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The switch from latent to lytic infection of Kaposi’s sarcoma-associated herpesvirus is initiated by the
immediate early transcriptional activator protein Rta/open reading frame 50 (ORF50). We examined the
transcriptional regulation of the ORF50 core promoter in response to lytic cycle stimulation. We show that the
ORF50 promoter is highly responsive to sodium butyrate (NaB) and trichostatin A (TSA), two chemicals
known to inhibit histone deacetylases. The NaB and TSA responsive element was mapped to a 70-bp minimal
promoter containing an essential GC box that binds Sp1/Sp3 in vitro and in vivo. Micrococcal nuclease
mapping studies revealed that a nucleosome is positioned over the transcriptional initiation and the Sp1/3
binding sites. Stimulation with NaB or TSA increased histone acetylation and restriction enzyme accessibility
of the ORF50 promoter transcription initiation site. Chromatin immunoprecipitation assay was used to
demonstrate that the ORF50 promoter is associated with several different histone deacetylase proteins (in-
cluding HDAC1, 5, and 7) in latently infected cells. NaB treatment led to the rapid association of Ini1/Snf5, a
component of the Swi/Snf family of chromatin remodeling proteins, with the ORF50 promoter. Ectopic
expression of the CREB-binding protein (CBP) histone acetyltransferase (HAT) stimulated plasmid-based
ORF50 transcription in a HAT-dependent manner, suggesting that CBP recruitment to the ORF50 promoter
can be an initiating event for transcription and viral reactivation. Together, these results suggest that
remodeling of a stably positioned nucleosome at the transcriptional initiation site of ORF50 is a regulatory step
in the transition from latent to lytic infection.

Kaposi’s sarcoma (KS)-associated herpesvirus (KSHV) is a
gamma-2 herpesvirus (also referred to as human herpesvirus 8)
that persists as a multicopy episome in latently infected B
lymphocytes (reviewed in references 1, 12, 20, 25, 32, and 60).
KSHV was originally isolated from KS lesions, and numerous
studies support the role of the virus as the causative agent of
this endothelial neoplasm, including the isolation of KSHV
DNA from endothelial and tumor-derived spindle cells and the
ability to produce KS-like endothelial malignancy in transgenic
animals (9, 29). KSHV has also been associated with two other
lymphoproliferative disorders, primary effusion lymphomas
(PELs) and multicentric Castleman’s disease (13, 16, 62). Like
Epstein-Barr virus (EBV), KSHV has distinct lytic and latent
DNA replication and gene expression programs in lympho-
cytes (7, 55). Both latent and lytic cycle replication are essential
for the long-term persistence of the virus, and gene products
from both expression programs have been implicated in the
pathogenesis of KSHV-associated disease (12, 32).

Several cell lines carrying latent episomal genomes of KSHV
have been isolated from PEL or KS tumors, and these have
been useful tools for the study of viral latent and lytic replica-
tion and gene expression (11, 26, 27, 55). During latency in
PEL cells, KSHV transcription is restricted to a few viral genes,
including the latency-associated nuclear antigen, v-FLIP, v-

CycD, kaposin, and vIRF-2 (10, 24, 34, 46, 54, 57). The latency-
associated viral products have been shown to have growth-
transforming and cell cycle-deregulating properties likely to
contribute to KSHV-associated malignancies (12, 20, 35). Lytic
cycle replication and gene expression have also been impli-
cated in KSHV-associated disease. Lytic infection can be de-
tected in subpopulations of KS endothelial cells (64), and lytic
cycle genes encode several proteins with homology to cellular
cytokines that are likely to contribute to KSHV-associated
pathology (6, 8, 44, 49, 50). Furthermore, drugs that inhibit
KSHV lytic replication, like foscarnet and ganciclovir, limit
clinical KS development (40, 45). An increase in KSHV viral
load correlates with the progression to KS (5, 70), and it is
likely that the lytic amplification increases the risk of KSHV
endothelial cell infections.

Lytic cycle replication of KSHV in B lymphocytes can be
initiated by ectopic expression of the open reading frame 50
(ORF50)-encoded immediate early protein Rta (28, 39, 66).
KSHV Rta, like its homolog in EBV, is a potent transcriptional
activator with sequence-specific DNA binding potential (38,
58, 61). KSHV Rta has been reported to autoactivate its own
expression (22) through association with an octamer binding
site (58) and to interact with several cellular proteins, including
the CREB-binding protein (CBP) and RBP-Jk (30, 36). In
cultured cells, KSHV reactivation can be initiated with pleio-
tropic agents, like phorbol esters and sodium butyrate (NaB)
(14, 22, 42, 43, 55), or a DNA demethylating agent, 5�-azacy-
tidine (18). The physiological signals leading to the activation
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of the ORF50 promoter regulating Rta transcription have not
been clearly defined, although reactivation of KSHV latently
infected PEL cells has been stimulated by coinfection with
human immunodeficiency virus (68), incubation with human
immunodeficiency virus-infected cell supernatants (69), and
treatment with the inflammatory cytokines gamma interferon
and oncostatin M (15).

In KSHV latently infected cells, ORF50 gene expression is
highly restricted, suggesting that transcriptional repression of
ORF50 is required to maintain the latent state (33). Chromatin
modification and nucleosome positioning have been shown to
play significant roles in the maintenance of stable gene expres-
sion patterns, especially in the heritable repression of tran-
scription (reviewed in references 4 and 67). To explore the
potential role of chromatin in the maintenance of KSHV la-
tency, we investigated the transcriptional regulation and chro-
matin organization of ORF50 in latently infected and lytically
stimulated cells. We found that ORF50 is highly responsive to
histone deacetylase inhibitors in KSHV-positive and -negative
cells and that a nucleosome is positioned directly over the
transcriptional initiation site. We found that cellular factors
Sp1/Sp3 can bind to the sequences just upstream of the tran-
scription initiation site and within the boundary of the nucleo-
somal DNA. Our results raise the possibility that Sp1/Sp3
contributes to stable nucleosome positioning and transcrip-
tional repression in latently infected PEL cells and that mod-
ification and remodeling of this nucleosome is required for
ORF50 transcription and KSHV lytic cycle initiation.

