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During the immediate-early (IE) phase of reactivation from latency, the Kaposi’s sarcoma-associated
herpesvirus (KSHV) replication and transcription activator protein (RTA) (or ORF50) is thought to be the
most critical trigger that upregulates expression of many downstream viral lytic cycle genes, including the
delayed-early (DE) gene encoding the replication-associated protein (RAP) (or K8). RAP physically interacts
with and stabilizes the cellular transcription factor CCAAT/enhancer-binding protein-� (C/EBP�), leading to
upregulated expression of the cellular C/EBP� and p21CIP-1 proteins followed by G0/G1 cell cycle arrest.
Furthermore, RTA also interacts with C/EBP�, and both RAP and RTA cooperate with C/EBP� to activate the
RAP promoter through binding to a strong proximal C/EBP binding site that also serves as an RTA-responsive
element (RRE). Here we show that C/EBP� also activates the IE RTA promoter in transient-cotransfection
reporter gene assays and that addition of either RTA or RAP enhances the effect. Electrophoretic mobility shift
assay and deletion analysis revealed three C/EBP binding sites that mediate cooperative transactivation of the
RTA promoter by C/EBP� and RTA. Furthermore, chromatin immunoprecipitation assay results showed that
the endogenous C/EBP�, RTA, and RAP proteins all associate with RTA promoter sequences in tetradecanoyl
phorbol acetate-induced primary effusion lymphoma (PEL) cells. Induction of endogenous KSHV RTA mRNA
in PEL cells by exogenously introduced C/EBP� was confirmed by reverse transcription-PCR analysis and by
double-label indirect immunofluorescence assays. Reciprocally, expression of exogenous RTA also led to an
increase of endogenous C/EBP� expression that could be detected by Western immunoblot assays even in
KSHV-negative DG75 cells. Cotransfected RTA also increased positive C/EBP� autoregulation of the C/EBP�
promoter in transient-cotransfection reporter gene assays. Finally, C/EBP� proved to strongly activate the
promoters of two other KSHV DE genes encoding PAN (polyadenylated nuclear) RNA and MTA (ORF57),
which was again mediated by C/EBP binding sites that also contribute to RTA activation. Overall, these results
support a model in which the cellular transcription factor C/EBP� and RTA:C/EBP� interactions play
important roles both upstream and downstream of the two major KSHV regulatory proteins RTA and RAP
during the early stages of lytic cycle reactivation.

Latent infection with Kaposi’s sarcoma-associated herpesvi-
rus (KSHV) is detected in the spindle cells of all forms of KS
(5), as well as in plasmablast-like cells of AIDS-associated
multicentric Castleman’s disease and primary effusion lym-
phoma (PEL) (2, 3, 38). Genome analysis revealed that KSHV
belongs to the gamma-2 herpesvirus subfamily and is related to
Epstein-Barr virus (EBV) (34). Based on the kinetics of gene
expression after viral reactivation, KSHV-encoded genes are
classified into four broad categories: latent, immediate-early
(IE), delayed-early (DE), and late. Several PEL cell lines car-
rying multicopy KSHV episomes have been established (2, 3),

and virus derived from them can convert dermal microvascular
endothelial cells (DMVECs) into KS-like spindle cells (9a).
Only latent-state KSHV proteins, including LANA1, v-CYC-D,
v-FLIP, and K15 (or LAMP), are expressed in the majority of
PEL cells, KS spindle cells, and infected DMVECs (4, 9a, 28,
31). However, treatment with tetradecanoyl phorbol acetate
(TPA) or sodium butyrate can disrupt the latency of KSHV
infection, especially in PEL cells, and induce lytic viral repli-
cation in a subset of the cells (27, 30). Induction of several
transcripts, including those from the major RTA (or ORF50),
ORF45, and ORF-K4.2 promoters as well as a minor RAP (or
K8) promoter of KSHV have been detected within 4 h after
lytic cycle induction in the presence of cycloheximide, and
therefore these genes have been defined as the likely IE reg-
ulatory genes of KSHV (33, 55).

The KSHV-encoded RTA protein is generally considered to
function as the principal molecular switch converting infected
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cells from a latent state into the lytic cycle by specific tran-
scriptional activation of many downstream KSHV promoters
(39). The 120-kDa RTA protein (691 amino acids [aa]) is a
homologue of the EBV DNA-binding transactivator RTA (or
BRLF1), which both play crucial roles as the triggers of com-
plete lytic reactivation from latency. KSHV RTA transacti-
vates various downstream KSHV lytic cycle promoters, includ-
ing those for RAP (a positional homologue of EBV ZTA),
KSHV MTA (or ORF57 a homologue of EBV MTA), vIL6,
vMIP (or vCCL), K12 (or Kaposin), vOX2/GPCR, and PAN
(polyadenylated nuclear) (or T1.1) RNA (9, 24–26, 35, 37, 44,
45). In at least some target promoters (e.g., PAN, K12, and
vIL6), RTA clearly functions by direct DNA binding to specific
type II RTA-responsive elements (RREs) (4a, 12a, 37, 46).
Although Lukac et al. (24) reported that baculovirus-expressed
RTA also binds to the MTA and RAP RRE motifs in electro-
phoretic mobility shift assay (EMSA) experiments, we ob-
served that in vitro-translated RTA does not bind directly to
the type I RAP RRE (46). Instead, RTA activates RAP ex-
pression through an interaction with CCAAT/enhancer-bind-
ing protein-� (C/EBP�), which itself directly binds to the RRE
site and activates the RAP promoter (46). Furthermore, a
strong physical interaction was demonstrated between C/EBP�
and RTA that requires basic residues in the RTA DNA-bind-
ing domain (DBD) between aa 151 and 273. RTA has also
been reported to activate target gene expression at another
type I RRE within the MTA promoter via a functional inter-
action with the cellular CBF1 (or RBP-J�) DNA binding factor
(22), a target of the Notch signaling pathway that also plays an
important role in EBNA2-mediated functions during EBV la-
tency (17, 18, 23a).

