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Reactivation of the Kaposi’s sarcoma-associated herpesvirus (KSHV) lytic cycle can be initiated by tran-
scription activation of the ORF50 immediate early gene (Rta). We show that ORF50 transcription is actively
repressed by the KSHV latency-associated nuclear antigen (LANA) during latency. Depletion of LANA by small
interfering RNA derepressed ORF50 transcription in the latently infected BCBL1 pleural effusion lymphoma-
derived cell line. In contrast, overexpression of LANA suppressed ORF50 mRNA levels in BCBL1 cells. ORF50
transcription was significantly elevated during primary infection with recombinant virus lacking LANA,
further indicating that LANA plays a role in lytic gene silencing during the establishment of latency. Chro-
matin immunoprecipitation assays indicated that LANA interacts with the ORF50 promoter region in latently
infected cells. Histone deacetylase inhibitors, including sodium butyrate (NaB) and trichostatin A, caused the
rapid dissociation of LANA from the ORF50 promoter. NaB treatment of latently infected BCBL1 cells
disrupted a stable interaction between LANA and the cellular proteins Sp1 and histone H2B. We also found
immunological and radiochemical evidence that LANA is subject to lysine acetylation after NaB treatment.
These findings support the role of LANA as a transcriptional repressor of lytic reactivation and provide
evidence that lysine acetylation regulates LANA interactions with chromatin, Sp1, and ORF50 promoter DNA.

Kaposi’s sarcoma-associated herpesvirus (KSHV), also re-
ferred to as human herpesvirus 8, is a lymphotropic gamma-
herpesvirus that is causally linked to Kaposi’s sarcoma and
several B-cell malignancies, including pleural effusion lym-
phoma (PEL) and Castleman’s disease (5, 6, 9, 18, 19, 56).
KSHV shares significant sequence similarity and common bi-
ological properties with other gammaherpesviruses, including
Epstein-Barr virus, herpesvirus saimiri (HVS), murine gamma-
herpesvirus 68 (gammaHV68), and rhesus monkey rhadinovi-
rus (RRV). One common property of gammaherpesviruses is
the ability to maintain latent infections as multicopy episomes
in lymphoid cells (23, 31, 46, 51, 55). Like all herpesviruses, the
latent infection exists in a dynamic equilibrium with lytic cycle
reactivation and virus particle production. The mechanisms
regulating the establishment of latency and the switch to lytic
cycle gene expression are not completely understood.

KSHV lytic cycle gene expression initiates with the tran-
scription of several immediate early genes (71). One immedi-
ate early gene product, referred to as ORF50 or Rta, is a
potent transcriptional activator that can induce lytic replication
when ectopically expressed in latently infected cell lines (42,
60). Several chemical agents (e.g., sodium butyrate, azacyti-
dine, phorbol esters) and environmental conditions (hypoxia,
the presence of inflammatory cytokines, human immunodefi-
ciency virus infection) have been shown to stimulate transcrip-
tion of ORF50 mRNA and to induce KSHV lytic cycle reac-
tivation from latency (7, 8, 10, 14, 44, 45, 52, 62). KSHV Rta
can autoactivate its own promoter (15) through multiple mech-

anisms that include interaction with an octamer binding pro-
tein 1 site (53) and association with transcription factors
RBP-Jk (39) and CREB binding protein (25). ORF50 tran-
scription activation induced by hypoxia has been mapped to a
hypoxia-inducible factor binding site (27), and phorbol-ester
activation has been mapped to AP1 and CCAAT/enhancer
binding protein � binding sites (65, 66). Constitutive and so-
dium butyrate (NaB)-induced transcription of ORF50 have
been mapped to Sp1 binding sites and other core promoter
elements (41, 69).

Stable maintenance of latency may require active repression of
the lytic cycle. The latency-associated nuclear antigen (LANA) is
a multifunctional protein that can actively repress transcription
of lytic cycle genes during latency (37, 38). LANA repression of
ORF50 has been observed in KSHV (37), RRV (16), and HVS
(54). In KSHV, LANA can repress the ORF50 promoter
through an interaction with RBP-Jk (37) as well as through an
interaction with Rta that prohibits transcription autoactivation
(38). LANA can also function as a more general, nonspecific
transcriptional regulator (22, 34, 50, 57, 67). Presumably this
form of transcription regulation is mediated through associa-
tions with other transcription- and chromatin-associated fac-
tors, such as mSin3 (36), Ring3 (43, 49), HP1 (40), and core
histones H2A and H2B (4). In addition to transcription repres-
sion, LANA is required for the stable maintenance of the
episomal genome during latency (2, 3, 33, 68). KSHV and HVS
LANA binds directly to a DNA sequence in the KSHV termi-
nal repeats (TRs) where it stimulates DNA replication and is
required for plasmid maintenance (11, 12, 21, 28, 58). LANA
tethers KSHV and HVS episomes to metaphase chromosomes
through interactions between the LANA amino-terminal re-
gion and cellular chromatin (4, 13, 36, 48, 49). It is not known
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whether episomal maintenance by LANA also contributes to
transcriptional repression of lytic gene expression.