MATERIALS AND METHODS

Cells and culture conditions. 293 cells were maintained in Dulbecco’s modi-
fied Eagle’s medium containing 10% fetal bovine serum and penicillin-strepto-
mycin (50 U/ml). The lymphoblastoid cell lines BCBL-1, JSC-1, and DG75 were
maintained in RPMI containing 10% fetal bovine serum and penicillin-strepto-
mycin (50 U/ml). Cells were stimulated with 3 mM NaB (Sigma), or 1 �g of
trichostatin A (TSA; Upstate Biotechnology)/ml, or 50 ng of phorbol-12-tetra-
decanoate-13-acetate (TPA; Sigma)/ml.

Plasmids. P50 was constructed by cloning a PCR-generated DNA fragment of
the ORF50 promoter sequence into the pGL3-Basic vector. The PCR was per-
formed with primers P50-1 (5�-ATTACCATGGTTGTGGCTGCCTGGACAG
T-3�) and P50-2 (5�-ATAACTCGAGCTTCCACGTTGATCCGGCTT-3�). The
PCR product was digested with NcoI and XhoI and cloned into NcoI/XhoI-
digested pGL3-Basic vector (Promega). The restriction sites in these oligonu-
cleotides are underlined. The insert is 1,038 bp long, corresponding to KSHV
genomic positions 70561 to 71598 (nuclear numbers are according to Russo et
al.) (56).

The ORF50 promoter deletion mutant �298 was constructed by digesting the
original P50 with KpnI followed by religation. The �298 ORF50 contained a
298-bp insert corresponding to genomic positions 71301 to 71598. All other
deletion mutants were generated by PCR with Vent DNA polymerase and
oligonucleotide primers with KpnI sites for 5� amplification and NcoI sites for 3�
amplification. Primers were initiated at sequences relative to the ORF50 ATG
(genomic position 71598) as indicated (see Fig. 3). Site-directed mutations were
generated by using the QuikChange method (Stratagene, Inc.), inserting either a
BamHI or EcoRI site into the sequences as indicated (see Fig. 3B). The parental
plasmids for the substitution mutation were the 5� �146 deletion and the 5� �298
ORF50 deletion mutants. The results shown in Fig. 3 were obtained with 5�
�146, but similar results were observed with 5� �298. The K8 immediate early
promoter (PK8-IE500) was constructed by cloning a PCR-generated 505-bp
fragment from KSHV genomic positions 74125 to 74629. The DNA fragment was
cloned into SacI/SmaI-digested pGL3-Basic vector. The K8 delayed early pro-
moter (pK8-DE250) was constructed by cloning a PCR-generated 254-bp frag-
ment from KSHV genomic positions 74596 to 74849 into KpnI/SmaI-digested
pGL3-Basic vector.

The BZLF1-luciferase reporter plasmid has been described previously (17)
and consists of the sequences �220 to �12 cloned into the NheI-HindIII sites of

pGL3-Basic. Cytomegalovirus (CMV)-Flag-CBP, CMV-Flag-CBP-�HAT (his-
tone acetyltransferase), and CMV-p300 were gifts of G. Blobel (Children’s Hos-
pital of Pennsylvania, Philadelphia, Pa.) and have been described previously (17).
CMV-TIP60 has been described previously (21). CMV-hGCN5 was described
previously (41). CMV-P/CAF was a gift from Y. Nakatani (Harvard) (73).

RT-PCR. RNA was obtained from BCBL-1 cells either untreated or treated
with TSA (1 �g/ml), NaB (3 mM), or TPA (50 ng/ml) for 24 h by using the
RNeasy kit (Qiagen). After treatment with DNase I, the OneStep reverse tran-
scription (RT)-PCR kit (Qiagen) was used to analyze RNA. Reverse transcribed
DNA was denatured at 94°C for 1 min, annealed with primers at 52°C for 1 min,
and extended at 72°C for 1 min for 20 cycles. The products were analyzed on a
1.2% agarose gel.

Transfections and luciferase assay. All cells were transfected with Lipo-
fectamine 2000 (Invitrogen, Inc.) according to the manufacturer’s specifications.
Typical transfections of BCBL-1 or 293 cells involved the introduction of 0.5 �g
of plasmid effector and reporter DNA for 105 cells. Cells were treated with 1 mM
NaB until 24 h posttransfection and then harvested at 48 h posttransfection.
Luciferase activity was assayed by using the Promega system. All data points were
the averages of at least three independent transfections.

DNA affinity purification assay. Biotinylated DNA was generated with a bi-
otin-conjugated oligonucleotide and PCR amplification of sequences derived
from either the ORF50 promoter (�298 to �1), ORF50 substitution mutant
�114, or from pBSKII� polylinker region. Biotinylated DNA was conjugated to
streptavidin-linked magnetic beads (Dynal) essentially as described previously
(23). DNA affinity resin was incubated with nuclear extracts from BCBL-1 cells
dialyzed in D150 buffer (20 mM HEPES [pH 7.9], 20% glycerol, 1 mM EDTA,
150 mM KCl, 5 mM �-mercaptoethanol, and 1 mM phenylmethylsulfonyl fluo-
ride [PMSF]) and with 400 �g of competitor sonicated salmon sperm DNA/ml.
After 45 min of incubation at 25°C, the resin was washed three times with D150
containing 0.05% IPEGAL (Sigma) and then eluted with D1000 buffer (identical
to D150, except containing 1 M KCl). Eluted proteins were analyzed by Western
blotting.

Western blotting and antibodies. All Western blots were preblocked with 5%
dried milk in Tris-saline (20 mM Tris [pH 8.0], 200 mM NaCl), incubated with
antibody in the blocking agent (diluted from 1:500 to 1:1,000), and washed four
times with Tris-saline containing 0.05% IPEGAL. Secondary antibodies were
diluted 1:2,000 in blocking agent, washed as above, and then detected by en-
hanced chemiluminescence (Amersham). Antibodies to Sp1, Sp3, Rb, and Ini1/
Snf5 were purchased from Santa Cruz Biotech. Antibodies for histone deacety-
lases 1 to 7 (HDAC1 to 7) were purchased from Upstate Biotechnology.

