plasm and other subnuclear structures. We next performed a
colocalization assay for K-bZIP and K-Rta. As shown in Fig.
1B, panel b, both K-bZIP and K-Rta were found to be local-
ized primarily in the nucleus, consistent with previous reports
(15, 16). Merging the images of K-bZIP and K-Rta yielded a
yellow color, indicating colocalization of these proteins in the
nucleus. These results suggest that K-bZIP and K-Rta physi-
cally associate with each other in BCBL-1 cells.

Association of coexpressed K-bZIP and K-Rta in 293T cells.
As an independent test of the association between K-bZIP and
K-Rta and to rule out the possibility that the observed associ-
ation in BCBL-1 cells was due to artifacts from the use of
polyclonal antibodies, we constructed epitope-tagged K-Rta
and K-bZIP expression vectors with Flag and T7, respectively.
These constructs were linked to a cytomegalovirus (CMV)
promoter and cotransfected into 293T cells. At 48 h after
transfection, the cells were harvested and lysed under mild
conditions (0.5% NP-40) to prevent destruction of the protein-
protein complex. Coprecipitation analyses were carried out
with Flag antibody-conjugated agarose. As shown in Fig. 2A,
Flag–K-Rta coprecipitated T7–K-bZIP in cotransfected cells
only and not in cells cotransfected with T7–K-bZIP and a Flag
control vector. Reciprocal experiments with Flag–K-bZIP and
T7–K-Rta expression vectors confirmed this result (Fig. 2B).

The results presented above, based on experiments with two
different cell lines and with two different approaches (copre-
cipitation and colocalization), provide evidence that K-bZIP
associates with K-Rta in vivo.

The basic region of K-bZIP interacts with K-Rta. Our next
task was to study whether K-bZIP directly interacts with K-Rta
and, if so, to map the region(s) of K-bZIP that is responsible
for the association. In vitro-translated, radiolabeled full-length
K-Rta was incubated with a series of fusions of GST with
different domains of K-bZIP (Fig. 3A, left panel). As shown in
Fig. 3A, right panel, the K-bZIP basic region (amino acids 122
to 189) is required for the interaction with K-Rta, as only
K-bZIP mutants encompassing the basic region (e.g., con-
structs FL, N–189, 122–189, and 120–C) could pull down in
vitro-translated K-Rta. Constructs N–189 and 120–237 were
most telling: the former, with a deletion precisely in the basic
region, failed to bind K-Rta, and the latter, containing only the
basic region, bound K-Rta. Interestingly, the level of binding
by the construct containing only the basic region was lower
than that of mutant N–189 or 120–237; this finding indicates
that adjacent regions are also involved in the tight binding of
K-Rta. GST alone and in vitro-translated luciferase were used
as negative controls; both failed to bind either K-Rta or GST–
K-bZIP mutants (Fig. 3A and data not shown).

A C-terminal domain of K-Rta interacts with K-bZIP. A
reciprocal experiment was carried out to map the domain of
K-Rta that interacts with K-bZIP. A series of GST fusion
proteins that contain distinct domains of K-Rta were con-
structed (Fig. 3B, left panel) and incubated with in vitro-trans-
lated, radiolabeled full-length K-bZIP (Fig. 3B, right panel).
This experiment helped to define a region from amino acids
499 to 550 of K-Rta as necessary for binding to K-bZIP. If this
region indeed interacts with the basic region of K-bZIP, then

we would predict that constructs GST-299–550 (GST fused to
amino acids 499 to 550 of K-Rta) and GST-499–550 should not
bind K-bZIP�BR, which has a deletion of the basic region. As
shown in Fig. 3C, this was indeed the case: K-bZIP�BR failed
to bind both construct GST-299–550 and construct GST-499–
550. However, it retained the ability to bind full-length GST–
K-bZIP, presumably because the dimerization domain (i.e., the
leucine zipper region) remains intact in the K-bZIP�BR con-
struct. Based on these results, we conclude that K-bZIP and
K-Rta directly interact with each other and that amino acids
120 to 189 (the basic region) of K-bZIP and amino acids 499 to
550 of K-Rta are the interacting domains.

