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Kaposi’s sarcoma-associated herpesvirus (KSHV) is the causative agent of three human proliferative
disorders, namely, Kaposi’s sarcoma, primary effusion lymphomas (PEL), and multicentric Castleman’s
disease. Lytic DNA replication of KSHV, which is essential for viral propagation, requires the binding of
at least two KSHV proteins, replication and transactivation activator (RTA) and K-bZIP, on the lytic
origin of replication. Moreover, K-bZIP physically interacts with RTA and represses its transactivation
activity on several viral promoters in transient transfection assays. To evaluate the physiological roles of
K-bZIP in the context of PEL, we generated BCBL-1 cells with a tetracycline (Tet)-inducible small hairpin
RNA (shRNA) directed against the K8 mRNA to knock down K-bZIP expression at different points during
KSHV’s life cycle. Using this model, we demonstrate that in the absence of K-bZIP expression, dramatic
decreases in orf50, orf57, and orf26 transcript expression are observed. Similar effects were seen at the
protein level for RTA (immediate-early protein) and K8.1 (late protein) expression. Interestingly, a direct
correlation between K-bZIP levels and viral lytic mRNAs was noticed. As a consequence of K-bZIP
knockdown, viral DNA replication and virion production were severely impaired. The same effects were
observed following knockdown of K-bZIP in another PEL cell line, BC3. Finally, using shRNA-K8-
inducible 293 cells, we report that de novo synthesis of K-bZIP is not necessary for initiation of infection
and latency establishment. These data support the concept that K-bZIP is essential for lytic viral gene
expression, viral DNA replication, and virus propagation in PEL cells.

Kaposi’s sarcoma-associated herpesvirus (KSHV), also
known as human herpesvirus 8 (HHV-8), is a gammaherpes-
virus that closely resembles Epstein-Barr virus (EBV). KSHV
infection is associated with the development of all types of
Kaposi’s sarcoma (KS) and with B-cell lymphoproliferative
diseases, such as primary effusion lymphoma (PEL) and mul-
ticentric Castleman’s disease (4, 6, 7, 29). The KSHV life cycle
includes both latent and lytic replication phases (21, 27). Dur-
ing latency, a limited number of viral genes are expressed, and
no infectious virions are produced. In latently infected cells,
multiple copies of the viral genome are maintained as extra-
chromosomal episomes and are replicated in synchrony with
cell division (4). During a productive infection, a complex of
viral enzymes including the viral DNA polymerase ensures
viral DNA replication. The lytic KSHV life cycle is character-
ized by the production of progeny viruses from infected cells
and can be induced using chemicals such as 12-O-tetradeca-
noylphorbol 13-acetate (TPA) and butyric acid (BAc) (22, 23).
Chemical induction of PEL-derived B cells initiates the expres-
sion of the replication and transcription factor activator
(RTA), encoded by open reading frame 50 (orf50), which is
necessary and sufficient for the lytic infectious cycle and reac-

tivation from latency (20, 24, 37). RTA modulates and acti-
vates the expression of several viral genes involved in the lytic
replication process (9, 30, 31), and in particular, RTA binds
directly to a 12-bp palindromic sequence shared by the orf57
and orfk8 promoters (19).

KSHV orfk8 encodes an early viral protein that is activated
during the lytic replication cycle of KSHV (18). K-bZIP, the
major product of orfk8, is a nuclear homodimerizing protein of
237 amino acids (11, 26) that colocalizes with PML oncogenic
domains (36). K-bZIP is a transcriptional repressor which af-
fects the transcription of a subset of viral and cellular genes
(12, 15, 16, 32). In particular, K-bZIP directly binds RTA and
represses RTA-mediated transactivation of the K-bZIP pro-
moter, leading to a negative autoregulation system during lytic
infection (16). K-bZIP was also reported to associate with the
CREB-binding protein (CBP) and with p53 and to inhibit the
transactivation potential of these molecules (10, 25).

K-bZIP is the positional and structural analogue of EBV
Zta, which is a strong transcriptional factor capable of trigger-
ing EBV reactivation and lytic replication and transactivating a
number of viral and cellular genes (8, 17, 28). K-bZIP has also
been found to be important for KSHV replication. Indeed,
K-bZIP binds to ori-Lyt (origin of lytic DNA replication),
through the transcription factor CAAT enhancer binding pro-
tein � (C/EBP�), and to RTA, which leads to interaction with
the core replication complex (35). Thus, RTA and K-bZIP play
key roles in initiation of KSHV ori-Lyt-dependent DNA rep-
lication. The generation of an orfk8-deleted recombinant
HHV-8, studied in the context of monkey Vero cells, showed
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that K-bZIP is important for virus replication, as this mutant
failed to reactivate and produce infectious viruses (13). On the
other hand, Izumiya et al. suggested that overexpression of
K-bZIP in B cells results in less viral DNA replication (12).
However, considering that overexpression systems can be mis-
leading and that the recombinant study was limited to monkey
Vero cells, which are not physiological targets of KSHV infec-
tion, we decided to design a B-cell model with a K-bZIP defect,
using small interfering RNA technology. In this study, we gen-
erated BCBL-1 cells, designated TREx-BCBL-1-shRNAK8
cells, expressing a Tet-inducible small hairpin RNA (shRNA)
against orfk8. Using this system, we observed decreased expres-
sion of K-bZIP in response to doxycycline (a Tet analog), and
as a consequence, we saw a dramatic reduction in virus pro-
duction and viral genomic copy levels following cell activation
with TPA. Moreover, our data indicated marked inhibitions of
orf50, orf57, and orf26 mRNA levels, without effects on viral
latent mRNA levels. These observations were confirmed with
the BC3 PEL cell line stably expressing shRNA-K8. Hence,
our results provide evidence for the importance of K-bZIP in
the reactivation process leading to the lytic viral cycle in the
context of PEL cell lines. Finally, the use of an analogous
TREx-shRNA system in 293 cells led us to conclude that de
novo K-bZIP synthesis is not essential for the initial phase of
infection and the establishment of KSHV latency.