ChIP assay. Chromatin immunoprecipitation (ChIP) protocol was essentially
as described previously (52). PEL cell lines (BCBL-1 and JSC1) or transfected
293 cells were treated with or without NaB (3 mM) for 4 h and then treated with
formaldehyde to a final concentration of 1% for 15 min at 25°C. Glycine was
added to a final concentration of 0.125 M, and the mixture was incubated for an
additional 5 min. The cells were washed in phosphate-buffered saline and resus-
pended in sodium dodecyl sulfate (SDS) lysis buffer (1% SDS, 10 mM EDTA, 50
mM Tris [pH 8.0], 167 mM NaCl, 1 mM PMSF, and protease inhibitor cocktail
for mammalian cells [Sigma]). Lysates were sonicated to produce an average
DNA fragment length of �300 bp. Extracts were then diluted 10-fold with
immunoprecipitation (IP) dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2
mM EDTA, 16.7 mM Tris [pH 8.0], 167 mM NaCl, 1 mM PMSF, and protease
inhibitor cocktail [Sigma]). Twenty microliters of the diluted sample was used to
isolated total input controls. For IP, 1 ml of diluted sonicated extract was
incubated with 2.5 �g of the appropriate antibody and incubated overnight at
4°C. For some antibodies, bovine serum albumin was added to a concentration
of 100 �g/ml for each reaction mixture. Protein G-Sepharose beads were pre-
blocked overnight at 4°C in IP buffer (0.1% sodium deoxycholate, 0.5% Triton
X-100, 2 mM EDTA, 20 mM Tris-Cl [pH 8.0], 150 mM NaCl, 1 mM PMSF, 1�
protease inhibitor cocktail [Sigma]) containing 500 �g of heat-denatured salmon
sperm DNA/ml and 500 �g of bovine serum albumin/ml. To collect the immune
complex, 50 ml of blocked protein G bead mixture was added to each reaction
mixture and the mixture was rotated for 2 to 3 h at 4°C. Beads were centrifuged
and washed for 10 min at 4°C with each of the following: 2� IP buffer, 2� IP
buffer plus 600 mM NaCl, 1� LiCl wash (250 mM LiCl, 0.5% NP-40, 0.1% Na
deoxycholate, 5 mM EDTA, 10 mM Tris-Cl [pH 8.0], 1 mM PMSF, 1� protease
inhibitor cocktail [Sigma]), 2� Tris-EDTA (TE) buffer (Tris-Cl [pH 8.0], 1 mM
EDTA). The immune complexes were eluted by incubation in 150 ml of TE–1%
SDS at 65°C for 15 min, and supernatants were isolated and further incubated
overnight at 65°C to reverse cross-linking. Total input controls were treated in
the same manner at this point. After reverse cross-linking, 150 �l of TE and
proteinase K (final concentration, 250 �g/ml) was added and the mixture was
incubated for 2 to 3 h at 50°C. DNA was deproteinized by phenol-chloroform
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extraction and ethanol precipitation in the presence of 20 �g of glycogen. DNA
was washed in 70% ethanol, dried, and resuspended in 25 ml of TE. For a typical
PCR, 0.5 to 4 �l of IP DNA was assayed for 22 to 25 cycles and visualized by
ethidium bromide staining of agarose gels. Primers for ORF50 were from
genomic position 71301 (GGTACCGAATGCCACAATCTGTGCCCT) to the
ATG at genomic position 71598 (ATGGTTTGTGGCTGCCTGGACAGTAT
TC). Primers for ORF72 were oPL821 (AATACAACCTAGAACCTAACG
TGGTCG) and oPL823 (GAAGTGACGTCCGTCGCTAAGA), and primers
for ORF73 were oPL824 (CCAGACTCTTCAACACCTATGCG) and oPL825
(GGATGATCCCACGTAGATCGG). Primers for the glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) coding sequence were 5�-TCACCACCATGG
AGAAGGCT and 5�-GCCATCCACAGTCTTCTGGG.

Nucleosome mapping assays. (i) Primer extension. JSC-1 cells or transfected
293 cells were untreated or treated with NaB (3 mM) for 6 or 24 h. Nucleus
extraction and primer extension were performed as described previously (37)
with some modifications. Briefly, the cells were harvested and disrupted in a
Dounce homogenizer in lysis buffer (0.3 M sucrose, 2 mM magnesium acetate, 3
mM CaCl2, 1% Triton X-100, and 10 mM HEPES [pH 7.9]). The lysate was then
spun through a pad (25% glycerol, 5 mM magnesium acetate, 0.1 mM EDTA,
and 10 mM HEPES [pH 7.4]) at 1,000 � g for 15 min at 4°C. Then the nuclei
were overdigested with micrococcal nuclease (Mnase) (500 U/ml) at 37°C for 20
min in the digestion buffer (25 mM KCl, 4 mM MgCl2, 1 mM CaCl2, 50 mM Tris
[pH 7.4], and 12.5% glycerol). The reaction was stopped by the addition of an
equal volume of stop buffer (2% SDS, 0.2 M NaCl, 10 mM EDTA, 10 mM
EGTA, 50 mM Tris [pH 8.0], and proteinase K [100 �g/ml]) for 2 h at 50°C. Then
the cDNA was extracted by phenol-chloroform and ethanol precipitation. The
150-bp DNA was then purified from a 1.5% agarose gel and purified by electro-
elution. Primer extension was performed on the purified DNA with Vent (exo-)
DNA polymerase (New England Biolabs) and 32P-labeled sequence-specific
primers. The product was analyzed on a 7% sequencing gel. Primer 1 (Pr1)
initiated leftward at the KSHV sequence genomic position 71591 (5�-GTGGC
TGCCTGGACAGTATTCTCACAAC), and primer 2 (Pr2) initiated rightward
at the KSHV sequence genomic position 71491 (5�-CCAGAAACCAGTAGCT
GGGTGGCAA).

(ii) Southern blotting. Nuclei prepared as described above were partially
digested with Mnase (50 U/ml, 37°C for 2 min). DNA purified as described above
was then subjected to digestion with Asp718 (50 U/ml, 37°C overnight), electro-
phoresed on a 2% agarose gel followed by transfer to Zeta-Probe blotting
membranes (Bio-Rad), and hybridized with a digoxigenin-labeled probe specific
for the ORF50 promoter (Roche). The membrane was developed by using a
digoxigenin detection kit (Roche).

(iii) Restriction enzyme accessibility assay. Cell nuclei were prepared as
described above. Then nuclei were resuspended in the New England Biolabs
restriction digestion buffer for enzyme digestion. The total volume was 50 �l.
Restriction enzyme digestion was performed at 37°C for 30 min with 20 U of
restriction enzyme (HincII or Asp718) and stopped by the addition of stop buffer.
After incubation at 50°C for 2 h with proteinase K, DNA was extracted and cut
with another two restriction enzymes (NcoI and EcoRV) and then analyzed by
Southern blotting.