Wild-type K-bZIP represses K-Rta-mediated transactiva-
tion in a promoter-dependent manner. The direct interaction
and colocalization of K-bZIP and K-Rta suggest that these
proteins may modulate each other’s activities. Little is known
about the K-bZIP target genes; in contrast, several KSHV
promoters, such as those of ORF57 (450 bp) and PAN RNA
(685 bp), have been shown to be transcriptionally activated by
K-Rta (21, 33, 37). To address the question of whether K-bZIP
modulates K-Rta transactivation potential, we constructed lu-
ciferase reporter plasmids that encode the promoters of
ORF57 and PAN RNA. As in previous studies, we were able to
show that K-Rta is capable of activating the ORF57 promoter
(1,057-fold) (Fig. 4A, panel a) and the PAN RNA promoter
(155-fold) (Fig. 4B, panel a) in 293 cells. However, K-bZIP
alone does not have any capacity for transactivating either of
these promoters (Fig. 4A and B, panel b), nor does it appear to
bind these promoters (unpublished data).

When a K-bZIP expression plasmid was cotransfected with a

FIG. 2. Association between K-bZIP and K-Rta in cotransfected
293T cells. 293T cells were cotransfected with the indicated plasmids.
Cell lysates were precipitated with Flag antibody-conjugated agarose,
and coimmunoprecipitation of K-bZIP (A) or K-Rta (B) was detected
by using anti-T7 antibody. The expression of T7-tagged K-bZIP or
T7-tagged K-Rta in total cell lysates is shown in the same blots as a
control. IP, immunoprecipitation; W.B, Western blotting; �, anti.
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K-Rta expression vector, the K-Rta-mediated transactivation
of ORF57 was largely inhibited by K-bZIP in a dose-depen-
dent manner (Fig. 4A, panel a). K-bZIP�BR, which has a
deletion of the basic region and which failed to bind K-Rta, did
demonstrate inhibition (Fig. 4A and B, panel c); this finding
suggests that a direct interaction between these proteins may
be important.

Interestingly, when this analysis was extended to the PAN
RNA promoter, different results were obtained. Although we
could reproduce the transactivation of the PAN RNA pro-
moter by K-Rta (Fig. 4B, panel a), the addition of the wild-type
K-bZIP construct or the K-bZIP�BR construct had little effect
on the transactivation potential of K-Rta (Fig. 4B, panels a and
c). These results suggest that the K-bZIP modulation of K-Rta
may be influenced by the precise context of the promoter.

K-bZIP represses K-Rta-mediated transactivation in the
reactivation model. After showing that K-bZIP can repress the
K-Rta-mediated activation of an isolated ORF57 promoter, we
examined whether this regulation could also be demonstrated
in the context of the entire KSHV genome. Accordingly, we
developed a BCBL-1 cell line stably expressing K-bZIP. Be-

cause the CMV promoter can be induced by TPA (4), we
expected that upon TPA treatment (to reactivate the viral
genome), ectopically expressed K-bZIP would also be concur-
rently induced to a much higher level. To distinguish exoge-
nous K-bZIP from endogenous K-bZIP, the CMV–K-bZIP
construct was tagged with an HA epitope. Expression was
confirmed by immunoblotting with anti-HA and anti-K-bZIP
rabbit antibodies (Fig. 5A). The TPA treatment indeed signif-
icantly and rapidly increased the level of expression of HA–
CMV–K-bZIP, such that at early time points (12 and 24 h), the
total amount of K-bZIP was about five times that of endoge-
nous K-bZIP (Fig. 5A, panel b, compare BCBL-1 and HA-K-
bZIP BCBL-1). As expected, endogenous K-bZIP was also
induced and reached a significant level at 48 h after induction.
The purpose of this experiment was to overexpress K-bZIP
early to inhibit K-Rta activity and study its effect on the acti-
vation of K-Rta target genes, such as ORF57 and PAN RNA.
We extracted total cellular RNA at seven different times after
TPA stimulation from K-bZIP-overexpressing BCBL-1 cells
and from parental BCBL-1 cells and then performed Northern
blot analyses. The overexpression of K-bZIP at early times did