Previous studies have suggested that KSHV RTA positively
autoregulates its own promoter in reporter gene cotransfection
assays in 293 cells (12, 32). In addition, a consensus motif at
position �220/�213 in the RTA promoter was shown to bind
to the OCT1 protein and was interpreted to be important for
RTA-mediated autoregulation in 293L cells (32). However,
because of our evidence that KSHV RTA physically interacts
with C/EBP� (46) and the predicted presence of C/EBP sites in
the RTA promoter, we wished to evaluate other potential
mechanisms for controlling expression of the RTA lytic cycle
trigger protein. C/EBP� was the first identified member of the
leucine zipper family of transcription factors, which includes
c-JUN, c-FOS, ATF, CREB, and EBV ZTA (6, 20). Members
of this family bind to specific DNA elements as homodimers or
heterodimers through the conserved bZIP domain located at
the C terminus and modulate gene expression through an
N-terminal activation domain. Numerous studies have shown
that C/EBP� promotes differentiation (11, 21, 47, 53) and
inhibits cell proliferation through multiple molecular pathways
leading to G1 cell cycle arrest, including elevating the level of
p21CIP-1/WAF-1 protein by both directly binding to and acti-
vating the p21CIP-1 promoter and stabilizing p21 through a
protein-protein interaction (41, 42, 50). C/EBP� also inhibits
E2F transcription of genes, including c-MYC, which is in-
volved in DNA synthesis and mitosis through direct interaction
with retinoblastoma (Rb) and Rb-like proteins (19, 36), as well
as directly inhibiting CDK2 and CDK4 (16, 43).

The 35-kDa KSHV-encoded RAP protein (237 aa) is also a
bZIP-like protein (23, 40, 55) that targets to nuclear PML

oncogenic domains and seems to play an important role in lytic
cycle viral DNA replication (49). Unlike its positional homo-
logue ZTA, the major lytic cycle trigger protein encoded by
EBV, RAP alone does not bind to any known downstream
KSHV target gene promoters, nor does it act alone as a trigger
for KSHV lytic cycle induction (9, 29). However, both RAP
and ZTA display similar properties in upregulating levels of
the cellular C/EBP� and p21CIP-1 proteins, resulting in G0/G1

cell cycle arrest during progression of the KSHV or EBV lytic
cycles, respectively (48, 50). The mechanism of C/EBP� induc-
tion was found to involve strong protein-protein interactions
between C/EBP� and RAP or C/EBP� and ZTA, leading to
both stabilization of C/EBP� protein and cooperative tran-
scriptional upregulation of the cellular C/EBP� and p21 pro-
moters (50, 51). C/EBP� also proved to reciprocally activate
viral RAP and ZTA gene expression by directly binding to
strong promoter proximal C/EBP binding sites (46, 51; F. Y.
Wu et al., unpublished data).

In the present study, we have asked whether C/EBP� might
also play a role in activating KSHV IE gene expression and
have used EMSA and mutation analysis to identify three
C/EBP� binding sites within the proximal 914-bp RTA pro-
moter. Cotransfection of a series of deletion mutant or mu-
tated RTA-LUC target reporter genes in several cell types was
used to evaluate both direct and cooperative responsiveness to
C/EBP�, RAP, and RTA. A chromatin immunoprecipitation
(ChIP) assay was employed to investigate whether C/EBP�,
RAP, and RTA associate in vivo with the RTA promoter in
KSHV lytically infected PEL cells. We then also tested the
ability of C/EBP� to upregulate endogenous RTA in PEL cells
and possible cooperative effects of RTA plus C/EBP� in reg-
ulating the cellular C/EBP� promoter. The kinetics of induc-
tion of C/EBP� mRNA and protein levels in TPA-induced
PEL cells were also examined. Finally, we searched for C/EBP
binding sites and investigated C/EBP� responsiveness,
C/EBP� plus RTA cooperativity, and in vivo ChIP associations
in two other downstream KSHV DE promoters that are asso-
ciated with the PAN and MTA genes and have been shown to
respond strongly to RTA.