RESULTS

KSHV ORF promoter is highly responsive to NaB treat-
ment. Latently infected PEL cells have been reported to un-
dergo lytic cycle gene expression and DNA replication when
treated with NaB or phorbol esters. We compared the effects
on ORF50 RNA levels in BCBL-1 cells treated with either 3
mM NaB, 1 �g of TSA/ml, or 50 ng of TPA/ml for 24 h (Fig.
1A). We found that ORF50 RNA levels were increased most
significantly when BCBL-1 cells were treated with NaB and
TSA, suggesting that HDAC inhibition plays a significant role
in lytic reactivation. To determine whether a plasmid-borne
ORF50 promoter retained responsiveness to these HDAC in-
hibitors, we assayed an �1-kb region upstream of the transla-
tional start site of ORF50 (KSHV coordinate 71598) in a
luciferase reporter plasmid-based transient transfection assay.
The plasmid-borne ORF50 promoter behaved similarly to the
viral ORF50 in response to these activating reagents (Fig. 1B).
In particular, we found that NaB could stimulate the ORF50

promoter over 20-fold in transfected BCBL-1 cells while TSA
produced a 12-fold activation and TPA produced an �3.5-fold
activation.

The promoter specificity of the NaB response was deter-
mined by comparing several KSHV promoter regions as well as
the promoter region for the EBV immediate early BZLF1
gene to ORF50 (Fig. 1C). We found that the ORF50 promoter
was �7-fold more responsive to NaB than pGL3-Basic and
�2-fold more responsive than the BZLF1 promoter of EBV.
We also compared the NaB responsiveness of the KSHV K8
immediate early and delayed early promoters (59). Interest-
ingly, NaB stimulated the K8 immediate early promoter but
had no effect on the delayed early promoter, further suggesting
that plasmid-borne promoters respond similarly to virus-borne
promoters in response to HDAC inhibitors and that specific
promoter DNA sequences confer responsiveness to NaB (59,
74).

ORF50 has been reported to be autostimulated by Rta (22).
To eliminate the concern that NaB treatment of latently in-
fected PEL cells was leading to Rta-mediated activation of
ORF50, we compared the effect of NaB in various cell types,
including KSHV-positive PEL cell lines JSC-1 and BCBL-1
and KSHV-negative cell lines 293 and DG75 (an EBV-nega-
tive Burkitt lymphoma-derived cell line) (Fig. 1D). We found
that the ORF50 promoter was stimulated to significantly
higher levels than pGL3-Basic in all cell types tested. Interest-

FIG. 1. Chemical induction of ORF50 promoter. (A) BCBL-1 cells
were treated with TSA, NaB, or TPA and analyzed by RT-PCR for
expression levels of ORF50 (top panel) or GAPDH (lower panel).
Controls lacking reverse transcriptase (�RT) are indicated for ORF50.
(B) The ORF50 promoter fused to luciferase (p50) or the pGL3-Basic
control plasmid were transfected into BCBL-1 cells and treated with
TSA, NaB, or TPA. (C) BCBL-1 cells were transfected with luciferase
reporter plasmid pGL3-Basic or promoters derived from BZLF1,
ORF50 (p50), the K8 immediate early promoter (K8-IE), or the K8
delayed early promoter (K8-DE). (D) p50 and pGL3-Basic control
plasmids were transfected into JSC-1, BCBL-1, 293, or DG75 cells.
Luciferase activity was measured as induction (n-fold) upon treatment
with 3 mM NaB for 24 h.
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ingly, KSHV-negative 293 cells supported NaB stimulation to
levels similar to and higher than KSHV-positive BCBL-1 cells.
We found that JSC1 cells, which are coinfected with KSHV
and EBV, were the most responsive to NaB, with 50- to 60-fold
activation. In contrast, NaB treatment of DG75 cells supported
only �3-fold activation of ORF50, which was still significantly
greater than that of pGL3-Basic (1.0-fold). We conclude that
ORF50 promoter sequences have NaB-responsive elements
and that these are independent of additional KSHV gene
products, as might be expected by Rta autoactivation.

Identification of an ORF50 promoter element responsive to
HDAC inhibitors. To determine whether a minimal promoter
region could be identified which retained responsiveness to
NaB treatment, a series of ORF50 promoter deletions were
assayed by transient transfection for their response to NaB in
PEL cells (Fig. 2). We found that 5� deletions from �1038 to
�220 (relative to the ATG �1) had little effect on NaB re-
sponsiveness while deletion of sequences �220 to �157 had a
slight enhancement of the NaB response. Further 5� deletions
to �119 yielded a significant loss of NaB-induced activity. We
also found that 3� deletions to �70 (relative to the ATG)
retained NaB responsiveness, but responsiveness was lost with
deletions to �88. The transcriptional initiation site of ORF50
was mapped to nucleotide �109 (59) and to �80 (22) relative
to the ATG. Combining the 5� �145 and 3� �70 deletion also
retained significant NaB responsiveness, suggesting that this
constituted a minimal 75-bp NaB response element.

To further characterize NaB response elements, we gener-
ated a series of seven substitution mutants distributed through-
out the minimal promoter sequences mapped by deletion mu-
tagenesis above. We found that substitution mutants �93,
�98, and �128 reduced NaB responsiveness significantly (Fig.
2B). However, substitution of the GC-rich element at �114
completely abolished NaB responsiveness. This GC box en-
compasses the �109 transcriptional initiation site. Although
basal levels were reduced, transcription levels were still mea-
surably above those of pGL3-Basic (data not shown). Interest-
ingly, we did not find any evidence for a TATA-like element
within this promoter. A TATA-like element (TAAATA at
�146) was proposed (22); however, substitution of this TA
AATA element led to a significant increase in basal and NaB-
stimulated levels, suggesting that ORF50 has a TATA-less
promoter regulated largely through the GC-box element.

The NaB-responsive GC-box element binds Sp1/Sp3 in vitro
and in vivo. To determine which, if any, transcription factors
bound to the GC box of the ORF50 promoter, we used DNA
affinity methods to isolate specific proteins that could then be
identified by Western blotting (Fig. 3). Wild-type and GC-box
mutant ORF50 promoter DNA fragments were biotinylated
and bound to streptavidin magnetic beads, incubated with
BCBL-1 nuclear extract, washed extensively, and then assayed
by Western blotting for candidate proteins. We found that the
GC-box binding proteins Sp1 and Sp3 were specifically asso-
ciated with wild-type ORF50 promoter DNA but did not bind

FIG. 2. Mutational analysis of ORF50 promoter response to NaB. (A) 5� and 3� deletion mutants of ORF50 were transfected into BCBL-1 cells
and assayed for luciferase activity in the presence or absence of NaB. Luciferase activity is displayed as activation (n-fold) in response to NaB.
Schematic diagrams of deletion mutants are shown to the left. The ATG start site is indicated as �1 and corresponds to position 71598 in the
KSHV genome. (B) Substitution mutants of ORF50 (�298/�1) were assayed for NaB induction in JSC1 cells. Substitution mutations were
indicated by underlined sequences in the schematic to the left.
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to control pBSKII� polylinker region DNA or to GC-box mu-
tant (�114) ORF50 DNA. Several additional antibodies were
tested in this assay (e.g., anti-Rb), but only Sp1 and Sp3 dem-
onstrated specificity for the ORF50 wild-type promoter. These
results indicate that Sp1 and Sp3 can bind to the ORF50 GC
box in vitro.