Chromatin structure and nucleosome position may also con-
tribute to the transcription repression of ORF50 and mainte-
nance of the latent state (41). Inhibitors of histone deacety-
lases (HDACs), such as NaB and trichostatin A, potentiate
lytic cycle reactivation (52). Histone tails are thought to be the
primary targets of HDACs, and histone tail acetylation corre-
lates positively with transcription activation at most eukaryotic
transcription initiation sites, including ORF50 (30, 59). How-
ever, lysine acetylation can also regulate activities of nonhis-
tone proteins, including p53 (24), HMG I(Y) (47), and Sp1
(61). Latent cycle repression of ORF50 is sensitive to HDAC
inhibition, but it remains unclear whether histone tails are the
exclusive or primary target of this regulatory pathway. In this
study, we investigated the mechanism of LANA repression of
ORF50. We provide evidence that LANA associates with
ORF50 promoter DNA during latency and that NaB disrupts
this interaction. We further show that NaB disrupts LANA
interactions with Sp1 and histone H2B and induces lysine acet-
ylation of the LANA protein.

MATERIALS AND METHODS

Cells, plasmids, and virus. KSHV-positive PEL BCBL1 cells and KSHV-
negative Burkitt lymphoma DG75 cells were obtained from ATCC and grown in
RPMI medium containing 10% heat-inactivated fetal bovine serum, 1 mM
�-mercaptoethanol, 10 mM glutamine, and antibiotics (penicillin and strepto-
mycin). HEK 293 cells were cultured in Dulbecco’s modified Eagle’s medium
with 10% fetal bovine serum, glutamine, and antibiotics. Cells were treated with
1 mM sodium butyrate (NaB), 500 ng/ml trichostatin A (TSA), or 20 ng/ml
tetradecanoyl phorbol acetate (TPA) for 6 h before analysis by reverse transcrip-
tion-PCR (RT-PCR), chromatin immunoprecipitation (ChIP), or immunopre-
cipitation assays. BAC36 and BAC36�LNA were described previously (68).
pCMV-FLAG-LANA was constructed by PCR amplification (TAQ-platinum) of
LANA with primers introducing a 5� HinDIII and 3� XbaI site cloned in frame
to pFLAG-CMV2 (Sigma). Luciferase reporter plasmids with ORF50p (�298 to
�1) and ORF50p containing a point mutation in the Sp1 binding sites (GCmt-
114) were described previously (41). Small interfering RNA (siRNA) directed
against LANA was synthesized using the targeting sequence AAGCUAGGCC
ACAACACAUCU (Dharmacon). siRNA was introduced into BCBL1 cells by
use of Lipofectamine 2000 with enhanced green fluorescent protein (GFP)
vector, and GFP-positive cells were sorted 2 days posttransfection.

RT-PCR. Traditional RT-PCR was performed essentially as described previ-
ously (41). Briefly, RNA was isolated from 106 cells by use of an RNeasy kit
(QIAGEN) and then further treated with DNase I. For cDNA synthesis, 2 �g of
total RNA was incubated with 5 �M of random decamers (Ambion), 150 U of
Superscript II reverse transcriptase (Invitrogen), 1.6 U of RNase inhibitor, 1 mM
deoxynucleoside triphosphate, and 3.3 mM dithiothreitol (DTT) for 1 h 30 min
at 37°C in a 15 �l reaction mixture. After heat inactivation at 65°C for 10 min,
the sample was diluted with 85 �l distilled water. PCR was performed by using
1/20 of the reaction mixture for 22 cycles of 1 min at 94°C, 1 min at 55°C, and 1
min at 72°C. Primers for conventional PCR were as follows: for ORF50, 5�-AG
GCGACTCGTCTGCAATCGGA and 3�-GGGGCGCTCAGAATAACGGCG;
for ORF73, 5�-GCCATATAGAGTGGCGAGCGT and 3�-GGCAATGACCC
ATACGGACTTA; and for GAPDH, GGGCTACACTGAGCACC and 3�-GC
CAAATTCGTTGTCATACC. Conventional PCR products were analyzed on a
1.2% agarose gel stained with ethidium bromide.

Primers for real time PCR were as follows: for ORF50, 5�-CCTTCGGCCCGG
AGTCT and 3�-CGGTTGCAGTTGCGTATACTCT; for �-actin, 5�-AACCCAG
CCACACCACAAAG and 3�-CACTGACTTGAGACCAGTTGAATAAAA; and
for GFP, 5�-AGCAAAGACCCCAACGAGAA and 3�-GGCGGCGGTCACGAA.
Real-time PCR was performed using an ABI Prism 7000 system and SYBR green-
Taq polymerase mix.

ChIP. ChIP assays were performed as described previously (41). LANA-
specific polyclonal antibodies to the LANA carboxy-terminal domain (amino
acids 935 to 1162) were raised in rabbits. Alternatively, rat monoclonal antibody
to LANA was purchased (Advanced Biotechnology, Inc., Columbia, MD). ChIP

DNA was amplified by PCR with the following primer pairs: for ORF50p,
5�-GGTACCGAATGCCACAATCTGTGCCCT and 3�-ATGGTTTGTGGCTGC
CTGGACAGTATTC; for ORF73, 5�-CCAGACTCTTCAACACCTATGCG and
3�-GGATGATCCCACGTAGATCGG; for ORF72, 5�-AATACAACCTAGAAC
CTAACGTGGTCG and 3�-GAAGTGACGTCCGTCGCTAAGA; for ORF47,
5�-GTCACATCTCACGCATACGTCG and 3�-GCGTTAAAACCTACAGTATA
GGCCGT; and for GAPDH, 5�-TCACCACCATGGAGAAGGCT and 3�-GCC
ATCCAAGTCTTCTGGG. PCR-amplified DNA was analyzed by ethidium bro-
mide staining of 1.2% agarose gels.