MATERIALS AND METHODS

Reagents and antibodies. TPA was purchased from Invivogen (San Diego,
CA). BAc was purchased from Acros Organics (Geel, Belgium). Anti-K-bZIP
was generously given by Henri Gruffat (Lyon, France) (26). Anti-LANA and
Anti-K8.1 were obtained from Advanced Biotechnologies (Columbia, MD), anti-
cyclin was obtained from ABCAM (Baltimore, MD), and rabbit polyclonal an-
tibody against KSHV RTA (5) was a kind gift from Georges Miller (Yale
University). Anti-actin antibody was purchased from Santa Cruz Biotechnology
(Santa Cruz, CA).

Cell culture. HEK 293T and HEK 293 cells (ATCC, Manassas, VA) were
cultured in Dulbecco’s modified Eagle’s medium (Sigma) containing 10% heat-
inactivated fetal bovine serum. BCBL-1 cells (27) were obtained through the
AIDS Research and Reference Reagent Program, Division of AIDS, NIAID,
NIH. BC3 (1) cells were purchased from ATCC. PEL cells were grown in RPMI
1640 medium (Sigma-Aldrich Canada Ltd., Oakville, Ontario, Canada) supple-
mented with 10% fetal bovine serum.

Plasmids and constructs. A plasmid expressing wild-type K8 was described
previously (15). A plasmid expressing K8 resistant to shRNA-K8 was made by
mutagenesis with the following primers: 5�-TCGCAACAGCTTCCAACTCG
CAGATCCAAAAGGAGATTGCACCGTAAGTTTGAAGAGGAACGCT
TATGCACTAAG-3� and 5�-CTTAGTGCATAAGCGTTCCTCTTCAAACT
TACGGTGCAATCTCCTTTTGGATCTGGCGAGTTGGAAGCTGTTGC
GA-3�. Underlined bases represent the silent mutations introduced. The
shRNA-K8 construct was made by cloning annealed shRNA primers into Hin-
dIII and BglII doubly digested pTER vector (33), provided by Hans Clevers.
shRNA-K8 primer sequences were as follows: 5�-GATCCAGAGGCGACTAC
ATAGAAATTGATATCCGTTTCTATGTAGTCGCCTCT-3� and 5�-AGCTT
TTGGAAAAAAAGAGGCGACTACATAGAAACGGATATCAATTTCTAT
GTAGTCGCCTCTGG-3�. In the same way, an irrelevant control, shRNA-ctl,
was designed from the HHV-6 IE1 mRNA, using the following primers: 5�-GA
TCCCAGAGGCTGGTATTAGAACATTGATATCCGTGTTCTAATACCA
GCCTCTTTTTTTCCAAA-3� and 5�-AGCTTTTGGAAAAAAAGAGGCTG
GTATTAGAACACGGATATCAATGTTCTAATACCAGCCTCTGG-3�.

Generation of shRNA-inducible system. To establish cell lines constitutively
expressing the Tet repressor, pcDNA6/TR plasmid (Invitrogen) was electropo-
rated (960 �F, 200 V) into BCBL-1 cells. Forty-eight hours after transfection,
BCBL-1 cells were selected with 20 �g of blasticidin S HCl (Invitrogen)/ml in
six-well plates for 4 weeks. This TREx BCBL-1 cell line was next transfected with
pcDNA/FRT/TO-�Gal to test the repressor’s efficacy. Next, to establish the
Tet-inducible shRNA-K8 or shRNA-ctl cell line (TREx BCBL-1-shRNA-K8 or

TREx BCBL-1-shRNA-ctl, respectively), pTER-shRNA-K8 or pTER-shRNA-
ctl was transfected into TREx BCBL-1 cells by electroporation. Forty-eight hours
after electroporation, the cells were selected with 80 �g of Zeocin (Invitro-
gen)/ml for 4 weeks. pTER-shRNA-K8 and pTER-shRNA-ctl were also trans-
fected into BC3 cells, and Zeocin selection was performed for 4 weeks. 293 cells
expressing inducible shRNA-K8 and shRNA-ctl were generated in a similar way.
The experiments were done with a pool of cells selected during stable transfec-
tion.

Production of rKSHV.219 and infection of 293 cells. Vero cells containing
latent rKSHV.219 and a baculovirus containing RTA (BacK50) were a kind
gift of Jeffrey Vieira (Seattle, WA) (34). Briefly, for the generation of
rKSHV.219 stocks, Vero cells containing latent rKSHV.219 (80 to 90% con-
fluent) were infected with BacK50 for 2 h in a minimum volume, the inoculum
was removed, the cells were washed once with phosphate-buffered saline
(PBS), and fresh medium with 1.25 mM BAc was added. Twenty-four hours
later, the medium with BAc was removed and fresh medium was added. At 50
to 70 h post-baculovirus infection, the medium was collected, the cells were
removed by centrifugation (300 � g, 5 min), and the supernatant was passed
through a 0.45-�m filter and then used as a KSHV inoculum for 293 cell
infection. Centrifugation enhancement was used for infection by centrifuging
the culture plates at 450 � g for 20 min, with replacement of the medium 2 h
after centrifugation. This increased the infection levels approximately two- to
threefold.

Transfection. Transfections of HEK 293T and HEK 293 cells were performed
using the calcium phosphate precipitation procedure. Cells were plated at 100,000
cells/well (12-well plate) the day prior to transfection. Cells were transfected with up
to 2 �g of expression vector per well and brought to a total of 2.5 �g of DNA per
well for each condition, using the pCMV3T control plasmid. Cells were lysed 48 h
after transfection, and proteins from whole-cell extract samples were resolved by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis.

RT-QPCR. Total RNA was extracted from transfected 293T cells, transfected
293 cells, or B-cell-derived cell lines by use of Trizol reagent (Invitrogen, On-
tario, Canada). All RNA samples were treated with DNase I to eliminate resid-
ual genomic DNA prior to amplification. cDNA was synthesized, and real-time
quantitative PCR (RT-QPCR) analysis was performed on a Rotorgene instru-
ment (Corbett Research) with SyBRGreener technology (Invitrogen). The spec-
ificity of amplification was assessed for each sample by melting curve analysis. All
transcripts were normalized according to gapdh housekeeping gene expression.