To determine whether Sp1 could also bind to the ORF50
promoter in vivo, we used the ChIP assay (52). Formaldehyde
cross-linked cellular extracts were subjected to IP with either
Sp1-specific or immunoglobulin G (IgG) control antibody.
DNA was isolated from these immunoprecipitates and then
assayed by PCR for the sequences specific to ORF50 or to
control sequences specific to the GAPDH coding sequence.
We found that Sp1 chromatin immunoprecipitates were spe-
cifically enriched for viral ORF50 promoter DNA (Fig. 3B) as
well as to the ORF50 sequences of transfected plasmid re-
porter DNA (Fig. 3C), suggesting that Sp1 binds to the ORF50
promoter in vivo. Similar experiments with Sp3 antibody indi-
cated that Sp3 also bound to ORF50 but at reduced levels
compared to Sp1 (data not shown). Taken together, these
results suggest that Sp1 and Sp3 bind to the ORF50 GC-box
element required for NaB-responsive transcription.

Nuclease mapping of nucleosomes on the ORF50 promoter.
Based on our data, we hypothesized that the endogenous
ORF50 promoter was associated with positionally phased nu-
cleosomes and that these nucleosomes were altered in re-
sponse to NaB stimulation. To examine this hypothesis, we first
used a low-resolution Mnase assay to determine whether nu-
cleosomes were positioned over the ORF50 regions that cor-
related with NaB responsiveness (Fig. 4A). Nuclei from PEL
cells (BCBL-1) were treated with limiting amounts of Mnase
for �2 min, and then isolated deproteinized DNA was cleaved
with Asp718 restriction endonucleases. Cleaved DNA was then
analyzed by Southern hybridization and indirect end-labeling

FIG. 3. Sp1/3 binds to the ORF50 promoter in vitro and in vivo. (A) BCBL-1-derived nuclear extracts from NaB-treated (�) or untreated (�)
cells were subject to DNA affinity purification with DNA derived from pBKSII (BKS), ORF50 (�298/�1), or the GC-box substitution mutant of
ORF50 (�114) (ORF50mt). Bound proteins were assayed by Western blotting of SDS-polyacrylamide gel electrophoresis gels with antibodies
specific for Sp1 (	Sp1), Sp3 (	Sp3), or Rb (	Rb) as indicated to the left of each panel. (B) NaB-treated (�) or untreated (�) cells were analyzed
by ChIP with antibodies specific for Sp1 or control IgG. Promoter fragments from the ORF50 promoter (left panel) or for the coding sequences
of GAPDH (right panel) were generated by PCR. Input DNA is indicated in the lower panel. Threefold dilutions of input DNA were used to
determine the linearity of PCRs. (C) 293 cells transfected with ORF50-Luc plasmid were assayed by ChIP for association with Sp1 before and after
NaB treatment.

FIG. 4. Nuclease mapping of ORF50 promoter chromatin. (A)
Partial Mnase digestion of JSC1 cells treated with (�) or without (�)
NaB was assayed by Southern blotting and probed with ORF50 se-
quences (positions 71301 to 71598). Hypersensitive sites are indicated
by the arrows, and molecular size standards are indicated to the right.
(B) Endonuclease sensitivity assay of ORF50 promoter region in JSC1
cells treated with (�) or without (�) NaB. Nuclei were incubated with
Asp718 (left panel) or HincII (right panel), and then isolated DNA was
cleaved with NcoI/EcoRV and analyzed by Southern blotting with an
ORF50-specific probe. Asp718 (left panel) and HincII (right panel)
cleavage products are indicated. A schematic of ORF50 restriction
sites, GC box, and presumptive nucleosomes is indicated below. (C)
Schematic indicating restriction sites and probe used for indirect end-
labeling.
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with a probe covering the sequences between nucleotides
71301 (Asp718) and 71598. Southern blots revealed an Mnase-
generated ladder indicative of chromatin-associated DNA. We
also observed an Mnase hypersensitive site at �300 nucleo-
tides in untreated BCBL-1 cells. In NaB-treated cells, this
hypersensitive site was altered by �100 bp to produce a 200-bp
fragment in this experimental analysis. Our interpretation of
these results is that an Mnase-hypersensitive site exists at a
position 300 bp from Asp718 (centered at �71601) in latently
infected cells and that the hypersensitive site moves 100 bp
closer to Asp718 (centered at �71501) in NaB-treated cells
(Fig. 4C). These data suggest that a nucleosome is located near
the transcriptional initiation site of ORF50 and that treatment
with NaB alters the nucleosome organization in this region.

To further examine NaB-induced changes in the ORF50
promoter-associated nucleosome, we used a restriction endo-
nuclease accessibility assay (Fig. 4B). HincII cleaves at position
71536 within the mapped nucleosome boundaries and could be
used to probe the relative access of DNA near the ORF50
transcription initiation site. Asp718 cleaves at position 71301
upstream of the mapped nucleosome. JSC-1 nuclei were incu-
bated with either HincII or Asp718 for 30 min. DNA was
isolated and then cleaved with NcoI/EcoRV and then assessed
for endonuclease cleavage by Southern blotting with an
ORF50 probe. We found that cells treated with NaB were
significantly more sensitive to HincII cleavage, suggesting that
the nucleosome positioned at ORF50 was either eliminated in
the presence of NaB or subject to chromatin remodeling ac-
tivity that increases DNA accessibility of nucleosome-associ-
ated DNA. We did not observe significant changes in the
accessibility of Asp718, indicating that DNA-associated factors
and chromatin at this position were not altered in response to
NaB.