MATERIALS AND METHODS

Cells and plasmids. HeLa and 293T cells were grown in Dulbecco’s modified
Eagle’s medium (Invitrogen, Carlsbad, Calif.) containing 10% fetal bovine serum
in a humidified 5% CO2 incubator at 37°C. KSHV-positive human PEL cells
BCBL1 cells, and JSC1 cells, as well as the KSHV-negative DG75 B-lymphoblast
cell line, were grown in RPMI 1640 medium (Invitrogen) containing 10% fetal
bovine serum. For KSHV lytic cycle induction, TPA was added to the medium at
a final concentration of 20 ng/ml.

Plasmids pSEW-C01, pSEW-C02, pJX15, and pCTC581a expressing full-
length human C/EBP�, Flag-tagged C/EBP�, KSHV RTA, and Flag-tagged
KSHV RAP effector genes driven by CMV or SV2 promoter-enhancers were
described previously (46). Plasmid pSEW-R03 encodes the RTA(1-377) DBD
segment; plasmid pSEW-R23 encodes RTA(1-691�151-167) with an in-frame
internal deletion from position 151 to 167 (46). Reporter plasmid pGL3-
FL(�914) containing the intact RTA(�914/�34)-LUC reporter gene was kindly
provided by Koichi Yamanishi (32). Deletion derivatives of the full-length RTA-
LUC reporter gene were generated by PCR using RTA(�914/�34)-LUC as the
template to generate RTA(�587/�20)-LUC (in pSEW-RP1), RTA(�554/�20)-
LUC (pSEW-RP2), RTA(�261/�20)-LUC (pSEW-RP3), RTA(�241/�20)-
LUC (pSEW-RP4), and RTA(�212/�20)-LUC (pSEW-RP5) or by PCR-based
mutagenesis using pSEW-RP4 or pSEW-RP1 as the templates to generate mu-
tants RTA(�241/�20 pm�48/�43)-LUC (pSEW-RP6) or RTA(�587/�20
pm�48/�43)-LUC (pSEW-RP7), in which GCAATG at position �48 to �43
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has been changed to GATATC (throughout this work, mutated nucleotides are
indicated in boldface type). A plasmid encoding the human C/EBP�(�500/�10)-
LUC reporter gene (pSEW-CP1) contains the proximal C/EBP� promoter re-
gion inserted into a minimal promoter in the pGL3-Basic background, as de-
scribed previously (50). The PAN(�210/�15)-LUC reporter gene contains the
wild-type PAN promoter inserted into the pGL3-Basic background (in plasmid
pSEW-PP1) and point mutant derivatives PAN(�190/�15)-LUC (pSEW-PP2),
PAN(�190/�15pm2A)-LUC (pSEW-PP3), PAN(�190/�15pm2B)-LUC (pSEW-
PP4), PAN(�190/�15pm4A)-LUC (pSEW-PP5), and PAN(�190/�15pm4B)-
LUC (pSEW-PP6) (see Fig. 10A) Point mutant reporter gene PAN(�190/
�15RREm)-LUC (in plasmid pSEW-PP7) contains five point mutations within
the RRE region at position �61 to �52, (GCTAACCTGT to TCTACCCGTG).
A set of MTA promoter reporter plasmids expressing MTA(�160/�10)-LUC,
MTA(�100/�10)-LUC, and MTA(�60/�10)-LUC in pSEW-MP1, pSEW-MP2,
and pSEW-MP3, respectively, were generated by PCR amplification from
BCBL1 DNA. Point mutant derivative pSEW-MP4 expressing MTA(�100/�10
pm �94/�90)-LUC in which ACAAT at position �94 to �90 has been changed
to TCTAG was generated by a PCR-based method using pSEW-MP2 as the
template.

DNA transfection and luciferase assay. Transfection of HeLa cells was per-
formed with 5 � 105 cells/sample in six-well plates using Lipofectamine (Invitro-
gen) according to the Invitrogen protocol. BCBL1 and DG75 B-lymphoblast cell
lines (107 cells/sample) were transfected using the electroporation method de-
scribed previously (46). Transfected cells were harvested at 48 h posttransfection
for luciferase assays as described by Wang et al. (46). All samples also received
added CMV-�GAL expression plasmid DNA as an internal control for trans-
fection variability, and the �GAL activity was found not to be significantly
affected by cotransfection with either C/EBP�, RTA, or RAP or combinations of
them.

Extraction of mRNA and RT-PCR. BCBL1 cells were transfected by electro-
poration, and mRNA was extracted at 40 h posttransfection using a GenElute
Direct mRNA Miniprep kit (Sigma) according to the product instructions as
described previously (46). The purified mRNA samples (1 �g) were incubated
with 1 U of DNase I (Invitrogen) and 10 �l of DNase I reaction buffer for 15 min
at 20°C. Then, DNase I was inactivated by adding 1 �l of 25 mM EDTA to the
mixture and heating for 10 min at 65°C. Reverse transcription (RT) was per-
formed using avian myeloblastosis virus reverse transcriptase (Promega) as pre-
viously described (46), and the synthesized cDNA samples were used as tem-
plates for PCRs using RTA coding region primers LGH4289 (5	-GAACTACT
CGAGATGGTCACTGGACTGTCCTATCC-3	) and LGH4290 (5	-TGACGA
AGCTTCAGGTACCAGGTGTCGTGGTCG-3	). The cDNA PCR products
(915 bp) were analyzed on a 1.2% agarose gel.