FIG. 1. Inhibition of K-bZIP by shRNA at the protein level.
(A) 293T cells were transfected with K8 expression vector and increas-
ing amounts of pTER-shRNA-K8, pTER-shRNA-ctl, or empty vector.
Thirty-six hours later, the cultures were harvested and total cell ex-
tracts were made and analyzed by Western blotting, using specific
anti-K-bZIP and anti-actin antibodies. (B) TREx BCBL-1shRNA-ctl
and TREx BCBL-1-shRNA-K8 cells were stimulated with or without 1
�g/ml doxycycline for 48 h in the presence of TPA (20 ng/ml) and BAc
(0.3 mM). Whole-cell lysates were used for immunoblotting with anti-
K-bZIP and anti-actin antibodies.
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The following primers were used: gapdh forward, 5�-CGAGATCCCTCCAAAA
TCAA-3�; gapdh reverse, 5�-TTCACACCCATGACGAACAT-3�; orfk8 forward,
5�-CAAGAGGCGACTACATAGAAA-3�; orfk8 reverse, 5�-GATCACATACT
TCGGCCTTAAC-3�; orf26 forward, 5�-GCTCGAATCCAACGGATTTG-3�;
orf26 reverse, 5�-AATAGCGTGCCCCAGTTGC-3�; orf57 forward, 5�-CATCC
TAGAGGACTCTGT-3�; orf57 reverse, 5�-TTGCTCGTCTTCCAGTGT-3�;
orf50 forward, 5�-CGCAATGCGTTACGTTGTTG-3�; and orf50 reverse, 5�-G
CCCGGACTGTTGAATCG-3�.

Detection of viral genome copies in supernatants and cells. To test virus
production from TPA/BAc-induced B cells, 1 ml of supernatant was harvested
at different time points and processed as described above. To measure the
number of genome equivalents, an aliquot of 200 �l of supernatant was
treated for 30 min at 37°C with DNase I (Roche) to eliminate unencapsidated
DNA. After DNase inactivation, samples were spiked with 106 copies of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) plasmid to normalize
the extraction procedure. Genomic DNA was isolated with a QIAamp DNA
blood mini kit (Qiagen, Mississauga, Ontario, Canada) according to the
manufacturer’s instructions. The DNA was then subjected to QPCR using
ORF26 and GAPDH primers. To assess the presence of HHV-8 DNA in B
cells exposed to reactivation, cellular DNA was extracted and analyzed by
QPCR with ORF26 and GAPDH primers.

Immunoblot analysis. Proteins from whole-cell extracts were resolved by so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to a
nitrocellulose membrane (Bio-Rad, Mississauga, Ontario, Canada). Nonspecific
sites were blocked by incubating the membranes in PBS containing 0.05% Tween
20 (PBS-T) and 5% nonfat dry milk for 1 h, followed by a 1-h incubation with
primary antibodies (anti-K-bZIP, anti-RTA, anti-LANA, and anti-cyclin). After

three 5-minute washes in PBS-T, the membranes were incubated for 1 h with
horseradish peroxidase-conjugated goat anti-rabbit or goat anti-mouse immuno-
globulin G (IgG; KPL Laboratories, Gaithersburg, MD) in blocking solution.
Immunoreactive proteins were visualized by chemiluminescence using Supersig-
nal Pico West substrate (Pierce, Rockford, IL).

Immunofluorescence assay. BCBL-1-shRNA-K8 and BCBL-1-shRNA-ctl cells
were fixed in cold acetone for 10 min and air dried. Cells were first incubated
with rabbit anti-K-bZIP or mouse anti-K8.1 for 1 h at room temperature. Slides
were washed three times for 5 min in PBS and then incubated with Alexa
588-labeled anti-mouse IgG or Alexa 588-labeled anti-rabbit IgG (Invitrogen)
for 1 h at room temperature. Slides were washed three times and mounted with
SlowFade Gold antifade reagent with 4�,6-diamidino-2-phenylindole (DAPI)
(Invitrogen). Slides were observed by fluorescence microscopy (BX51 micro-
scope; Olympus, Canada).

Flow cytometry. 293 cells (2 � 105) were washed three times in PBS and fixed
with 2% paraformaldehyde, and fluorescence-activated cell sorting (FACS) anal-
ysis was performed with a FACSCalibur flow cytometer (Becton Dickinson,
Mountainview, CA) to detect green fluorescent protein (GFP) and dsRed.

Statistical analysis. Statistical analysis was performed using Graph Pad In Stat
software, using unpaired Student’s t test or analysis of variance. Statistical sig-
nificance was achieved when the P value was �0.05.

FIG. 2. K-bZIP expression is required for viral replication in BC3
and BCBL-1 cells. (A) TREx BCBL-1-shRNA-K8 cells were stimu-
lated with or without 1 �g/ml doxycycline for 72 h in the presence of
TPA (20 ng/ml) and BAc (0.3 mM). Cells were harvested at 0, 24, 48,
and 72 h, followed by DNA extraction, and the number of viral genome
copies was determined by QPCR using orf26-specific primers.
(B) BC3-shRNA-K8 or BC3-shRNA-ctl cells were stimulated with
TPA (20 ng/ml) and BAc (0.3 mM). Cells were harvested at 0, 24, 48,
and 72 h, followed by DNA extraction, and the number of viral genome
copies was determined by QPCR using orf26-specific primers. Results
are expressed as mean (triplicate) inductions (n-fold) � standard de-
viations (SD) relative to nonstimulated cells after normalization of
samples with GAPDH expression. Results are representative of three
independent experiments. *, P � 0.05; **, P � 0.01.