To more precisely map the position of a nucleosome in the
region surrounding the transcription start site, we used high-
resolution Mnase mapping (Fig. 5A). Nuclei were treated with
high levels of Mnase, and mononucleosome-sized fragments of
�150 bp were isolated from agarose gels. Isolated mononu-
cleosomal DNA was then assayed by primer extension with
various oligonucleotide primers throughout the ORF50 region.
We found that only primers located within the promoter region
from �105 to �70 relative to the ATG produced detectable
extension products, indicating that other regions were overdi-
gested by Mnase treatment (data not shown). Using primers
directed downstream from position 71490 (Pr2) and upstream
from position 71590 (Pr1), we were able to map a nucleosome
boundary to three overlapping positions, covering nucleotides
71482 to 71625 (nuc1), 71469 to 71610 (nuc 2), and 71462 to
71605 (nuc 3). These results could be accounted for by differ-
ent nucleosome positions in different cells or on different viral
DNA molecules within single cells. We next compared the
effect of NaB on the positioning of this nucleosome and found
that the qualitative mapping of the nucleosome was not altered
significantly, but rather the relative abundance of nucleosome
protection was reduced. We also found that this nucleosome
positioning over ORF50 was indistinguishable in two different
PEL cell lines, BCBL1 and JSC1, and the 3� position could be
clearly detected in 293 cells transfected with ORF50 containing
reporter plasmid (Fig. 5B). These results suggest that ORF50
promoter sequences contain a strong nucleosome-positioning

element that may contribute to stable transcription repression
during latency.

Histone acetylation of ORF50 during reactivation. NaB is
thought to function by inhibition of HDACs. To directly test
whether NaB treatment led to a specific increase in histone
acetylation of ORF50 promoter-associated nucleosomes, we
used the ChIP assay with antibodies specific for hyperacety-
lated histones H3 and H4. We found that NaB led to a three-
to sixfold increase in histone H3 and H4 acetylation at the
ORF50 promoter (Fig. 6A). In contrast, acetylated histones
were not significantly enriched at the coding sequence of
GAPDH (Fig. 6A), and comparable increases in acetylation
were not found on KSHV promoters for latently expressed
genes ORF72 and ORF73 (Fig. 6B). Importantly, we were also
able to show that histone acetylation also increases on trans-
fected plasmid-based ORF50 promoter sequences after treat-
ment with NaB (Fig. 6C). These results indicate that transcrip-
tion activation of ORF50 correlates with an increase in histone
H3 and H4 acetylation.

Ectopic expression of CBP stimulates ORF50 transcription.
One prediction of these results is that overexpression of a
histone acetylase should reverse the transcriptional repression
mediated by HDACs. To test this, we cotransfected JSC-1 cells
with the ORF50 luciferase reporter and expression vector for

FIG. 5. Primer extension mapping of Mnase I nuclease cleavage
sites in ORF50. (A) Mononucleosomal fragments from Mnase-treated
nuclei were gel purified and analyzed by primer extension with primers
Pr1 and Pr2, as indicated above the gel. Sequence reactions were
generated with Pr1, and the GC box is indicated to the left. Numbered
arrows indicate the major primer extension products that correlate
with Mnase I cleavage sites and nucleosome boundaries. (B) Primer
extension with Pr2 was used to compare the mononucleosomal frag-
ments derived from BCBL-1, JSC-1, and 293 cells and 293 cells trans-
fected with ORF50-Luc plasmid DNA. Sequencing lanes were gener-
ated with Pr1. The schematic at the bottom indicates the nucleosome
positions mapped by the above primer extension and analysis.
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various HAT-containing coactivator proteins (Fig. 7A). All of
these expression vectors have been shown to express functional
proteins that can stimulate transcription of specific genes (data
not shown). In these experiments, we found that CBP stimu-
lated the ORF50 promoter by �10-fold while p300, P/CAF,
hGCN5, and TIP60 had no significant effect. Importantly, we
found that expression of a CBP deletion mutant lacking HAT
activity was compromised for activation of ORF50 transcrip-
tion. CBP activation was shown to be relatively specific for
ORF50, since CBP did not activate the pGL3 control promoter
or the ORF50 promoter containing a substitution mutation in
the Sp1/Sp3 binding site (Fig. 7B). These results indicate that
overexpression of a specific HAT, CBP, can activate transcrip-

tion of the ORF50 promoter in a HAT- and GC-box-depen-
dent manner.

Association of HDACs with ORF50 during latent infection.
Histone deacetylation has been correlated with transcriptional
repression and the stable positioning of repressive nucleo-
somes (reviewed in reference 48). Moreover, Sp1 and Sp3 have
been shown by others to interact with several HDACs, includ-
ing HDAC1 and HDAC2 (65, 71). To determine whether
HDACs were associated with ORF50, we used several HDAC
antibodies in the ChIP assay (Fig. 7C). We found that HDAC7,
HDAC5, and HDAC1 could be detected at ORF50, although
HDAC1 was also found at GAPDH. We did not find HDAC7
or HDAC5 at GAPDH, indicating that these HDACs were
specific for the ORF50 promoter. We did not detect specific
association of HDAC6, 4, 3, or 2 (Fig. 7C and data not shown)
in these assays. All of the HDAC antibodies reacted with

FIG. 6. Chromatin modifications and modifying enzymes at ORF50.
(A) A ChIP assay with antibodies specific for hyperacetylated histone
H3 (	acetylH3) or H4 (	acetylH4) was used to compare histone acet-
ylation in untreated (�) or NaB-treated (�) BCBL-1 cells at the
ORF50 promoter (left panel) or the GAPDH coding sequence (right
panel). Control IgG ChIP and input DNA are indicated in the lower
panels. (B) The ORF50 promoter was compared to the latency-asso-
ciated ORF72 and ORF73 promoters by ChIP assay with antibodies to
acetylated histone H3 and H4. (C) 293 cells transfected with ORF50-
Luc plasmid were assayed by ChIP for association of acetylated his-
tones. Quantification of ethidium-stained DNA in agarose gels is in-
dicated by the bar graphs to the right.