IFA. Indirect immunofluorescence assay (IFA) was performed 24 h after
BCBL1 cells were transfected or induced by TPA using the methanol fixation
method. Primary antibodies included rabbit antipeptide antiserum against
KSHV RTA (46), mouse anti-Flag monoclonal antibody (MAb) (Sigma, St.
Louis, Mo.), and goat (Santa Cruz, Santa Cruz, Calif.) or rabbit anti-C/EBP�
polyclonal antibody (PAb). Secondary donkey- or goat-derived fluorescein iso-
thiocyanate (FITC)- or rhodamine-conjugated anti-rabbit or anti-mouse or anti-
goat immunoglobulin G (Jackson Pharmaceuticals, West Grove, Pa.) was used to
detect the primary antibodies. Mounting solution with DAPI (4	,6	-diamidino-
2-phenylindole) (Vector Shield) was used to visualize cellular DNA.

EMSA. C/EBP� protein samples used for EMSA were in vitro translated using
the TNT Quick Coupled Transcription/Translation system (Promega) according
to the manufacturer’s procedures, and pBBV-C/EBP� plasmid DNA was used as
the template. Annealed double-strand oligonucleotides were radiolabeled with
[�-32P]dCTP by Klenow DNA polymerase. For EMSA, approximately 50,000
cpm of the 32P-labeled probe and 2 �l of in vitro-translated C/EBP� protein were
incubated for 30 min at 20°C in a binding system containing 10 mM HEPES (pH
7.5), 50 mM KCl, 1 mM EDTA, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl
fluoride, 1% Triton X-100, 5% glycerol, and 2 �g of poly(dI-dC). For supershift
experiments, 0.5 �l of C/EBP� rabbit antiserum (46) or RTA rabbit antiserum
against an RTA epitope between aa 527 and 539 (46) was added to the mixture
after 30 min and allowed to incubate for another 30 min before gel loading.
Samples were separated on a 4.5% polyacrylamide gel in 1� HEE buffer (10 mM
HEPES [pH 7.5], 1 mM EDTA, 0.5 mM EGTA) at 150 V at 4°C as described
previously (7). The gels were dried and subjected to autoradiography with Kodak
X-ray film.

All oligonucleotides used were purchased from Qiagen Operon. The following
RTA promoter probes were used: LGH4341 (5	-GATCTGGCGCTACAGTGG
GTGATTTCTTCTACCACGG-3	) and LGH4342 (5	-GATCCCGTGGTAGA
AGAAATCACCCACTGTAGCGCCA-3	) annealed to form probe RP-1;
LGH4343 (5	-GATCTCATACATTGGTGGCACCCACAGGCCTGTTCCA-

3	) and LGH4344 (5	-GATCTGGAACAGGCCTGTGGGTGCCACCAATGT
ATGA-3	) annealed to form probe RP-2; LGH4345 (5	-GATCGTGGTACCG
AATGCCACAATCTGTGCCCTCCAG-3	) and LGH4346 (5	-GATCCTGGA
GGGCACAGATTGTGGCATTCGGTACCAC-3	) annealed to form probe
RP-3; LGH4347 (5	-GATCACAATTTTCATCTCCAATACCCGGAATTGGG
AT-3	) and LGH4348 (5	-GATCATCCCAATTCCGGGTATTGGAGATGAA
AATTGT-3	) annealed to form probe RP-4; LGH4349 (5	-GATCCCAGAAA
CCAGTAGCTGGGTGGCAATGACACGT-3	) and LGH4350 (5	-GATCACG
TGTCATTGCCACCCAGCTACTGGTTTCTGG-3	) annealed to form probe
RP-5; LGH4363 (5	-GATCCCAGAAACCAGTAGCTGGGTGGATATCACA
CGT-3	) and LGH4364 (5	-GATCACGTGTGATATCCACCCAGCTACTGG
TTTCTGG-3	) annealed to form probe RP-5M.

The entire PAN promoter insert from PAN(�210/�15)-LUC was isolated by
cleavage with SacI/HindIII and end labeled to obtain probe PAN-225. The
PAN-1 probe was generated by annealing oligonucleotides LGH4971 (5	-GAT
CATTAATGAAAGTTTATTAATGTTCATCCGT-3	) and LGH4972 (5	-GAT
CACGGATGAACATTAATAAACTTTCATTAAT-3	); probes PAN-2, PAN-
2A, and PAN-2B were generated by annealing LGH4973 and LGH4974,
LGH4990 and LGH4991, and LGH4992 and LGH4993, respectively, which
contain an additional GATC at the 5	 ends (see Fig. 10); probe PAN-3 was
generated by annealing LGH4975 (5	-GATCATGGAGTTTTCTTATGGATT
ATTAAGGGTCAGCTTGAAGG-3	) and LGH4976 (5	-GATCCCTTCAAGC
TGACCCTTAATAATCCATAAGAAAACTCCAT-3	); probes PAN-4, PAN-
4A, and PAN-4B were generated by annealing LGH4977 and LGH4978,
LGH4994 and LGH4995, and LGH4996 and LGH4997, respectively, which
contain an additional GATC at the 5	 ends (see Fig. 10). Probe PAN-RRE (41
bp) was described previously (46).