Immunoprecipitation assays. Anti-acetyl lysine immunoprecipitations were
performed as described previously (29). Briefly, cells were treated with 1 mM
NaB prior to extract isolation for various times as indicated or were left un-
treated. Cells were then washed with phosphate-buffered saline (PBS) and lysed
in NET buffer (50 mM Tris-HCl [pH 7.5], 0.2% Ipegal, 1 mM EDTA, 1 �g
aprotinin per ml, 1 �g pepstatin per ml, 1 �g leupeptin per ml) containing 150
mM NaCl. Cellular debris was removed by centrifugation at 10,000 � g for 5 min,
and supernatants were precleared with protein G-Sepharose overnight. Immune
complexes were formed for 2 to 4 h with primary rabbit or mouse antibodies and
purified with a 50 �l slurry (1:1) of protein G-Sepharose in NET buffer. Immu-
noprecipitates were washed five times with NET buffer containing 150 mM NaCl
and then analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and Western blotting with the indicated antibodies. Anti-acetyl
lysine and histone H2B antibodies were purchased from Upstate Biotechnology,
Inc. (catalog no. 06-933 and 07-371). Anti-Sp1 antibody (catalog no. sc-59) and
control rabbit and mouse immunoglobulin G (IgG) antibodies were purchased
from Santa Cruz Biotechnology.

Luciferase assays. For luciferase assays, 293 cells (2 � 105 cells) were cotrans-
fected with 0.5 �g reporter and effect plasmid DNA by use of Lipofectamine
2000 (Invitrogen). Cells were harvested at 48 h posttransfection and assayed for
luciferase activity by use of a Promega luciferase assay system (Promega). All
data points represent the averages of at least three independent transfections.

Metabolic labeling with [14C]sodium acetate. A total of 2 � 107 293 cells
transfected with FLAG-LANA or latently infected BCLB1 cells were washed
twice with PBS and resuspended in 2 ml of medium containing 1 mM sodium
butyrate and 0.05 mCi/ml (0.5 ml) of [14C]sodium acetate (Amersham Bio-
sciences catalog no. CFA229) (200 �Ci/ml) and incubated at 37°C for 3 h. Cells
were then washed twice with PBS containing 1 mM DTT, 10 mM sodium
butyrate, 1 mM phenylmethylsulfonyl fluoride (PMSF), and protease inhibitor
cocktail (Sigma) and then lysed in 1 mM EDTA, 0.5% Igepal, 50 mM Tris-HCl
(pH 7.5), 350 mM NaCl, 1 mM DTT, 10 mM sodium butyrate, 1 mM PMSF, and
protease inhibitor cocktail at a concentration of 106 cells/100 �l for 20 min on ice.
Lysates were centrifuged at 10,000 � g for 5 min, and the supernatants were
diluted with water containing 1 mM EDTA, 1 mM DTT, 10 mM sodium bu-
tyrate, 1 mM PMSF, and protease inhibitor cocktail to a final concentration of
150 mM NaCl. Antibodies used for immunoprecipitation included monoclonal
FLAG-M2 (Sigma), LANA (rabbit polyclonal), or control IgG (mouse and
rabbit, respectively) (Santa Cruz Biotechnology). Immunoprecipitates were
washed three times with immunoprecipitation wash buffer (50 mM Tris-HCl [pH
7.5], 150 mM NaCl, 1 mM EDTA, 0.5% Igepal, 1 mM DTT, 10 mM sodium
butyrate, 1 mM PMSF, and protease inhibitor cocktail) and analyzed by SDS-
PAGE. Gels were fixed in 10% acetic acid–10% MeOH for 30 min and then
enhanced using Amplify fluorographic reagent (Amersham catalog no.
NAMP100) for 30 min. Gels were then dried before being exposed to Kodak
AR5 film at �80°C for 5 to 10 days.

RESULTS

LANA maintains ORF50 transcription repression during
latency. LANA has been shown to block lytic activation of
KSHV by interfering with Rta protein autostimulation of the
ORF50 promoter (37, 38). To determine whether LANA was
involved in maintaining ORF50 transcriptional repression dur-
ing latency, we examined ORF50 mRNA levels in BCBL1 cells
after depletion or ectopic expression of LANA (Fig. 1). LANA
was depleted from BCBL1 cells by transfection of siRNA tar-
geting LANA or an irrelevant control siRNA (Fig. 1A). West-
ern blot analysis indicated that LANA protein levels were
substantially reduced relative to those of other cellular pro-
teins such as the retinoblastoma (Rb) protein (Fig. 1A). Con-
ventional RT-PCR revealed that ORF50 mRNA levels were
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elevated relative to those of GAPDH mRNA in BCBL1 cells
where LANA was depleted by siRNA (Fig. 1B). Quantitative
real-time RT-PCR revealed that ORF50 mRNA levels went
from 0.68 units (relative to �-actin) with control siRNA to 2.3
units (relative to �-actin) with LANA-specific siRNA, indicat-
ing that siRNA depletion of LANA produces a 	3.3-fold in-
crease in ORF50 mRNA levels (Fig. 1C). These findings sug-
gest that LANA contributes to the stable transcription
repression of ORF50 in latently infected BCBL1 cells.