FIG. 3. K-bZIP expression is required for virus production in BC3
and BCBL-1 cells. (A) TREx BCBL-1-shRNA-K8 cells were stimu-
lated with or without 1 �g/ml doxycycline for 72 h in the presence of
TPA (20 ng/ml) and BAc (0.3 mM). Cells were harvested at 0, 4, 24, 48,
and 72 h, followed by DNA extraction from virions in the supernatants
after DNase treatment. Viral genome copies were measured by QPCR
using orf26-specific primers. (B) BC3-shRNA-K8 or BC3-shRNA-ctl
cells were stimulated with TPA (20 ng/ml) and BAc (0.3 mM). Cells
were harvested at 0, 6, 24, 48, 72, and 96 h, followed by DNA extraction
from virions in the supernatants after DNase treatment. Viral genome
copies were measured by QPCR using orf26-specific primers. Results
are expressed as mean (triplicate) inductions (n-fold) � SD relative to
nonstimulated cells after normalization of samples with GAPDH ex-
pression. Results are representative of three independent experiments.
*, P � 0.05; **, P � 0.01.
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RESULTS

K-bZIP is associated with the viral DNA replication com-
plex, which is composed of at least six other viral proteins (e.g.,
SSB, POL, PAF, HEL, PRI, and PPF) and is known to act as
a KSHV origin of replication binding protein (36). K-bZIP is
also described as a transcriptional repressor of RTA activity.
To further confirm these roles in a PEL cell line model, we

generated an inducible shRNA against orfk8. The shRNA was
designed using Dharmacon’s software and then cloned into the
pTER vector. To test the efficiency of shRNA-K8, we first
transfected 293T cells with a K8 expression vector in the ab-
sence or in the presence of increasing doses of pTER express-
ing shRNA-K8 or shRNA-ctl. As shown in Fig. 1A, transfec-
tion of the K8 expression vector led to abundant K-bZIP
expression in the presence of pTER-ctl. On the other hand, we
typically observed a 	60% decrease in K-bZIP expression in
the presence of shRNA against orfk8. To explore the impact of
this shRNA-K8 on KSHV’s life cycle, we generated stable
TREx-BCBL-1-shRNA-K8 or TREx-BCBL-1-shRNA-ctl cells,
in which the expression of the shRNA can be induced by
adding doxycycline/Tet to the culture medium. PEL-derived
BCBL-1 cells are latently infected with KSHV and can be
induced to undergo lytic replication upon treatment with TPA-
BAc, which activates the expression of KSHV RTA. TREx
BCBL-1-shRNA-ctl and TREx BCBL-1-sh-RNA-K8 cells were
simultaneously incubated with TPA-BAc and doxycycline for
48 h, and then whole-cell lysates were used for immunoblotting
using anti-K-bZIP antibodies. In TREx BCBL-1-shRNA-ctl
cells, a time-dependent increase of K-bZIP expression was
observed following TPA-BAc stimulation, with no impact from
shRNA-ctl (Fig. 1B). In contrast, in TREx BCBL-1-shRNA-K8
cells, a time-dependent decrease in K-bZIP expression was
observed, with a nearly complete shutdown of K-bZIP expres-
sion observed at 48 h. The expression of both isoforms of
K-bZIP (the three-exon and two-exon forms) was reduced by
the shRNA-K8. Similar results were obtained with BC3 cells
expressing a stable shRNA-K8 in comparison to BC3-shRNA-
ctl cells (data not shown). These results confirmed that the
shRNA-K8 could effectively inhibit TPA-BAc-induced K-bZIP
expression in two PEL cell lines, BCBL-1 and BC3.

Given that the K-bZIP protein is associated with DNA rep-
lication due to its ori-Lyt binding properties, we were inter-
ested in determining the impact of K-bZIP knockdown on viral
replication. TREx BCBL-1-sh-RNA-K8 cells were stimulated
with TPA-BAc and with or without 1 �g/ml doxycycline for
72 h. Cells were harvested at different time points, DNA ex-
tracts were processed, and genome copies were measured by
QPCR using orf26-specific primers. As shown in Fig. 2A, in the
absence of doxycycline, we observed a gradual increase in viral
genome copies, with a 10-fold increase at 72 h post-TPA/BAc
stimulation. On the other hand, when doxycycline was present,
resulting in K-bZIP suppression, no significant increases in
KSHV episomal copies were detected for any of the time
points studied (Fig. 2A). Similarly, in BC3-shRNA-ctl cells, a
30-fold increase in viral genome copies was detected at 72 h
post-TPA stimulation (Fig. 2B). In comparison, we noticed an
80% reduction in the number of viral genome copies in BC3
cells expressing shRNA-K8. Our data suggest that K-bZIP is
necessary for proper DNA replication to occur.

We next tested the impact of K-bZIP knockdown on virion
production. TREx BCBL-1-sh-RNA-K8 cells were stimulated
with TPA-BAc and with or without 1 �g/ml doxycycline for
72 h. Supernatants were harvested at different time points and
treated with DNase to eliminate naked (unencapsidated) viral
DNA. After DNase inactivation, supernatants were processed
for DNA extraction and genome copies were measured by
QPCR. In the absence of doxycycline, DNase-resistant viral

FIG. 4. BC3 and BCBL-1 cell transactivation of mRNAs is inhib-
ited in the absence of K-bZIP. TREx BCBL-1-shRNA-K8 cells were
stimulated with or without 1 �g/ml doxycycline for 72 h in the presence
of TPA-BAc. Cells were harvested at 0, 4, 24, 48, and 72 h. BC3-
shRNA-K8 or BC3-shRNA-ctl cells were stimulated with TPA-BAc.
Cells were harvested at 0, 6, 24, 48, and 72 h. For each time point, total
RNA was isolated and processed for ORFK8 (A), ORF50 (B), ORF57
(C), and ORF26 (D) by RT-QPCR. (E to G) TREx BCBL-1-
shRNA-K8 cells were stimulated with or without 1 �g/ml doxycycline
for 24 h in the presence of TPA (20 ng/ml) and BAc (0.3 mM). Cells
were harvested at 0, 2, 4, 6, and 8 h. For each time point, total RNA
was isolated and processed for ORFK8 (E), ORF50 (F), and ORF57
(G) RT-QPCR. Results are expressed as mean (triplicate) inductions
(n-fold) � SD relative to nonstimulated cells after normalization of
samples with GAPDH expression. Results are representative of three
independent experiments. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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DNA was detected in supernatants, with maximum detection
observed at 48 h post-TPA/BAc treatment, indicating proper
reactivation of the lytic cycle (Fig. 3A). This pattern was com-
pletely different in the absence of K-bZIP expression (with
doxycycline), where a 90% inhibition in viral genome copy
number was noted at 48 h post-TPA/BAc stimulation (Fig.
3A). To confirm this decrease in virion production, we re-
peated this experiment in BC3-containing shRNA cells. BC3-
shRNA-K8 or BC3-shRNA-ctl cells were stimulated with TPA-
BAc for 96 h, and viral output was quantified in supernatants.
The result showed that for each time point studied, a 	65%
reduction in the number of viral genome copies was observed
in BC3-shRNA-K8 cells compared to BC3-shRNA-ctl cells
(Fig. 3B). Thus, our results indicated that K-bZIP is important
for the DNA replication process and for virion production in
BCBL-1 and BC3 cells.