Probe MTA-1 was generated by annealing LGH4980 (5	-GATCCTTCATTC
CATTAGGGTGAGCGAAGTCACGGTAACACTTATGA-3	) and LGH4981
(5	-GATCTCATAAGTGTTACCGTGACTTCGCTCACCCTAATGGAATG
AAG-3	); probe MTA-2 was generated by annealing LGH4982 (5	-GATCGTC
AGTGTTTTGCCAGCAAGTGTAACAATAATGTTCCCACGGC-3	) and
LGH4983 (5	-GATCGCCGTGGGAACATTATTGTTACACTTGCTGGCAA
AACACTGAC-3	); probe MTA-3 was generated by annealing LGH4984 (5	-G
ATCCCATTTTTCGTTTGTGGTACCTGTGGGACTGGCCAGTTAATCC-
3	) and LGH4985 (5	-GATCGGATTAACTGGCCAGTCCCACTGGTACCA
CAAACGAAAAATGG-3	); probe MTA-2M was generated by annealing
LGH5236 (5	-GATCGTCAGTGTTTTGCCAGCAAGTGTATCTAGAATGT
TCCCACGGC-3	) and LGH5237 (5	-GATCGCCGTGGGAACATTCTAGAT
ACACTTGCTGGCAAAACACTGAC-3	).

ChIP. JSC1 or BCBL1 PEL cells were treated with TPA before harvesting at
different time points for ChIP assays as described elsewhere (46) using rabbit
PAbs against C/EBP�, KSHV RTA, or KSHV RAP or mouse MAb against EBV
ZTA or mouse MAb against CHOP10 as controls. Primers LGH4354 (5	-GAA
CTACTCGAGCTGTGCCCTCCAGCTCTCAC-3	) and LGH4355 (5	-GGAC
GTAAGCTTACAGTATTCTCACAACAGAC-3	), specific for a 261-bp region
in the KSHV RTA promoter from �241 to �20; primers LGH4973 (described
for EMSA) and LGH4998 (5	-TGATCTAAGCTTCTGGGCAGTCCCAGTGC
T-3	), specific for a 205-bp region in the KSHV PAN promoter from �190 to �
15; and primers LGH4980 (described for EMSA) and LGH4987 (5	-GATCGC
GGGCTATTTTGGGAACCTGGCAGCCAGGTTATATAGTG-3	), specific
for a 168-bp region in the KSHV MTA promoter from �160 to �8, were used
for PCR detection. Primers LGH4930 (5	-TTCGCCTGTTAGACGAAGC-3	)
and LGH4929 (5	-GATTCGCAAGCTTCAGTCTCGGAAGTAATTACG-3	),
specific for RTA coding region aa 591 to 691, were used as negative control to
detect a nonpromoter region. The PCR products were analyzed on a 2% agarose
gel.

Extraction of total RNA and Northern blot assay. BCBL1 cells were induced
with TPA, and total RNA was isolated at different time points using Trizol
reagent (GIBCO BRL) according to the manufacturer’s protocol. RNA samples
(30 �g) were separated on a 1.2% formaldehyde agarose gel in 1� morpholin-
opropanesulfonic acid (MOPS) running buffer and transferred to a Nytran nylon
membrane (Schleicher & Schuell). Restriction enzyme-released fragments con-
taining C/EBP� (aa 251 to 358), KSHV RTA (aa 244 to 548) or KSHV RAP (aa
1 to 237), as well as a PCR-generated fragment containing a 286-bp GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) cDNA region, were labeled using
the Prime-a-Gene labeling system (Promega) in a 50-�l reaction mixture con-
taining 1� labeling buffer, 20 �M concentrations of dATP, dGTP, and dTTP, 25
ng of denatured DNA template, 20 �g of bovine serum albumin, 333 nM
[�-32P]dCTP(3,000 Ci/mmol), and 5 U of Klenow DNA polymerase. After end
labeling at 20°C for 60 min, the probes were purified with Sephadex G-50,
denatured, and incubated with the membrane in a hybridization mixture (5 ml)
containing 50% formamide, 5� SSC (1� SSC is 0.15 M NaCl plus 0.015 M
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sodium citrate), 1� Denhardt’s solution, 20 mM NaPO4 (pH 6.5), 10% dextran
sulfate, and calf thymus DNA (100 �g/ml). Sequential hybridizations were car-
ried out overnight at 42°C, and the membrane was washed twice in 2� SSC–0.1%
sodium dodecyl sulfate (SDS) at room temperature and then twice in 0.5�
SSC–0.1% SDS at 50°C before autoradiography and reuse. For an RNA loading
control, the membrane was stripped again and reprobed with GAPDH cDNA.