FIG. 3. In vitro interactions and interacting domains of both K-bZIP and K-Rta. (A) The domains of K-bZIP and the GST–K-bZIP mutants
are indicated in the left panel. FL, full length; TA, transactivation domain; BR, basic region; LZ, leucine zipper domain. The results of GST
pull-down assays for in vitro-translated, 35S-labeled full-length K-Rta and deletion mutants of K-bZIP are shown in the right panel. Pull-down-
positive clones are indicated by plus signs. (B) The domains of K-Rta and the GST–K-Rta mutants are indicated in the left panel. NLS, putative
nuclear localization signal. The results of GST pull-down assays for in vitro-translated, 35S-labeled full-length K-bZIP and deletion mutants of
K-Rta are shown in the right panel. (C) Results of GST pull-down assays for in vitro-translated, 35S-labeled K-bZIP�BR and K-Rta mutants.
Full-length GST–K-bZIP was used as a positive control.
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not seem to significantly affect the expression of K-Rta (Fig.
5B); this finding is consistent with our current understanding
that K-bZIP is not an activator of K-Rta. Thus, the influence of
K-Rta genes induced by K-bZIP, if any, likely occurs at a
stage other than the expression of K-Rta. When the expres-
sion kinetics for PAN RNA were examined, there was no
notable difference between the two cell lines at any time
after TPA treatment (Fig. 5C and D, panel a). In contrast,
the expression of ORF57 was repressed (about 6.5-fold) in
K-bZIP-overexpressing BCBL-1 cells at 72 h after TPA
treatment. These observations are consistent with the dif-
ferential regulation of K-Rta by K-bZIP determined by pro-
moter analysis.

Overexpressed K-bZIP inhibits viral DNA replication in B
cells. The results just presented suggest that K-bZIP is able to
repress K-Rta-mediated transactivation for certain promoters,
including ORF57. We next examined whether K-bZIP overex-
pression may compromise the ability of K-Rta to reactivate the
latent genome and induce viral DNA replication. In the same
experiment, we measured the increasing number of viral DNA
copies after TPA treatment by Southern blotting with two
different fragments (unique and terminal repeat regions of the
KSHV genome) as probes. All samples were calibrated based

on the total amount of cellular DNA loaded. As shown in the
upper panel of Fig. 6, the total amount of KSHV DNA (at 72 h
after TPA treatment) in BCBL-1 cells overexpressing K-bZIP
was significantly smaller than that in parental BCBL-1 cells, as
probed by an internal fragment of the KSHV genome (corre-
sponding to the gH gene). This result indicates a lower repli-
cation rate for the KSHV genome in K-bZIP-overexpressing
BCBL-1 cells. To further distinguish the lytic replication form
from the latent form, we used a terminal repeat fragment as a
probe (Fig. 6, lower panel). We expected that the replicating
form would have more heterogeneous ends (due to the vari-
able number of terminal repeats) and could be discerned from
the latent form. A somewhat smeared pattern of the terminal
repeat fragment was detected in BCBL-1 cells (at 72 h after
TPA treatment) under the electrophoresis conditions used.
Importantly, the hybridization intensity was greatly reduced in
K-bZIP-overexpressing BCBL-1 cells, suggesting that KSHV
DNA lytic replication was inhibited by the overexpression of
K-bZIP. This observation is intriguing, as it suggests that the
bZIP orthologues in KSHV and EBV, while both functioning
to modulate Rta proteins, may have an opposite biological
effect on viral replication. We recognize that this overexpres-
sion system may exaggerate the effect of K-bZIP. The natural

FIG. 4. K-bZIP represses K-Rta-mediated transactivation in a sequence-specific manner. Transient reporter assays were performed with 293
cells transiently cotransfected with a Renilla control reporter and another reporter containing the ORF57 promoter or the PAN RNA promoter.
The amount of the K-Rta expression vector was kept at 0.25 �g. The amounts of the K-bZIP and K-bZIP�BR expression vectors are shown in
the panels. In all of these assays, the fold activation was determined by measuring the luciferase activity derived from the reporter plasmid after
normalization to the Renilla luciferase activity derived from a cotransfected Renilla TK control plasmid. All experiments were performed in
triplicate, and the total amount of DNA was kept constant by using an empty expression vector. The luciferase activity of the reporter plasmid alone
is normalized to a value of 1. K-bZIP alone has no transactivation or repression activity.
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role of K-bZIP may be to modulate K-Rta activity to ensure
the proper timing of viral DNA replication.