BCBL1 cell populations express low but detectable amounts
of ORF50 mRNA. We next determined whether overexpression
of LANA further suppressed ORF50 mRNA levels in latently
infected BCBL1 cells. pCMV-FLAG-LANA or control expres-
sion vector was introduced into BCBL1 cells and assayed for
LANA expression by Western blotting with anti-FLAG or
loading control antibody for Rb (Fig. 1D). ORF50 mRNA was
measured by conventional (Fig. 1E) and quantitative (Fig. 1F)
RT-PCR. We found that overexpression of LANA reduced
ORF50 mRNA by 	1.5-fold, suggesting that increased levels

of LANA decrease ORF50 mRNA expression during latent
infection.

LANA suppresses ORF50 mRNA during the establishment
of latency. To better assess the role of LANA in the repression
of ORF50 mRNA, we compared ORF50 mRNA expression
levels in bacmids containing the wild-type (wt) KSHV genome
(BAC36 wt) or KSHV genomes with a disrupted LANA gene
(BAC36�LNA) (20, 70). Previous studies with these bacmids
demonstrated that BAC36�LNA was incapable of maintaining
an episomal genome in 293 cells (68). We analyzed the mRNA
levels for ORF50 (Rta), ORF73 (LANA), or cellular control
GAPDH by use of conventional PCR at 24, 48, and 72 h
posttransfection (Fig. 2A). We found that ORF50 mRNA lev-
els were significantly elevated in BAC36�LNA relative to
BAC36 wt transfected cells at 24 and 48 h posttransfection.
The difference in ORF50 mRNA levels in the wt and �LNA
bacmids was not as apparent after 72 h. Almost identical re-
sults were obtained using quantitative RT-PCR with bacmid-
encoded GFP mRNA as a control (Fig. 2B). We found that
BAC36�LNA expressed 	3-fold more ORF50 mRNA relative
to BAC36 wt at 24 h posttransfection and 	18-fold more
ORF50 mRNA relative to BAC36 wt at 48 h posttransfection.
By 72 h posttransfection, BAC36�LNA expressed similar lev-
els of ORF50 mRNA relative to BAC36 wt, perhaps as a
consequence of the presence of a few reactivating cells in the
BAC36 wt transfected population. These findings indicate that
LANA contributes to the repression of ORF50 mRNA at early
times after the introduction of KSHV bacmid genomes into
293 cells.

FIG. 1. LANA regulates ORF50 expression in latently infected
BCBL1 cells. A) Western blotting analysis of BCBL1 cells transfected
with control (lane 1) or LANA-specific (lane 2) siRNA expression
plasmids. Western blots were probed with antibodies specific for
LANA (upper panel) or control Rb protein (lower panel). B) RT-PCR
analysis of ORF50 mRNA (upper panel) and GAPDH mRNA (lower
panel) for the control (lane 1) or LANA siRNA (lane 2)-transfected
BCBL1 cells shown in panel A. C) Real-time PCR analysis of cDNA
products generated from BCBL1 cells treated as described for panel A.
ORF50 mRNA was quantitated relative to cellular �-actin mRNA.
The units on the y axis represent the levels of ORF50 mRNA relative
to �-actin mRNA. D) BCBL1 cells were transfected with control or
expression vector for FLAG-LANA and assayed by Western blotting
with antibodies specific for FLAG (upper panel) or Rb (lower panel).
E) RT-PCR analysis of ORF50 and GAPDH mRNA from BCBL1
cells treated as described for panel D. F) Real-time PCR analysis of
RT products from BCBL1 cells treated as described for panel D.
ORF50 mRNA was quantitated relative to cellular �-actin.

FIG. 2. Increased ORF50 mRNA in BAC36�LNA. BAC36�LNA
(�) or BAC36wt (wt) was transfected into 293 cells and assayed by
conventional RT-PCR (A) or real-time PCR (B) at 24, 48, or 72 h
posttransfection. A) RT-PCR was measured for ORF50/Rta, ORF73/
LANA, and cellular GAPDH. B) Real-time PCR analysis of cDNA
products was performed for ORF50 mRNA relative to BAC-encoded
GFP mRNA.
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HDAC inhibitors disrupt LANA association with ORF50
promoter. LANA has been shown to interact with several tran-
scription factors and chromatin-associated proteins known to
bind directly to the ORF50 promoter (32, 36–38, 40, 63). To
determine whether LANA associated with the ORF50 pro-
moter in latently infected BCBL1 cells, we used the ChIP assay
with LANA-specific antibodies. To our surprise, we found that
LANA bound to ORF50 promoter DNA, as well as to sequences
within ORF73, ORF72, and ORF47, but not to cellular DNA at
the GAPDH gene (Fig. 3A). Previous results obtained using real-
time PCR analysis of ChIP DNA indicated that LANA bound TR
DNA to a much greater extent than any other region of the
genome (58). Nevertheless, the ChIP data presented here suggest
that LANA has a general affinity for KSHV genome DNA rela-
tive to cellular genes. Given the interaction of LANA with het-
erochromatin and transcriptional repression, we considered it
reasonable that LANA may interact weakly with numerous re-
gions of the KSHV genome.