FIG. 7. Recruitment of chromatin-modifying activities at ORF50.
(A) JSC1 cells were transfected with ORF50 (�298/�1) luciferase and
CMV-driven expression vectors for CBP, CBP-�HAT, p300, P/CAF,
hGCN5, or TIP60. Luciferase activity is indicated in relative light units.
(B) ORF50-Luc (�298/�1), the GC-box mutant (ORF50/�114), and
pGL2-Basic were compared for their responsiveness to CMV-FLAG,
CMV-CBP, or CMV-CBP�HAT. (C) Antibodies to HDACs 7, 6, 5, 4,
3, and 1 were used in a ChIP assay to determine association with the
ORF50 promoter (top panel) in BCBL-1 untreated cells. The GAPDH
coding sequence is indicated in the lower panel. IgG control ChIP,
input DNA, and marker DNA (M) are indicated. (D) Western blotting
with HDAC antibodies was used to measure protein levels in total cell
extracts from untreated (�) or NaB-treated (�) BCBL1 cells. (E)
ChIP assay with antibodies specific for the Ini1/Snf5 protein in un-
treated (�) or NaB-treated (�) BCBL-1 cells comparing ORF50 (top
panel) and GAPDH (lower panel) DNA amplification. Control IgG
ChIP and input DNA are indicated. (F) 293 cells transfected with
ORF50-Luc were assayed by ChIP for association with Ini1/Snf5 in the
absence (�) and presence (�) of NaB.
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protein species of the predicted molecular weight in Western
blot analysis (Fig. 7D). We also did not find any significant
change in the association of HDACs when cells were treated
with NaB (data not shown). Together, these results suggest
that HDACs are stably associated with ORF50 and that they
contribute to the stable repression and binding of the promot-
er-specific nucleosome.

NaB-dependent recruitment of Snf5/Ini1 chromatin remod-
eling complex to ORF50. Work by others has shown that his-
tone acetylation can lead to the recruitment of bromodomain-
containing chromatin remodeling complexes (31). One of the
major ATP-dependent chromatin remodeling complexes in-
volved in transcription activation is the BRG1 (human ho-
molog of Swi/Snf) complex. Antibody specific for the Ini1/Snf5
subunit of the BRG1 complex was assayed by ChIP for its
association with ORF50 (Fig. 7E). We found that treatment
with NaB led to a robust increase in Ini1/Snf5 association with
ORF50. This association could be detected as early as 30 min
after NaB treatment, suggesting that these are early events in
the transcription activation process. We did not detect Ini1/
Snf5 at GAPDH in the absence or presence of NaB, indicating
that the association with ORF50 was specific. We also found
that Ini1/Snf5 associated with transfected plasmid-based ORF50
after treatment with NaB (Fig. 7F). These results suggest that
NaB-induced histone acetylation leads to the recruitment of
the BRG1 chromatin remodeling complex to ORF50 and that
this complex is responsible for the derepression of the promot-
er-associated nucleosome.

DISCUSSION

Several levels of control regulate the switch from latent to
lytic infection of gammaherpesviruses. Expression of the
KSHV ORF50 protein Rta is sufficient to initiate lytic cycle
gene expression and complete productive replication in la-
tently infected PEL cells (28, 39, 66). The mechanisms reg-
ulating the expression of ORF50 have not been well char-
acterized. Several chemical reagents stimulate ORF50 gene
expression and consequently lead to viral lytic reactivation. In
this work, we investigated the mechanism of one potent chem-
ical activator of the KSHV lytic cycle and found that NaB can
act directly and specifically on the ORF50 core promoter ele-
ments. In particular, we show that NaB activates the ORF50
promoter in the context of the viral genome and on transfected
plasmids (Fig. 1A and B). We also found that NaB activation
of ORF50 was robust and specific relative to other gammaher-
pesvirus promoters and independent of other viral gene prod-
ucts, including autoactivation by Rta (Fig. 1C and D). We were
able to identify a GC-rich sequence motif near the ORF50
transcriptional initiation sites that conferred responsiveness to
NaB (Fig. 2). This GC box was shown to bind Sp1/Sp3 proteins
in vitro by DNA affinity chromatography and in vivo by ChIP
assay (Fig. 3). Mnase studies were used to map a nucleosome
positioned over the Sp1/3 and transcriptional initiation sites
(Fig. 4 and 5). NaB treatment altered the Mnase-hypersensi-
tive sites near the downstream end of the nucleosome and
increased the endonuclease accessibility of nucleosome-pro-
tected DNA (Fig. 4 and 5). We demonstrated that NaB in-
duced histone H3 and H4 hyperacetylation at ORF50 (Fig. 6),
that ectopic expression of CBP activated the plasmid-based

ORF50 promoter in a HAT-dependent manner (Fig. 7A), and
that HDACs 1, 5, and 7 associated with the ORF50 promoter
in latently infected cells (Fig. 7C). Finally, we show that Ini1/
Snf5, a component of the Brg chromatin remodeling complex,
was recruited to the ORF50 promoter soon after NaB treat-
ment (Fig. 7D). Taken together, these data suggest that his-
tone modification and chromatin remodeling of a nucleosome
positioned over the transcriptional initiation site are early
events in the transcription of ORF50 promoter and correlate
with control mechanisms that regulate KSHV reactivation
from latency.

The NaB-induced transcriptional initiation site of ORF50
has been mapped to position 71518 by 5� rapid amplification of
cDNA ends (74) and to position 71489 by RNase1 protection
(22). Our data revealed that the position 71518 initiation site
corresponds to an Sp1/Sp3 binding site and is absolutely re-
quired for basal and activated transcription of ORF50 (Fig. 2
and 3 and data not shown). We did not find any evidence that
ORF50 has a functional TATA element, since mutagenesis of
the ORF50 TAAATA element at position 71452 (�33 and
�59 nucleotides upstream of the transcriptional initiation
sites) did not inhibit basal or activated transcription. Although
several TA-rich sequences in the minimal promoter exist and
may also serve as a binding site for the TATA-binding protein,
our data suggests that ORF50 is a TATA-less promoter that
utilizes a GC box as an initiator element. Sp1 and Sp3 have
been shown to have complex behavior at the GC boxes of many
promoters, and mutations in Sp1 binding sites often have pro-
found effects on transcription levels. The GC box in ORF50 is
the dominant element that establishes the transcription initia-
tion site and supports high-level transcription when cells are
treated with NaB or TSA.