DISCUSSION

The K-bZIP and K-Rta genes are among the first genes
expressed during the activation of the viral lytic-cycle cascade
after TPA treatment of BCBL-1 cells. These two genes likely
play important roles in both viral replication and reactivation
processes. Much evidence strongly implicates K-Rta as a piv-
otal “switch” in the reactivation process (22, 36). Our results
support a new role for K-bZIP in this process; K-bZIP func-
tions as a specific modulator of K-Rta activity. Although this
may not be the sole function of K-bZIP in viral replication, it
is likely to be an important one. We found that K-bZIP func-

tions as a trans-repressor; this is a somewhat surprising finding
in light of the strong transactivation potential of the EBV
homolog of K-bZIP, Zta. On the other hand, the transcrip-
tional regulation of EBV Rta by Zta and vice versa has been
documented, thereby setting a precedent for a modulatory
interaction between Rta and Zta (10, 17). Herpesvirus repli-
cation follows a strict temporal order, with genes in different
phases being upregulated and then downregulated. Thus,
trans-repression of genes may be as important as trans-activa-
tion. Given that K-Rta is an exceptionally strong transactivator
and that, in our experiments, “unchecked” overexpression of-
ten leads to cell death (unpublished data), modulation of its
activity in a timely fashion may be critical for maintaining the
viability of the host cell to allow for the effective replication of
KSHV.

FIG. 5. K-bZIP represses ORF57 transcription in vivo. (A) Confirmation of exogenous K-bZIP expression in BCBL-1 cells. Protein extract (100
�g/lane) from each time point (hours) was loaded. Exogenous K-bZIP was detected with anti-HA antibody (a), and total K-bZIP was detected with
anti-K-bZIP antibody (b). The actin protein served as an internal control for the amount of protein on the membrane and was detected by antiactin
goat serum (c). HA-KbZIP BCBL-1, HA-tagged K-bZIP-overexpressing BCBL-1 cells. (B) K-Rta expression is not affected by the overexpression
of K-bZIP. The amount of K-Rta RNA was monitored by Northern blot analysis with a K-Rta probe (nt 74228 to 74629). GAPDH mRNA served
as an internal control for the amount of RNA on the membrane. (C) K-bZIP represses ORF57 transcription but not PAN RNA. The amounts
of ORF57 and PAN RNAs present after TPA induction were monitored by Northern blot analyses with a PAN probe (nt 29398 to 29776) or an
ORF57 probe (nt 83143 to 83545). GAPDH mRNA served as an internal control for the amount of RNA present on the membrane. (D) Quan-
tification of transcripts. PAN RNA and ORF57 transcripts were quantified by using Quantity One (Bio-Rad). The transcript level at 0 h was
normalized to a value of 1. The fold transcriptional activation is shown as a line chart.
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Interestingly, the K-bZIP-mediated repression of K-Rta ac-
tivity is promoter dependent. It has been found that K-bZIP
represses the K-Rta-mediated activation of the promoters of
ORF57 (this study) and K-bZIP (unpublished data and J.
Giam, personal communication) but not that of PAN RNA.
Recent data showed that K-Rta apparently binds different
DNA sequences (RRE) on different promoters (5, 11, 21, 33)
and that the RRE for the PAN RNA promoter is distinct from
that for the ORF57 promoter (5, 21, 33). Notably, the K-bZIP-
repressible ORF57 and K-bZIP promoters share partial se-
quence homology in their RRE (21). K-Rta is a versatile trans-
activator that appears to interact with multiple cellular
transcriptional factors (e.g., sp1, Oct1, and STAT3) and target
different enhancer motifs (7, 12, 32). Our data suggest that the
coactivator complex assembled around K-Rta may be se-
quence dependent and that K-bZIP may interfere with the
assembly of some, but not all, types of coactivator complexes.