To determine whether lytic inducing agents altered the in-
teraction of LANA with any regions of the KSHV genome, we
compared the effects of NaB, TSA, and TPA on LANA bind-
ing in ChIP assay (Fig. 3). Interestingly, we found that NaB
(Fig. 3A) and TSA (Fig. 3B) treatment caused LANA to dis-
sociate from the ORF50 promoter but not from the ORF73,
ORF72, or ORF47 gene. We also found that LANA did not
dissociate from ORF50 when BCBL1 cells were treated with
TPA (Fig. 3C). NaB, TSA, and TPA have been shown to
stimulate KSHV lytic reactivation in latently infected cells
(52), although we have found that NaB is more potent stimu-
lator of ORF50 transcription in BCLB1 and 293 cells (41).
However, the dissociation of LANA from ORF50 precedes

both ORF50 mRNA expression and lytic replication. This is
demonstrated by a time course of NaB-induced dissociation of
LANA from the ORF50 promoter (Fig. 3D). We found that
LANA dissociated from the ORF50 promoter within 1 h after
NaB treatment and remained dissociated for at least 6 h. In all
cases, we did not observe any increase in the input KSHV
DNA, indicating that lytic DNA replication did not occur at
this early time point after NaB treatment.

NaB treatment disrupts LANA association with Sp1 and
histone H2B. LANA has been shown to interact with several
highly abundant chromatin-associated cellular proteins, includ-
ing core histones H2B and H2A and transcription factor Sp1
(4, 32, 63). Sp1 has been shown to bind to ORF50 promoter
elements involved in NaB-dependent activation (41, 63, 69).
Furthermore, LANA can form a stable complex with Sp1 in
solution and bound to DNA (32, 63). Consequently, we tested
whether NaB treatment altered the association of LANA with
either Sp1 or histone H2B (Fig. 4). Nuclear extracts were
derived from untreated or NaB-treated BCBL1 cells and sub-
jected to immunoprecipitation with anti-LANA or control IgG
antisera (Fig. 4A). LANA and control immunoprecipitates
were analyzed by immunoblotting with anti-Sp1 antibody. We
found that Sp1 associated with LANA in untreated BCBL1
cells but not in cell extracts that were pretreated with NaB for
6 h, a time too short to induce lytic replication or Rta protein
expression (data not shown). Similar levels of LANA were
recovered in each immunoprecipitation experiment (Fig. 4A,
lower panel). The disruption of LANA binding to SP1 after
NaB treatment was shown to be independent of the presence
of other KSHV proteins by performance of the reciprocal
experiment in 293 cells transfected with expression vector for

FIG. 3. NaB induces LANA dissociation from ORF50 promoter DNA. BCBL1 cells were left untreated (�) or treated (�) with 1 mM NaB
(A), 500 ng/ml TSA (B), or 20 ng/ml TPA (C) for 6 h and then analyzed by ChIP assay with antibodies specific for LANA or control IgG. ChIP
DNA was amplified by conventional PCR for viral DNA regions of ORF50p, ORF73, ORF72, ORF47, or cellular GAPDH. B) BCBL1 cells were
analyzed by ChIP assay at 0, 1, 3, or 6 h after addition of 1 mM NaB. Conventional PCR was used to analyze ChIP DNA from control IgG or LANA
immunoprecipitates. Input DNA is indicated. M indicates 100 bp ladder marker DNA.
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FLAG-LANA (Fig. 4B). FLAG-LANA-transfected cells were
treated with NaB or left untreated and subjected to immunopre-
cipitation with anti-Sp1 or control IgG antibody. Immunoprecipi-
tates were then analyzed by immunoblotting with anti-FLAG
antibody. We found that FLAG-LANA coimmunoprecipitated
with Sp1 in untreated 293 cells but not in 293 cells that had been
pretreated with NaB for 6 h prior to nuclear extraction. Similar
levels of Sp1 were immunoprecipitated in both nuclear extracts,
and similar levels of FLAG-LANA could be detected in the input
starting material for immunoprecipitation (Fig. 4B). These results
indicate that the interaction between Sp1 and LANA can be
disrupted by NaB treatment of KSHV-positive BCBL1 or KSHV-
negative 293 cells.

Previous work had demonstrated that the Sp1 binding site at
the �114 position in the ORF50 promoter functions in basal
and NaB-induced transcription activity (41). We now asked
whether the Sp1 site at position �114 also contributes to
LANA-mediated repression of ORF50. The ORF50 promoter
(�298 to �1) was fused upstream of the luciferase gene and
assayed for luciferase activity when cotransfected with pCMV-
FLAG-LANA or control pCMV-FLAG vector (Fig. 4C). ORF50
promoter-directed luciferase activity was reduced to 	64% of

control levels when pCMV-FLAG-LANA was cotransfected.
This is consistent with RT-PCR data shown in Fig. 1 demon-
strating that ectopic expression of LANA inhibits endogenous
ORF50 mRNA from latently infected BCBL1 cells. Cotrans-
fection of pCMV-FLAG-LANA with ORF50p-GCmt lacking
the major Sp1 binding site did not further repress the basal
transcription levels, which were already reduced relative to
ORF50 wt promoter levels. Also, LANA overexpression did
not cause a nonspecific inhibition of pGL3 plasmid lacking any
KSHV promoter DNA. These data suggest that LANA repres-
sion of ORF50p is partially dependent on the Sp1 binding sites
within the ORF50 promoter.