Protein isolation and Western immunoblot assay. Approximately 107 BCBL1
cells or 106 293T cells were harvested at different time points after TPA induc-
tion or at 48 h posttransfection, respectively; washed one time with phosphate-
buffered saline; gently resuspended in 0.2 ml of ice-cold immunoprecipitation
buffer (50 mM Tris-Cl [pH 7.9], 50 mM NaCl, 0.1 mM EDTA, 1% glycerol, 0.2%
NP-40, 1 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride); and soni-
cated for 30 s. The samples were then centrifuged at 15,000 � g for 5 min at 4°C,
and the supernatants were collected. Western blot analysis was performed after
SDS-polyacrylamide gel electrophoresis, using 10 �l of each protein sample. The
proteins were detected by immunoblotting with rabbit polyclonal antiserum
against C/EBP�, KSHV RTA, or KSHV RAP or mouse MAb against Flag as
described previously (46).

RESULTS

C/EBP� activates the RTA IE promoter in cooperation with
KSHV RTA and RAP. Previous reports indicated that cotrans-
fected RTA (ORF50) autostimulates expression from a target
RTA promoter by 40-fold in 293T cells using a large
RTA(�3000/�20)-LUC reporter gene (12) or by 6-fold in
293L cells using a shorter RTA(�914/�34)-LUC reporter
gene (32). In the latter study, OCT1 binding to the RTA
promoter was suggested to be important for RTA autoactiva-
tion, although OCT1 had little effect on RTA expression when
transfected alone. We suspected that C/EBP� might also be
involved in the efficient activation of RTA gene expression
during the KSHV lytic cycle. Exogenously introduced C/EBP�
activates expression of the KSHV DE gene RAP (K8) protein
in PELs and cooperates with both RTA and the RAP protein
itself to stimulate the RAP promoter in transient-cotransfec-
tion assays (46). Those studies also revealed that the C/EBP�
and RTA proteins physically interact with each other (as well
as with RAP), but whether these two transcription factors
regulate each other’s expression at the transcriptional level was
not known.

Initially, we transfected the RTA(�914/�34)-LUC target
reporter gene into HeLa cells and tested the effects of cotrans-
fected C/EBP�, RTA, and RAP effector genes on RTA pro-
moter expression. Only 2.3-fold autoactivation by RTA alone
was observed. However, C/EBP� alone gave a 15-fold stimu-
lation of RTA-LUC activity, and addition of RTA and C/EBP�
together resulted in further enhancement up to 31-fold (Fig.
1A). Although RAP had no effect on RTA promoter activity
when transfected alone (1.1-fold), cotransfection of RAP and
RTA together resulted in up to 14-fold activation in the ab-
sence of C/EBP�. When cotransfected with C/EBP�, RAP also
elevated the level of transactivation by a factor of 2 up to
30-fold.

To confirm these observations about transactivation of the
RTA promoter in the physiologically more relevant B cells, the
cotransfection experiments were also carried out in the KSHV-
and EBV-negative DG75 lymphoblast cell line by electropora-
tion (Fig. 1B). C/EBP� alone induced RTA-LUC expression
up to 8.1-fold (10 �g), but again, although RTA only autoac-
tivated its promoter by 2.1-fold (10 �g), it more than additively
increased the activation by C/EBP�, from 6.5-fold up to 14-
fold at the 5-�g input DNA level. Addition of RAP also en-

hanced both C/EBP� and RTA activation levels nearly two-
fold. Finally, when C/EBP�, RTA, and RAP were all added
together to the transfection (5 �g each), the strongest level of
activation was obtained (18-fold). Therefore, C/EBP� proved
to be the most significant activator of the RTA promoter dis-
covered so far, and just as for the RAP promoter, KSHV RTA
and RAP cooperated with C/EBP� to achieve the highest level
of activation.

Transfection by C/EBP� increases the level of RTA mRNA
in PEL cells. The cotransfection data above strongly suggest
that C/EBP� is capable of upregulating KSHV RTA expres-
sion at the transcriptional level. To ask whether this effect can
be demonstrated to occur in vivo in KSHV-infected PEL cells,
we performed RT-PCR in C/EBP�-transfected BCBL1 cells.
The mRNA samples were isolated and treated with DNase I to

FIG. 1. C/EBP� activates RTA-LUC reporter gene expression in
cotransfected cells. (A) HeLa cells were transfected with 0.2 �g of
plasmid DNA encoding RTA(�914/�34)-LUC and the indicated
amounts of effector plasmid DNA expressing CMV-C/EBP�, CMV-
RTA, or SV2-RAP. The total amount of effector plasmid DNA used in
each transfection was normalized to 1.5 �g by adding empty CMV
promoter vector (pcDNA3.1) DNA. Activation of LUC activity was
calculated relative to the basal level control obtained using 1.5 �g of
empty CMV promoter vector DNA as the effector. (B) DG75 B-
lymphoblast cells were transfected by electroporation with 2 �g of the
RTA-LUC target plasmid DNA and the indicated amounts of effector
plasmid DNA. The total amount of all plasmid DNA used in each
transfection sample was normalized to 15 �g by adding empty CMV
promoter vector DNA. Error bars, standard deviations.
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eliminate genomic DNA contamination before RT was carried
out. After cDNA synthesis, two primers specific for the RTA
gene were used for PCR amplification, giving an expected
product of 915 bp (Fig. 2A) In empty vector-transfected con-
trol cells, the level of RTA mRNA detected was very low (Fig.
2B, lane 2); however, TPA treatment for 24 h resulted in the
activation of KSHV lytic replication in 15% of the cells (as
detected by IFA for RAP) and led to a 12-fold increase in the
level of RTA mRNA (Fig. 2B, lane 3). In BCBL1 cells elec-
troporated with C/EBP� expression plasmid DNA, the RTA
mRNA level increased by 6.7-fold compared to empty vector-
transfected cells, whereas there was no effect on RTA expres-
sion in RAP-transfected cells (Fig. 2B, lanes 4 and 5). In
BCBL1 cells cotransfected with both C/EBP� and RAP, there
was a small additive increase in the expression of RTA mRNA