At present, we do not know the exact mechanism for the
repression by K-bZIP of K-Rta-mediated transactivation. Be-
cause our work showed that K-bZIP directly interacts with
K-Rta, we favor the hypothesis that K-bZIP binding to K-Rta
either stably or transiently interferes with the assembly of the
coactivator complex. We mapped the interacting domain of
K-Rta to a stretch of 51 amino acids (499 to 550), a region
previously shown to be important in transactivation function

(37). The interacting domain of K-bZIP resides in the basic
region (amino acids 120 to 189), although adjacent sequences
in the leucine zipper region facilitate binding. A K-bZIP mu-
tant with a deletion of the basic region failed to repress K-Rta-
mediated transactivation; this finding is consistent with our
hypothesis. Because the basic region is the putative DNA-
binding domain of K-bZIP, we cannot rule out the possibility
that DNA binding is required for this process. However, the
binding of K-bZIP to the ORF57 promoter (450 bp) under
conditions in which purified AP-1 was able to gel shift this
fragment was not observed (T. Ellison, unpublished data).

To ensure that our data were obtained from the most rele-
vant context, many of our studies were carried out with natu-
rally infected BCBL-1 cells. We detected the interaction
between K-Rta and K-bZIP by coprecipitation and by colocal-
ization in TPA-induced BCBL-1 cells, in which these two mol-
ecules are made during the course of reactivation. To study the
impact of K-bZIP on the lytic replication and transcriptional
programming of KSHV, we isolated cells stably transfected
with HA–CMV–K-bZIP. To avoid clonal variations, a pool of
transfected cells was used in the analysis. We chose the CMV
promoter because of its well-documented activity in human
cells and its inducibility by TPA (4). The latter feature ensures
that during the course of TPA treatment, exogenous HA–K-
bZIP remains expressed at a very high level. This strategy

FIG. 5—Continued.
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worked as planned; in HA–K-bZIP-overexpressing BCBL-1
cells, the level of exogenous K-bZIP is at least fivefold higher
than that in the control at early time points, allowing us to
monitor its repression effect immediately after the induction of
K-Rta. Initially, we were surprised that the basal level (time
zero, without TPA induction) of K-bZIP was only slightly
higher in the transfected cells than in the control cells. Now we
know that exogenous K-bZIP expression represses that of en-
dogenous K-bZIP (presumably through its repression of K-
Rta), such that the basal level of endogenous K-bZIP in the
transfected cells at time zero was virtually undetectable (un-
published data). In this setting, we were able to demonstrate
that the transcription of ORF57 is significantly reduced, al-
though that of PAN RNA is relatively unaffected. The overall
replication of KSHV DNA is also blocked, presumably due to
the action of this transcriptional program. This study provides
the first direct evidence that K-bZIP expression has an impact
on K-Rta-mediated transactivation and on viral replication.

ORF57, the target of K-bZIP-mediated repression, is in-
volved in the posttranscriptional regulation of gene expression
(18). The EBV homolog of ORF57 is BMLF1, or Mta, which
performs a similar function. The transcription of EBV BMLF1
is regulated by both EBV Rta and EBV Zta (17), similar to the
observations in our report. For EBV, however, Zta enhances
rather than represses the transactivation mediated by Rta (17).
Thus, gammaherpesviruses use evolutionarily conserved genes
in different strategies to perform similar functions.

In summary, this report describes physical and functional
interactions between the K-bZIP and K-Rta genes, which are
immediate-early and early lytic genes involved in the transcrip-
tional regulation of viral genes in lytic replication. These two
genes are physically linked in the KSHV genome, and now we
provide evidence that their products are also biochemically
linked. We showed that K-bZIP acts as a transcriptional re-
pressor, curtailing the transactivation potential of K-Rta. Our
findings provide a new perspective on K-bZIP functions and

suggest a different strategy for probing its role in KSHV rep-
lication and reactivation.
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