LANA can also bind to the core histones H2A and H2B, and
this interaction may also contribute to LANA repression of the
ORF50 promoter (4). We therefore tested whether this inter-
action is modulated by NaB treatment (Fig. 4D). BCBL1 cells
were treated with or without 1 mM NaB for 6 h and then
assayed by immunoprecipitation with antibodies specific for
LANA. Immunoprecipitates were then immunoblotted with
either LANA (Fig. 4D, top panels) or anti-H2B (Fig. 4D, lower
panels). While LANA protein levels did not change, the asso-
ciation of LANA with H2B did change substantially. These

FIG. 4. NaB treatment disrupts LANA interaction with Sp1 and H2B. A) BCBL1 cells were treated with 1 mM NaB for 6 h (�) or left untreated
(�) and then subjected to immunoprecipitation with IgG control (lanes 3 and 4) or LANA-specific antibodies (lanes 5 and 6). Immune complexes
were then analyzed by Western blotting with antibody specific for Sp1 (upper panel) or LANA (lower panel). Input extract is shown in lanes 1 and
2. B) 293 cells transfected with FLAG-LANA expression vector were treated with 1 mM NaB for 6 h prior to extract preparation (�) or left
untreated (�) and then subjected to immunoprecipitation with anti-Sp1 or control IgG antibodies. Immunoprecipitates were analyzed by Western
blotting for FLAG-LANA by use of anti-FLAG antibody (upper panel). Immunoblots were then reprobed for the presence of Sp1 with anti-Sp1
specific antibody (lower panel). C) Luciferase assays with reporter plasmid pGL3, ORF50p-Luc, or ORF50p-GCmt-Luc. Reporter constructs were
cotransfected with control vector cytomegalovirus-FLAG (CMV-FLAG) (white) or with CMV-FLAG-LANA (gray). Luciferase values represent
the average values of at least three independent transfections. D) NaB treatment disrupts LANA interaction with histone H2B. Nuclear extracts
from BCBL1 cells treated with 1 mM NaB (�) or left untreated (�) were subjected to immunoprecipitation with antibodies specific for LANA.
Immunoprecipitates were analyzed by Western blotting with antibodies for LANA (top panel) or histone H2B (lower panel).
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findings suggest that NaB treatment disrupts LANA interac-
tions with core histone H2B and perhaps other chromatin-
associated factors.

NaB induces lysine acetylation of LANA. Protein acetylation
is one possible mechanism that regulates the interaction be-
tween LANA and chromatin factors such as Sp1 and H2B.
Histone tail acetylation may account for the disruption of
LANA binding to H2B, and Sp1 protein acetylation has also
been reported to affect Sp1 transcription activity (1, 61). How-
ever, we were not able to detect NaB-dependent changes in
Sp1 acetylation in BCBL1 or 293 cells (data not shown). Con-
sequently, we investigated whether LANA itself was subject to
NaB-dependent lysine acetylation (Fig. 5). 293 cells were trans-
fected with FLAG-LANA or control expression vector and
then subjected to NaB or mock treatment 6 h prior to prepa-
ration of lysates for immunoprecipitation with acetyl lysine or
control antibody (Fig. 5A). Immunoprecipitates were analyzed
by Western blotting with anti-FLAG antibody. We found that
acetyl lysine antibody specifically precipitated FLAG-LANA
from cells treated with NaB but not from mock-treated cell
extracts (Fig. 5A; compare lanes 11 and 12). Similarly, no
FLAG-LANA was detected in control IgG immunoprecipi-
tates (lanes 7 and 8). Similar amounts of FLAG-LANA pro-
teins were detected in the input material from NaB-treated
and untreated cell extracts (lanes 3 and 4). Essentially identical
results were observed when BCBL1 cells were treated with
TSA (Fig. 5B), indicating that this effect is not NaB specific.
These results indicate that acetyl lysine antibody has enhanced
reactivity for FLAG-LANA in extracts derived from NaB- or
TSA-treated 293 cells.

To determine whether LANA itself, and not a tightly asso-
ciated protein, was subject to lysine acetylation, we performed
the reciprocal experiment (Fig. 5C). 293 cells were transfected
with FLAG-LANA or control expression vector, treated with
NaB or left untreated, and then assayed by immunoprecipita-
tion with anti-FLAG antibodies. Immunoprecipitates were
then Western blotted with anti-acetyl lysine antibodies. We
found that anti-acetyl lysine antibodies reacted with FLAG-
LANA polypeptide from NaB-treated LANA-transfected cells
but not that from untreated or vector-transfected cells. FLAG-
LANA was immunoprecipitated at similar levels from NaB-
treated and untreated cells, as indicated by reprobing the
Western blot with anti-FLAG antibody (Fig. 5C, right panel).
These results indicate that the LANA polypeptide, and not a
LANA-associated protein, is subject to lysine acetylation.

To verify that LANA can be acetylated in KSHV latently
infected PEL cells, we performed acetyl lysine immunoprecipi-
tation with NaB-treated BCBL1 or KSHV-negative DG75 cells
as a control (Fig. 5D). Acetyl lysine or IgG control immuno-
precipitates were analyzed by Western blotting with anti-
LANA antisera. Similar levels of LANA were detected from
BCBL1 cells treated with NaB and from mock-treated cells
(left panel). Acetyl lysine immunoprecipitates from NaB-
treated BCBL1 cells contained higher levels of LANA than
untreated BCBL1 cells, and, as expected, no LANA could be
detected from DG75 cells (middle panel). No LANA was de-
tected from with control IgG immunoprecipitates (right
panel). These data indicate that endogenous KSHV LANA
derived from NaB-treated BCBL1 cells reacts specifically to
anti-acetyl lysine antibody.