Several NaB response elements have been mapped and
found to correspond in some cases to GC-rich Sp1/3 binding
sites (19, 71). Sp1 has been shown to bind to HDAC1 and Sp3
has been shown to bind to HDAC2 by IP assay (71). We did
not find strong evidence that HDAC1 and HDAC2 could bind
to ORF50-bound Sp1/3 in vitro by DNA affinity chromatogra-
phy (data not shown). This may be a result of too-stringent
wash conditions that eliminate weakly associated HDACs with
Sp1-bound promoter DNA. Alternatively, HDACs 1, 5, and
7 were detected by the more sensitive ChIP assay (Fig. 7C),
suggesting that these HDACs do associate with ORF50 pro-
moter in vivo. One possible explanation to resolve the discrep-
ancy between in vivo and in vitro findings for HDACs is that
nucleosome assembly is required for stable HDAC binding to
ORF50 promoter. It is also interesting that CBP was a specific
and efficient activator of ORF50 when ectopically expressed in
transient transfection assays (Fig. 7A and B). CBP has been
isolated in a complex with Sp1 and has been shown to coacti-
vate Sp1 in transcription assays (47, 51). At present, we do not
know which promoter-specific binding factors recruit CBP or
HDACs to ORF50. Several other sequence elements of
ORF50 contributed to NaB inducibility (Fig. 2), and it is likely
that additional sequence-specific factors contribute to the reg-
ulation of ORF50, both in response to NaB and in response to
endogenous stimulatory signals.

The most significant finding from these studies is our dem-
onstration that the region from position 71462 to 71605 is
associated with a nucleosome in latently infected PEL cells
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(Fig. 4 and 5). This region covers both transcriptional initiation
sites (positions 71489 and 71518) as well as the GC-box binding
site for Sp1 (positions 71484 to 71493). Upon NaB stimulation,
we observed significant changes in the accessibility of this re-
gion to Mnase and to HincII restriction endonuclease. We did
not detect a translational sliding of the nucleosome, but we
cannot rule out the possibility that the nucleosome does slide
to a position outside the detection of our primer sets used in
primer extension assays. However, an equally likely explana-
tion for these findings is that the nucleosome is remodeled in
response to NaB treatment to increase the accessibility of
nucleases and general transcription factors. Perhaps the most
interesting finding is that Sp1, which falls within the boundary
of the nucleosome and overlaps the transcription initiation
site, was stably associated with ORF50 in latent and NaB-
treated PEL cells. This indicates that Sp1 binds to the nucleo-
somal DNA at a site near the internucleosomal linker region.
One important question in gene regulation is how the nucleo-
somes are positioned. We speculate that Sp1 is important for
positioning the nucleosome at ORF50 and that this positioning
is maintained by HDAC activity. Future experiments will be
required to determine what additional factors are important
for the positioning of a nucleosome over the ORF50 initiation
site. Our data also suggest that Sp1 binds constitutively to
ORF50 during latency and reactivation, and it is not clear what
cellular conditions or factors convert Sp1 from a chromatin-
associated repressor into a potent transcriptional activator of
ORF50.

The activation of the KSHV lytic cycle can be initiated by
HDAC inhibitors (42, 43), as we have shown here, as well as by
phorbol esters (14, 55) and by DNA methylation inhibitors (5�
azacytidine) (18). ORF50 can also be autoactivated by Rta, but
the precise sequence requirements have not been fully char-
acterized (22). Interestingly, the EBV homologue of Rta can
also autoactivate its own promoter BRLF1, and the response
element in this EBV immediate early promoter has been
mapped to an Sp1 site (53). Sp1/3 has also been implicated in
the regulation of the EBV BZLF1 immediate early promoter,
although at BZLF1, the HDACs have been shown to be re-
cruited by MEF2D proteins that bind adjacent sequences (63).
Because of the abundant and generic nature of Sp1, it is un-
likely that it can account for all of the complex regulation of
ORF50, and it will be important to identify additional factors
that work in cooperation with Sp1/3 to regulate this promoter,
especially in response to natural activation signals.

In addition to HDAC inhibition, our results indicated that
ectopic expression of CBP stimulated plasmid-based ORF50
transcription. CBP stimulation of ORF50 was dependent upon
the HAT domain, and no other HAT coactivator proteins
could be substituted, suggesting that CBP has specificity for
some factors associated with the ORF50 promoter. Acetylation
by CBP has been shown to be important for recruitment of the
BRG1 remodeling complex (2, 3, 31). Using the ChIP assay, we
were able to find that the BRG1 subunit Ini1/Snf5 could asso-
ciate with ORF50 promoter after treatment with HDAC in-
hibitors (Fig. 7C). These results suggest that histone acetyla-
tion regulates the recruitment of BRG1 complex and that
BRG1-dependent remodeling of the positioned nucleosome per-
mits transcription initiation of ORF50. These results also sug-
gest that HDACs 1, 5, and 7 are constitutively associated with

ORF50 and that their inhibition allows a constitutively associ-
ated HAT, perhaps CBP, to tip the balance towards the acet-
ylation of the nucleosome at ORF50 initiation site. It is inter-
esting that the EBV EBNA2 protein has been shown to recruit
Ini1/Snf5, and this has been implicated in the transcription
activation of EBV-associated growth-transforming genes in la-
tently infected lymphocytes (72).

Chromatin structure and nucleosome positioning have been
shown to have profound effects on gene regulation in eu-
karyotes. Our findings are consistent with this general role of
chromatin and suggest that chromatin plays a critical role in
transcriptional repression and maintenance of the latent state
of gammaherpesviruses. The tendency to establish latent in-
fection is largely dictated by the transcriptional repression of
the gammaherpesvirus immediate early genes during initial
infection. It remains unclear whether the transcriptional inac-
tivity of gammaherpesvirus immediate early genes results from
active repression or from a deficiency of positively acting tran-
scription factors. Results from our study indicate that Sp1,
which can be a potent activator of some genes, is inactive at
ORF50 in the absence of a costimulatory signal, like NaB
treatment. It seems likely that HDACs associated with the
ORF50 promoter maintain a deacetylated and transcription-
ally repressive nucleosome over the initiation site. Only upon
inhibition of HDACs, or recruitment of CBP, does histone
acetylation relieve nucleosome position and repression (Fig.
8). While we do not know if this is a general rule for other
gammaherpesvirus immediate early promoters, it is likely that
nucleosome acetylation and chromatin remodeling play a sim-
ilar role in regulating the transcription from latency to lytic
infection. Future studies will try to identify factors that position
the nucleosome over the ORF50 initiation site, establish a

FIG. 8. Nucleosome modification and chromatin remodeling can
regulate the ORF50 promoter during reactivation signals. Sp1 binds
ORF50 near the transcription initiation site and within the boundary
of the nucleosome. Histone acetylation caused by NaB, TSA, or ec-
topic expression of CBP leads to nucleosome remodeling and tran-
scription activation. Contributions from unknown additional factors
are represented by question marks.
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stable latent state, and constitute the molecular switch from
latent to lytic gene expression for KSHV.
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