Previous studies using transient assays have shown that K-
bZIP is a transcriptional repressor that affects RTA-induced
transcription of a subset of viral genes, such as orf57 and orfk8
itself (12, 16). To determine whether this role of K-bZIP could
be observed under more physiological conditions, we tested
the effects of K-bZIP knockdown on the expression of various
viral mRNAs in PEL cell lines. TREx BCBL-1-shRNA-K8
cells were stimulated with TPA-BAc, with or without 1 �g/ml
doxycycline, for 72 h. In the same way, BC3-shRNA-K8 or
BC3-shRNA-ctl cells were stimulated with TPA-BAc. For each
time point, total RNA was isolated and processed for orfk8,
orf50, orf57, and orf26 RT-QPCR. As shown in Fig. 4A, we first
confirmed the efficiency of our shRNA-K8 at inhibiting orfk8
mRNA in BC3 cells (left panel) and TREx BCBL-1 cells (right
panel) for each time point. Second, considering that we ob-
served less viral DNA replication and virion production in B
cells containing shRNA-K8, we measured the expression of the
orf50 mRNA, encoding RTA. A time-dependent increase in
orf50 mRNA was observed in TREx BCBL-1-shRNA-ctl cells
and BC3-shRNA-ctl cells, confirming the efficiency of TPA
stimulation. For all time points tested, we typically observed 90
to 95% reductions in orf50 mRNA expression in BC3 (Fig. 4B,
left panel) and TREx BCBL-1 (Fig. 4B, right panel) cells. We
also evaluated the mRNA levels of orf57 in TPA-BAc-stimu-
lated B cells containing shRNA-ctl or shRNA-K8. In BC3-
shRNA-ctl cells, orf57 expression increased up to 70-fold at 6 h
poststimulation and stayed at high levels until 72 h post-TPA/
BAc induction (Fig. 4C, left panel). In TREx BCBL-1-shRNA-
ctl cells, the accumulation of orf57 mRNA reached a maximum
at 48 h, with 1,000-fold induction (Fig. 4C, right panel). In both
BC3-shRNA-K8 and BCBL-1-shRNA-K8 cells, we observed
an almost complete shutdown of orf57 mRNA expression (Fig.
4C). The mRNA levels of the late gene orf26 were also deter-

mined. In BC3 and TREx BCBL-1 cells, orf26 mRNA expres-
sion was maximal at 24 h post-TPA stimulation (Fig. 4D). The
induction of orf26 mRNA was much less in B cells containing
shRNA-K8, with greatest effects observed in TREx BCBL-1-
shRNA-K8 cells (Fig. 4D, right panel). Significant inhibition
was also observed for other lytic transcripts, such as vIL6 and
vGPCR mRNAs, but not for latent transcripts, including
LANA and vCyclin mRNAs (data not shown). Finally, we
investigated the expression of orfk8, orf50, and orf57 mRNAs
at earlier time points post-TPA/BAc stimulation. As shown in
Fig. 4E, we observed an induction of orfk8 (Fig. 4E) and orf50
(Fig. 4F), as early as 2 h poststimulation and for up to 8 h, in
TREx BCBL-1-shRNA-K8 cells. Similar patterns for orf57
mRNA were observed, with increases starting at 4 h poststimu-
lation (Fig. 4G). In the absence of K-bZIP, no orf57 mRNA
induction was noted, and a significant reduction in orf50
mRNA was observed at 8 h poststimulation (Fig. 4F). Overall,
these data suggest that the expression of immediate-early,
early, and late lytic genes, but not latent genes, is greatly
affected when K-bZIP is absent.

To confirm that the overall decrease in viral mRNAs is
reflected at the protein level, TREx BCBL-1-shRNA-K8 cells
were stimulated with TPA-BAc and with or without doxycy-
cline for 48 h, followed by Western blot analyses. As presented
in Fig. 5A, in the absence of doxycycline, we observed an
increase of K-bZIP expression, with highest expression de-
tected at 24 h, with no significant effect of shRNA-ctl (Fig. 5A).
TREx BCBL-1-shRNA-K8 cells stimulated overnight with
doxycycline before TPA/BAc induction showed dramatic re-
ductions in K-bZIP expression. As a consequence of K-bZIP’s
knockdown, RTA was not detected at 8, 24, or 48 h poststimu-
lation in BCBL-1-shRNA-K8 cells (Fig. 5A). No differences
were noted in LANA expression. No detectable vCyclin was
observed in TREx BCBL-1 cells (not shown). To further con-
firm these results, we repeated the same experiment with BC3-
shRNA-ctl or BC3-shRNA-K8 cells stimulated with TPA-BAc
for 48 h. As we observed a time-dependent increase of K-bZIP
in BC3-shRNA-ctl cells, a concomitant augmentation of RTA
was noticed (Fig. 5B). This was not the case in BC3-shRNA-K8
cells, where RTA levels remained very low to undetectable. No
significant differences were seen for LANA and vCyclin ex-
pression in BC3-shRNA-ctl and BC3-shRNA-K8 cells. Follow-
ing these results, we performed an immunofluorescence assay
on TREx BCBL-1-shRNA-K8 or TREx BCBL-1-shRNA-ctl
cells stimulated with TPA-BAc and treated with or without
doxycycline for 24 h. First, the absence of nuclear K-bZIP upon
doxycycline induction was confirmed at 2 and 24 h in BCBL-
1-shRNA-K8 cells (Fig. 5C). Next, in TREx BCBL-1-shRNA-
ctl cells, the presence of the cytoplasmic late protein K8.1 was