Metabolic labeling of LANA with [14C]sodium acetate. To
further verify that LANA can be acetylated in vivo and that the
anti-acetyl lysine antibody was not cross-reacting spuriously
with LANA epitopes, we tested the ability of LANA to be
acetylated in cells metabolically labeled with [14C]sodium ac-
etate. We first labeled 293 cells transfected with FLAG-LANA
expression vector at 24 h posttransfection. Cells were labeled
for 3 h in the presence of 1 mM sodium butyrate and then

FIG. 5. NaB-dependent acetyl lysine reactivity with LANA. A) 293
cells transfected with control or FLAG-LANA expression vectors were
treated with or without 1 mM NaB for 6 h. Input FLAG-LANA
protein was analyzed by Western blotting of starting extracts (lanes 1
to 4). Immunoprecipitates (IP) with control IgG (lanes 5 to 8) or
anti-acetyl lysine antibody (lanes 9 to 12) were analyzed by Western
blotting with anti-FLAG antibody. B) Same as described for panel A,
except 293 cells were treated with 500 ng/ml TSA for 6 h. C) 293 cells
were transfected essentially as described for panel A, immunoprecipi-
tated with anti-FLAG antibody, and then assayed by Western blotting
with antibody to acetyl lysine (left panel) or to anti-FLAG (right
panel). D) BCBL1 or DG75 cells were treated with 1 mM NaB for 6 h
(�) or left untreated (�) and then subjected to immunoprecipitation
with anti-acetyl lysine antibody (middle panel) or control IgG (right
panel). Immunoprecipitates were analyzed by Western blotting with
anti-LANA-specific antibody. Input extract was analyzed in the right-
hand panel as indicated. IB, immunoblot.
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analyzed by immunoprecipitation with anti-FLAG antibody or
control IgG (Fig. 6A). We found that a radiolabeled species of
	200 kDa which migrates identically to LANA was immuno-
precipitated with anti-FLAG but not control IgG. Since LANA
was the only FLAG-labeled protein, we conclude that trans-
fected FLAG-LANA can be acetylated in vivo. To determine
whether native LANA can be similarly acetylated in latently
infected PEL cells, we metabolically labeled BCBL1 cells with
[14C]sodium acetate for 3 h in the presence of sodium butyrate
and assayed by immunoprecipitation with anti-LANA antibody
or control IgG (Fig. 6B). We found that anti-LANA, but not
control IgG, precipitated a 	200-kDa species with mobility
identical to that of LANA, suggesting that LANA can be acety-
lated in vivo in latently infected BCBL1 cells.

DISCUSSION

Regulation of KSHV ORF50 transcription is a critical con-
trol step in the initiation of the lytic cycle. In this paper, we
present evidence that LANA regulates ORF50 mRNA expres-
sion by a mechanism involving lysine acetylation of LANA.
We show that siRNA depletion of LANA increases ORF50
mRNA levels, while overexpression of LANA decreases
ORF50 mRNA in BCBL1 latently infected PEL cells (Fig. 1).
We also show that a LANA-deficient KSHV bacmid expresses
higher levels of ORF50 mRNA than wt KSHV bacmid in 293
cells (Fig. 2). We show that LANA associates with multiple
regions of the KSHV genome, including the ORF50 promoter
(Fig. 3A). Treatment with HDAC inhibitors NaB and TSA

causes the rapid dissociation of LANA from the ORF50 pro-
moter (Fig. 3). A possible mechanism for this regulation was
investigated (Fig. 4 and 5). We found that NaB treatment
causes the dissociation of LANA from Sp1 and histone H2B
(Fig. 4) and induces lysine acetylation of LANA (Fig. 5). Fur-
thermore, we show that LANA can be acetylated in vivo by
metabolic labeling of transfected 293 or latently infected PEL
cells (Fig. 6). Taken together, these data suggest that NaB
induces posttranslational modifications that disrupt LANA
binding to Sp1, histone H2B, and the ORF50 promoter in
latently infected cells. We propose that dissociation of LANA
from ORF50 relieves transcription repression and facilitates
ORF50 mRNA expression and lytic reactivation (Fig. 7).

LANA has been shown to repress ORF50 transcription in all
three members of the rhadinovirus family. In KSHV, LANA
can repress ORF50 by two different mechanisms. LANA can
antagonize autostimulation of ORF50 by Rta through physical
association with Rta (38). LANA can also directly repress the
ORF50 promoter through binding to the RBP-Jk sites 1 to 2 kb
upstream of ORF50 ATG (37). In RRV, R-LANA overexpres-
sion can inhibit RRV lytic replication by inhibiting ORF50/Rta
transcription activation (16). Interestingly, this inhibition can
be reversed by the HDAC inhibitor TSA (16). In HVS, LANA
inhibited transcription of the ORF50 promoter as well as other
lytic genes dependent on the ORF50 protein (54). In these
experiments, a recombinant HVS virus with an inducible
LANA gene was used to demonstrate that LANA expression
suppresses and delays lytic cycle gene expression and replica-
tion (54). We have also shown that LANA regulates lytic cycle
gene expression by examining ORF50 mRNA levels in BCBL1
cells depleted of LANA or with recombinant virus lacking an
intact LANA coding sequence. These findings support the
model that KSHV LANA helps maintain the latent state by
suppressing ORF50 gene activation.