(7.8-fold) compared to cells transfected with C/EBP� alone
(Fig. 2B, lane 6). Authentication of the expected size of the
RT-PCR product was provided using RNA from BCBL1 cells
transfected with an RTA cDNA expression plasmid (Fig. 2B,
lane 7); however, any effect of RTA on autoactivation here was
unable to be detected because both endogenous RTA expres-
sion and the transfected RTA plasmid give RT-PCR products
of the same size.

Introduction of C/EBP� induces endogenous RTA protein
expression in PEL cells. To confirm that RTA protein expres-
sion can be induced by C/EBP�, double-label IFA experiments
were performed with CMV-Flag-C/EBP� transfected latently
infected BCBL1 cells. Expression of endogenous RTA protein
was absent in empty vector-transfected control cells (Fig. 3A to
C); however, in C/EBP�-transfected cells, 37% of the cells that
expressed exogenous Flag-tagged C/EBP� were also now pos-
itive for RTA (Fig. 3D to F). In comparison, transfection with
SV2-Flag-RAP did not induce RTA protein expression in any
of the RAP-positive cells as detected by anti-Flag MAb and
anti-RTA PAb (Fig. G to I). Interestingly, in BCBL1 cells
doubly transfected with CMV-C/EBP� and SV2-Flag-RAP,
51% of RAP-positive cells became positive for RTA protein
expression. Additional IFA experiments confirmed that more
than 95% of cells expressing either one of the transfected
effector plasmids in the double-transfection experiments were
positive for expression of both proteins (data not shown).
Therefore, expression of exogenous C/EBP� alone can activate
RTA expression from a latent state in some cells and RAP can
evidently augment C/EBP�-mediated transactivation of the
RTA promoter, although it has no effect alone.

Identification of three C/EBP binding sites in the RTA pro-
moter. DNA sequence analysis revealed five potential C/EBP
binding sites within the RTA promoter region between posi-
tions �914 and �20 (Fig. 4A). Complementary oligonucleo-
tide pairs (37 nucleotides long) containing each of these puta-
tive sites (designated as RP-1 to RP-5) were synthesized,
annealed, and 32P-labeled as probes for EMSA to test their
affinity for C/EBP� protein. Strong EMSA bands were ob-
served with probes RP-1 and RP-3 when in vitro-translated
C/EBP� protein was added (Fig. 4B, lanes 2 and 8), and the
addition of antibody against C/EBP� resulted in the formation
of typical slower-migrating supershifted bands (Fig. 4B, lanes 3
and 9). Low-affinity binding to the C/EBP� protein was also
observed with probe RP-5 (Fig. 4B, lanes 14 and 15), but
neither probe RP-2 nor RP-4 showed any affinity for C/EBP�,
and a triple-point mutation introduced into RP-5 M destroyed
its ability to bind C/EBP� (Fig. 4B, lanes 17 and 18).

The three putative C/EBP sites that proved to interact with
C/EBP� in vitro were designated C/EBP-I (within probe RP-
1), C/EBP-II (within probe RP-3), and C/EBP-III (within
probe RP-5). To examine the contribution of these sites to the
transactivation of the RTA promoter by C/EBP�, we con-
structed a series of deletion mutants with 5	 boundaries at
positions �587, �554, �261, �241, and �212 that sequentially
removed the C/EBP-I and C/EBP-II sites from the full-length
RTA(�914/�34)-LUC reporter gene, as illustrated in Fig. 4A.
In addition, the same mutated version of C/EBP-III that was
generated in RP-5M was introduced into both RTA(�587/
�20)-LUC and RTA(�241/�20)-LUC. The responsiveness of
each of these truncated RTA reporter genes to cotransfection