FIG. 5. K-bZIP expression is necessary for lytic immediate-early and late protein expression in BC3 and BCBL-1 cells. (A) TREx BCBL-1-
shRNA-K8 cells were stimulated with or without 1 �g/ml doxycycline for 48 h in the presence of TPA (20 ng/ml) and BAc (0.3 mM). Cells were
harvested at 0, 8, 24, and 48 h. (B) BC3-shRNA-K8 or BC3-shRNA-ctl cells were stimulated with TPA (20 ng/ml) and BAc (0.3 mM). Cells were
harvested at 0, 8, 24, and 48 h. (A and B) For each time point, the cultures were harvested and total cell extracts were made and analyzed by
Western blotting, using specific anti-K-bZIP, anti-RTA, anti-LANA, anti-cyclin, and anti-actin antibodies. (C and D) Immunofluorescence assay
on TREx BCBL-1-shRNA-K8 or TREx BCBL-1-shRNA-ctl cells, stimulated with or without 1 �g/ml doxycycline for 24 h in the presence of TPA
(20 ng/ml) and BAc (0.3 mM) for 2 or 24 h. Acetone-fixed cells were incubated with rabbit anti-K-bZIP (C) or mouse anti-K8.1 (D), followed by
incubation with Alexa 588-conjugated secondary antibodies (green). Nuclei were stained with DAPI (blue). The localization of the proteins relative
to the nucleus is presented in the merged pictures.
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observed at 24 h post-TPA stimulation. On the other hand, in
TREx BCBL-1-shRNA-K8 cells stimulated with doxycycline,
we could not detect K8.1 at 24 h poststimulation (Fig. 5D). In
light of these results, it appears that K-bZIP is required for the
proper expression of early and late proteins, but not latent
proteins, in PEL cell lines. To our knowledge, K-bZIP has not
been shown as an activator of viral transcription yet. To study
this, 293T cells were cotransfected with luciferase reporters
driven by the orf50 or orf57 promoter, together with increasing
doses of pCMV3T-K8 vector. Dose-dependent increases in
orf50 and orf57 promoter activation were observed following
K-bZIP expression (see Fig. S1 in the supplemental material).
These results argue that K-bZIP can indeed behave as a trans-
activator of gene expression.

Given that in the absence of K-bZIP neither viral mRNA
transcripts nor viral lytic proteins were expressed at their nor-
mal levels, we next determined whether the kinetics of K-bZIP
knockdown relative to TPA stimulation is important. To an-
swer this question, the expression of the K8 shRNA was turned
on at different time points (
16 h, 0 h, 24 h, and 48 h) relative

to TPA/BAc stimulation. Little or no K8 mRNA induction was
noted when doxycycline was added before (
16 h) or simul-
taneously with (0 h) TPA-BAc (Fig. 6A). Similar effects were
detected with orf26 mRNA (Fig. 6B), suggesting that K-bZIP is
essential during the early reactivation phase. When cells were
first treated with TPA-BAc and allowed to express K-bZIP at
its normal level for 24 h and 48 h before its expression was
knocked down, half of the orf26 mRNA level was recovered,
suggesting that once the cycle has been initiated properly, the
requirement for K-bZIP is minimal. Next, to determine
whether the amount of K-bZIP was important for proper viral
reactivation, TREx BCBL-1-shRNA-K8 cells were stimulated
with TPA-BAc together with different doses of doxycycline to
induce partial suppression of K-bZIP expression (Fig. 6C).
Our results indicate that the lower the level of K8 mRNA, the
lower the level of orf26 mRNA (Fig. 6D). These results suggest
that a direct correlation exists between the levels of K-bZIP
and the efficiency at which the lytic cycle is initiated.

To confirm that the effects we observed are specific to the
inhibition of K-bZIP expression, we generated a K8 expression

FIG. 6. Dose-dependent transactivation of viral mRNAs in the presence of K-bZIP. (A and B). TREx BCBL-1-shRNA-K8 cells were
stimulated with TPA (20 ng/ml) and BAc (0.3 mM), with or without 1 �g/ml doxycycline, 16 h before, simultaneously with, or 24 h or 48 h after
TPA-BAc stimulation. Cells were harvested at 72 h, and for each time point, total RNA was isolated and processed for ORFK8 (A) and ORF26
(B) by RT-QPCR. (C and D) TREx BCBL-1-shRNA-K8 cells were stimulated with TPA-BAc, with or without 5, 50, or 500 pg/ml or 2 ng/ml of
doxycycline. Cells were harvested at 24 h, and for each time point, total RNA was isolated and processed for ORFK8 (C) and ORF26 (D) by
RT-QPCR. Results are expressed as mean (triplicate) inductions (n-fold) � SD relative to nonstimulated cells after normalization of samples with
GAPDH expression. Results are representative of three independent experiments. *, P � 0.05; **, P � 0.01.
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vector that is resistant to inhibition by shRNA-K8 with hopes
of rescuing the KSHV lytic cycle. First, 293T cells were trans-
fected with a K8 expression vector or a K8 expression vector
resistant to shRNA-K8 in the presence of increasing doses of
pTER expressing shRNA-K8. As shown in Fig. 7A, transfec-
tion of shRNA-K8 led to the inhibition of K-bZIP expression.
On the other hand, we did not observe any differences in
K-bZIP expression in the presence of the K8 expression vector
resistant to shRNA against orfk8. We then electroporated
TREx BCBL-1-sh-RNA-K8 cells with the K8 expression vector
resistant to shRNA-K8 or with pCMV3T, as the control plas-
mid. After 6 h, cells were stimulated with TPA-BAc and with
or without 1 �g/ml doxycycline for 48 h, and total RNA was
isolated and processed for orf50 and orf26 mRNAs by RT-
QPCR (Fig. 7B). We typically observed 80% and 90% inhibi-
tion of orf50 and orf26 mRNAs, respectively, in TREx BCBL-
1-sh-RNA-K8 cells transfected with empty pCMV3T vector in
the presence of doxycycline (Fig. 7B). However, when TREx
BCBL-1-sh-RNA-K8 cells were transfected with the K8 ex-
pression vector resistant to shRNA-K8, a twofold increase in
orf50 and orf26 mRNAs was observed. Considering that the
electroporation efficiency of BCBL-1 cells was 15 to 20% (as
determined using a GFP expression vector and FACS analy-
sis), this increase is significant. Our ability to rescue, at least
partly, the KSHV replicative cycle through expression of a

shRNA-resistant K8 indicates that K-bZIP is essential for viral
growth and argues against an off-target effect of shRNA-K8.