One of the major findings in this report is the observation
that LANA is itself subject to lysine acetylation (Fig. 5 and 6).
Lysine acetylation of histones and other proteins, including
p53, has been shown to be critical in regulation of protein-
protein interactions, subcellular localization, and protein sta-
bility (26). In this work, we show that LANA can be hyperacety-
lated in NaB- and TSA-treated cells by use of immunological

FIG. 6. Evidence for LANA acetylation in vivo. A) 293 cells trans-
fected with cytomegalovirus-FLAG (CMV-FLAG)-LANA expression
vector and then metabolically labeled with [14C]sodium acetate and 1
mM sodium butyrate for 3 h. Lysates were immunoprecipitated with
anti-FLAG antibody or control IgG and then analyzed by SDS-PAGE.
Input lane represents 	0.2% of total lysate. B) BCBL1 cells were
incubated with 1 mM sodium butyrate and [14C]sodium acetate for 3 h,
lysed, and subjected to immunoprecipitation with anti-LANA antibody
or control IgG. Input lane represents 	0.2% of total lysate.

FIG. 7. Acetylation of LANA relieves ORF50 transcription repres-
sion. The model depicts the role of LANA acetylation in the regulation
of ORF50 transcription during KSHV latency.

VOL. 80, 2006 LANA-REGULATED REPRESSION OF KSHV LYTIC TRANSCRIPTION 5279



detection with antibodies specific for acetyl lysine. Acetyl lysine
antibodies were also reactive with LANA polypeptides, as deter-
mined by direct immunoblotting of immunoprecipitated LANA
protein from NaB-treated cells. These findings were further cor-
roborated by radiolabeling of LANA with [14C]sodium acetate,
which has been used to demonstrate the in vivo acetylation of
several other nonhistone proteins (24, 29). By these criteria, we
consider it likely that LANA is subject to lysine acetylation which
can be enhanced by treatment with HDAC inhibitors such as NaB
and TSA. We further argue that LANA acetylation contributes to
the disruption of binding at ORF50 promoter, which results in
transcriptional derepression at ORF50 during the early stages of
lytic cycle reactivation (Fig. 7).

KHSV LANA interacts with numerous cellular factors that
regulate transcription, chromatin association, and cell cycle
progression (33). The transcription factor Sp1 has been shown
to interact with LANA and mediate the transcription activa-
tion of the cellular telomerase gene (32, 63). Sp1 has also been
found to be critical for the regulation of the ORF50 promoter
during NaB-stimulated reactivation (41, 69). We show here
that LANA interacts with Sp1 in BCBL1 and 293 cells and that
this interaction is disrupted by NaB treatment (Fig. 4). Our
data also suggest that this interaction is partially responsible
for transcriptional repression of ORF50 (Fig. 4C). Previous
studies have shown that several HDAC proteins associate with
ORF50 promoter in latently infected BCBL1 cells (41). We
have previously shown that ORF50 responds to NaB through
an Sp1 site and through changes in nucleosome positioning
surrounding the ORF50 transcription initiation site (41). Oth-
ers have found that NaB treatment increases Sp1 and Sp3
protein occupancy at the ORF50 promoter (69). Although not
completely understood, Sp1 and Sp3 are thought to mediate
transcription regulation through cellular coactivators and core-
pressors, and it is likely that LANA further modulates these
interactions in a response to cellular conditions that ultimately
determine cellular and viral gene expression patterns. Our new
data suggest that LANA occupancy at the ORF50 promoter
may be further regulated by interactions with Sp1, core his-
tones, and LANA-specific posttranslational modifications sen-
sitive to HDAC inhibitors (Fig. 7).

LANA has multiple viral functions and interacts with a va-
riety of cellular proteins that may be sensitive to changes in
HDAC activity (33). LANA tethers viral genomes to meta-
phase chromosomes through interactions with core histones
H2A and H2B (4). LANA also stimulates DNA replication
from within the TRs through a mechanism involving the re-
cruitment of cellular origin recognition complex subunits (40,
58, 64). The chromatin surrounding the LANA binding sites
within the TR was found to be enriched in histone H3 acety-
lation, indicating that high levels of protein acetylation exist in
close proximity to LANA (58). The LANA binding protein
RING3 contains two Bromo domains, which have been impli-
cated in binding acetylated lysine residues and perhaps stabi-
lizing or propagating an acetylation signal (17, 49). LANA can
also interact with mSin3 and MeCP2, which are likely to asso-
ciate with HDAC-containing multiprotein complexes (35, 36).
We have found evidence that HDAC inhibitors disrupt the
interaction of LANA with Sp1 and histone H2B, but other
protein interactions may also be modulated by changes in
LANA acetylation. Our findings raise the possibility that ad-

ditional functions of LANA may be regulated by LANA acet-
ylation. Future studies will be required to determine what
proteins and physiological signals regulate LANA acetylation
and whether LANA acetylation affects the DNA replication or
metaphase chromosome attachment functions critical for
maintaining the latent state of KSHV.
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