Considering the importance of K-bZIP for viral gene expres-
sion, DNA replication, and virion production in PEL cells, we
next asked the importance of K-bZIP in the establishment of
the infection. In order to evaluate the impact of K-bZIP on the
infection, we generated a TREx 293-shRNA model inducible
for the expression of shRNA-K8. We first transfected TREx
293-shRNA-ctl or TREx 293-shRNA-K8 cells with a K8 ex-
pression vector, with or without doxycycline. Induction of
shRNA with doxycycline led to a significant inhibition of the
K-bZIP protein (see Fig. S2a in the supplemental material).
Activation of shRNA-ctl had no effect on K-bZIP expression.
We next carried out the infection of TREx 293-shRNA-ctl or
TREx 293-shRNA-K8 cells with rKSHV.219 virus in the pres-
ence or absence of doxycycline. As shown in Fig. 8A and B, a
dose-dependent infection of both 293-shRNA cell lines was
observed, as determined by GFP expression. The addition of
doxycycline had no impact on the infection levels, reflecting
the fact that K-bZIP expression is dispensable for the initial
phase of infection and establishment of latency. As reported
previously, the rKSHV.219 virus can be reactivated with BAc
(34). Tet-treated TREx 293-shRNA-ctl and TREx 293-
shRNA-K8 cells infected with rKSHV.219 were stimulated
with BAc for 4 days to induce reactivation. The number of cells
displaying reactivated KSHV, as determined by dsRed expres-
sion (under the control of the PAN promoter) (Fig. 8B), and
expression of orfk8, orf26, and orf57 mRNAs were determined
(Fig. 8C). FACS analysis revealed no differences in the number
of dsRed-positive cells between TREx 293-shRNA-ctl and
TREx 293-shRNA-K8 cells (Fig. 8B). In the presence of BAc
and the absence of doxycycline, orfk8 mRNA was increased up
to fourfold in both TREx 293-shRNA-ctl and TREx 293-
shRNA-K8 cells (Fig. 8C). Upon addition of doxycycline and
activation of shRNA-K8, orfk8 mRNA levels dropped signifi-
cantly, to near basal levels. In these cells, however, no signifi-
cant differences were noticed for the expression of orf57 and
orf26 mRNAs in both cell lines. A potential effect of K-bZIP
on PAN promoter expression was excluded considering the
report of Izumiya et al. (12) indicating that K-bZIP does not
have any effect on this promoter. Overall, these results indi-
cated that K-bZIP does not affect the initial phases of infection
and establishment of latency. Furthermore, unlike what we
observed in PEL cell lines, K-bZIP knockdown in 293 cells had
marginal effects, at best, on the transcription of viral mRNAs
associated with the KSHV lytic cycle, highlighting important
differences between both models.

DISCUSSION

K-bZIP, the KSHV K8 gene product, is the positional and
structural analogue of EBV Zta (18). Like Zta, K-bZIP is
required for ori-Lyt-dependent DNA replication (2). Indeed,
the prereplication complexes are recruited to ori-Lyt DNA
through RTA, which interacts with RTA-responsive elements,
as well as K-bZIP, which binds to a cluster of C/EBP binding
motifs with the aid of C/EBP� (35). Izumiya et al. showed that
BCBL-1 cells overexpressing K-bZIP harbored less viral DNA
than control cells did under conditions where viral reactivation
was favored (12). On the other hand, a recent study using a

FIG. 7. Overexpression of a K8 expression plasmid resistant to
shRNA-K8 is able to reverse the inhibition of viral orf50 and orf26
mRNAs. (A) 293T cells were transfected with K8 or shRNA-K8-
resistant expression vector and increasing amounts of pTER-
shRNA-K8 or empty vector. Thirty-six hours later, the cultures were
harvested and total cell extracts were analyzed by Western blotting,
using specific anti-K-bZIP and anti-actin antibodies. (B) TREx BCBL-
1-shRNA-K8 cells were electroporated with shRNA-K8-resistant ex-
pression vector (K8shRNA Mut) or control vector and then stimulated
with or without 1 �g/ml doxycycline for 48 h in the presence of TPA-
BAc. Total RNA was isolated and processed for ORF50 and ORF26
by RT-QPCR. Results are representative of three independent exper-
iments. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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bacmid deletant for orfk8 indicated that virus replication in the
absence of K-bZIP could be rescued when cells were overex-
pressing very large amounts of RTA (13). This study charac-
terized the effects of orfk8 deletion in monkey Vero cells. In
order to determine the roles of K-bZIP for KSHV in PEL cells,
we generated a doxycycline-inducible shRNA targeting orfk8 in
BCBL-1 cells. Since K-bZIP is known to play a role in DNA
replication, we first studied the kinetics of episomal copy ac-
cumulation following TPA/BAc treatment. In TREx BCBL-1-
shRNA-K8 cells, no significant increase in genome copies was
detectable when K-bZIP was knocked down, in contrast to a
10-fold increase in copy number in control cells. Similar results
were obtained using BC3 PEL cells expressing stable shRNA-
K8. Hence, K-bZIP plays an essential role in virus DNA rep-
lication and virus production in PEL cells. Similar data were
obtained by Kato-Noah et al., who showed that a recombinant
KSHV, BAC36�K8, failed to replicate and produce infectious
virions following TPA/BAc stimulation (13). However, using a
combination of RTA overexpression plus TPA stimulation,
K-bZIP was found to be dispensable for the replication process
in this bacmid system (13). In PEL cells, TPA/BAc stimulation
is generally effective at inducing levels of RTA expression that
are sufficient for the launching of the KSHV lytic cycle (27).
This is supported by our data using BCBL-1 and BC3 cells,
where RTA induction and virion production were obtained
following TPA/BAc treatment. In this system, in the absence of
K-bZIP expression, TPA/BAc stimulation proved insufficient
to allow the KSHV cycle to proceed in PEL cells. One hypoth-
esis that could reconcile our results and those of Kato-Noah et
al. (13) is that the adenoviral vector used produces more RTA
than our TPA/BAc stimulation, which can override the need
for K-bZIP. Further work is needed to determine whether a
threshold level of RTA is required to bypass the need for
K-bZIP or whether these differences are attributable to the
various experimental models.

A role as a repressor of viral and cellular genes has been
attributed to K-bZIP. For example, K-bZIP has been shown to
inhibit transforming growth factor beta signaling pathway and
beta interferon gene transcription (15, 32). Moreover, K-bZIP
represses RTA-mediated transactivation of RTA and MTA,
but not the PAN promoter, in transient assays (12, 16). In our
TREx BCBL-1-shRNA model, the absence of K-bZIP is asso-
ciated with much reduced expression of lytic (orf50, orf57, and
orf26) genes. Interestingly, at 2 h and 4 h post-TPA/BAc stim-
ulation, the induction levels of orf50 were similar in control and
K-bZIP knockdown cells, suggesting that initial gene activation
occurred normally in the absence of K-bZIP. At all other time
points tested, reduced transcriptional activities were noted.
Under conditions where lytic replication was induced using
TPA/BAc treatment, the study using BAC�K8 showed identi-
cal inhibitions of early orf57 and late K8.1 mRNAs (13). These
mRNA inhibitions were confirmed at the protein level. In
contrast, K-bZIP does not seem to have any effects on theFIG. 8. KSHV infection of 293 cells is independent of the presence

of K-bZIP. (A) TREx 293-shRNA-ctl and TREx 293-shRNA-K8 cells
were infected with different doses of rKSHV.219 virus, with or without
1 �g/ml doxycycline, for 96 h. Infected 293 cells were analyzed for GFP
expression by observation under a fluorescence microscope. (B) TREx
293-shRNA-ctl and TREx 293-shRNA-K8 cells were infected with
rKSHV.219 virus, with or without 1 �g/ml doxycycline, for 96 h in the
presence or absence of 5 mM BAc. FACS analysis was then performed
to measure GFP- and dsRed-positive cells. (C) TREx 293-shRNA-ctl
and TREx 293-shRNA-K8 cells were infected with rKSHV.219 virus,

with or without 1 �g/ml doxycycline, for 96 h in the presence or
absence of 5 mM BAc. Cells were harvested, and total RNA was
isolated and processed for orfk8 (top), orf26 (middle), and orf57 (bot-
tom) mRNAs by RT-QPCR.
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expression of latent mRNAs or proteins. Hence, K-bZIP’s
effects might occur predominantly on the expression of lytic
cycle genes. Moreover, we observed that BC3 shRNA-K8 cells
cultured for long periods of times (	4 weeks) had similar
proliferation kinetics and viral episome copy numbers to con-
trol cells, indicating that K-bZIP does not play a role in viral
episomal maintenance. Further analysis revealed that the
amount of K-bZIP is very important for its impact on mRNA
transactivation. Indeed, using various doses of doxycycline to
obtain various levels of K-bZIP suppression, we observed a
direct correlation between the amount of K-bZIP present and
the activation of orf57 and orf26 mRNAs. At the highest dose
of doxycycline used, K-bZIP shutdown was nearly complete,
and as a consequence, 90% of orf26 mRNA induction was
inhibited. On the other hand, with limited suppression of K-
bZIP expression (50%), expression of lytic transcripts was re-
duced only 50%. In addition, we found that overexpression of
a K8 expression vector resistant to shRNA-K8 was able to
partially restore (due to the transfection efficiency) the inhibi-
tion seen in our model. In our PEL cell model, K-bZIP be-
haves as a positive regulator of the viral cycle rather than as a
repressor. In fact, under no circumstances have we observed a
negative (repressor) effect of K-bZIP on the KSHV life cycle.
Furthermore, in transient transfection assays with a luciferase
reporter under the control of various promoters, including the
orf50 or orf57 promoter or a simple TATA box, K-bZIP
behaved as a weak transactivator. Our results suggest that
K-bZIP behaves more like an amplifier that facilitates/coordi-
nates gene expression. In its absence, limited RTA transcrip-
tion takes place but cannot be sustained over time, resulting in
impaired progression to the later phases of the lytic cycle.

Bechtel et al. showed that the K-bZIP protein is encapsi-
dated in the virions, suggesting that K-bZIP could be impor-
tant for initial and late stages of KSHV infection (3). Primary
infection is also known to start with a lytic burst before the
establishment of latency (14). In order to study the impact of
K-bZIP on primary infection, we used a TREx 293-shRNA-K8
model where shRNA-K8 expression is inducible. Infection ex-
periments with rKSHV.219 have shown no significant differ-
ence between TREx 293-shRNA-K8 and TREx 293-shRNA-ctl
cells for the establishment of latency. Similarly, the presence of
K-bZIP seems not to be essential for reactivation in these
TREx 293-shRNA cells. One possible explanation accounting
for the difference between 293 cells and PEL cells is that the
K-bZIP role in mRNA transactivation seen in B cells is cell
type specific. Alternatively, the fact that infecting virions bring
along K-bZIP, and thus bypass the inhibitory action of the
shRNA, which acts at the level of mRNA, might result in
sufficient levels of K-bZIP inside the cells to allow the cycle to
proceed. One other important difference we noted between
PEL cells and KSHV-infected 293 cells is the efficiency at
which TPA-BAc induces reactivation. We detected much
higher inductions (10- to 100-fold) in our TREx B-cell model
than in the TREx 293 cell model. Unfortunately, we were not
able to show greater reactivation with different BAc stimula-
tions or with the use of BacK50 (data not shown).

To date, our report is the first to describe the roles of
K-bZIP in PEL cells in the context of the entire viral genome
and without viral protein overexpression. Our data confirmed
the roles of K-bZIP in the DNA replication machinery and in

virus production. In addition, and in contrast to previous stud-
ies, our results indicate that K-bZIP behaves as a facilitator of
viral mRNA transcription, as no viral lytic genes are expressed
when K-bZIP is knocked down in PEL cells. Moreover, de
novo synthesis of K-bZIP is dispensable for the establishment
of infection in 293 cells. Overall, this work provides a better
understanding and highlights new functions and roles of K-
bZIP in PEL cells, as well as pinpointing important differences
depending on the experimental model used.
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