FIG. 2. Induction of endogenous RTA mRNA by transfected
C/EBP� in PEL cells. (A) Schematic diagram showing the structure of
the RTA gene and the positions of the two primers used for RT-PCR
amplification (915 bp). (B) RT-PCR analysis showing that the level of
RTA mRNA was elevated in C/EBP�-transfected BCBL1 cells is de-
picted in the upper panel. Control RT-PCR analysis for cellular
GAPDH mRNA levels showing equal loading of all lanes is depicted
in the lower panel. Lane 1, DNA size marker; lane 2, negative control
RNA for BCBL1 cells transfected with empty pcDNA3.1 vector DNA
only; lane 3, positive control RNA for untransfected BCBL1 cells
treated with TPA for 24 h; lane 4, CMV-C/EBP�-transfected BCBL1
cell RNA; lane 5, SV2-RAP-transfected BCBL1 cell RNA; lane 6,
CMV-C/EBP�� and SV2-RAP-cotransfected BCBL1 cell RNA; lane
7, positive control RNA from BCBL1 cells transfected with CMV-
RTA plasmid DNA, used as a size marker for the PCR amplification
of RTA cDNA.
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with increasing doses of C/EBP� effector plasmid DNA was
measured, and the results are summarized in the histogram
shown in Fig. 4C. Basal activity across the series did not change
by more than 50% and is not included in the data. Only the
mutant version of RTA(�241/�20)-LUC without any of the
three identified C/EBP sites remaining showed a fourfold re-
duction, with all of the others giving less than twofold reduc-

tion in responsiveness to C/EBP� alone. Therefore, evidently
both the C/EBP-II and C/EBP-III sites alone are sufficient for
direct C/EBP� activation.

We also examined the role of the C/EBP binding sites in
cooperative activation by C/EBP� plus RTA and RAP. Dele-
tion of C/EBP-I in RTA(�554/�20)-LUC led to partial im-
pairment of enhanced C/EBP� activation by both RTA and

FIG. 3. Exogenously introduced C/EBP� triggers endogenous RTA protein expression in PEL cells. (A to C) Control double-stain IFA showing
lack of background expression of either Flag epitope or the endogenous RTA protein in BCBL1 cells transfected with empty CMV-Flag vector
DNA as detected with anti-Flag MAb (A) (rhodamine [red]) or anti-RTA PAb (B) (FITC [green]). (C) DAPI nuclear staining (blue) showing all
cells in the same field. (D to F) Expression of Flag-C/EBP� protein (D) (red) in transfected BCBL1 cells induces expression of endogenous RTA
protein in the same cells as detected with anti-RTA PAb (E) (green). (F) Merged image. (G to I) Expression of Flag-RAP protein in transfected
BCBL1 cells (G) (red) fails to induce endogenous RTA protein expression (H) (green). (I) DAPI (blue) showing the whole cell population. (J to
L) Expression of Flag-RAP protein (J) (red) in C/EBP� plus Flag-RAP cotransfected BCBL1 cells and induction of RTA (K) (green) in the same
cells. (L) Merged image. Note that spontaneous background RTA expression occurs in approximately 1% of untreated BCBL1 cells.
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RAP, whereas when C/EBP-II was also deleted in RTA(�241/
�20)-LUC, cooperativity between RTA and RAP with C/EBP�
was nearly abolished (Fig. 4D). However, although mutation of
C/EBP-III in RTA(�241/�20 pm�48/�43)-LUC significantly
impaired direct C/EBP� activation, the cooperative enhancement

by RTA and RAP was not affected. Therefore, either one or both
of the C/EBP-I and -II sites that bind strongly to C/EBP� protein
in EMSA appear to be required for the cooperative activation by
C/EBP�, RTA, and RAP, with C/EBP-II alone being sufficient
and C/EBP-III not contributing.
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In parallel experiments, neither deletion nor point mutation
of the OCT1 site (�220/�213) described by others (32) had
any significant effect on basal activity or on C/EBP� or RTA
transactivation in our studies in HeLa or DG75 cells (data not

shown). A recent study by Saveliev et al. (33) suggests that the
KSHV RTA promoter region may initiate a second set of IE
transcripts in a bidirectional fashion from near position �100
and that in addition a minor IE version of RAP mRNA may

FIG. 4. Deletion analysis of the RTA (ORF50) promoter and identification of C/EBP binding sites. (A) Schematic diagram of the RTA
promoter region between positions �914 and �20 relative to the mRNA start site at genomic coordinate 71560, including showing the locations
of the three C/EBP binding sites defined here. Five oligonucleotide probes encompassing potential C/EBP motifs predicted by sequence analysis
are designated RP-1 to RP-5. The OCT site, which has been reported to be important for RTA autoactivation, and the TATA box are also
indicated. The promoter region segments retained in a set of RTA-LUC deletion derivative plasmids that sequentially remove motifs RP-1 to RP-5
are designated according to their 5	 boundaries and are represented by solid lines. The X indicates that the C/EBP-III site (RP-5) was destroyed
by changing GCAATG (positions 71512 to 71517) to GATATC. (B) EMSA experiment showing the C/EBP� binding ability of each putative
C/EBP motif in the RTA promoter. Annealed 34-bp double-stranded oligonucleotide probes containing motifs RP-1 to RP-5, as well as the
mutated probe RP-5M, were 32P end labeled and tested for the ability to bind to in vitro-translated C/EBP� protein (lanes 2, 5, 8, 11, 14, and 17).
A sample of the unprogrammed reticulocyte lysate was used as control for nonspecific shifted bands (lanes 1, 4, 7, 10, 13, and 16). Rabbit polyclonal
antiserum against C/EBP� was used to generate specific supershifted bands (lanes 3, 6, 9, 12, 15, and 18). Abbreviations: S, C/EBP�-specific shifted
bands; SS, antibody supershifts; NS, nonspecific bands. (C) Responsiveness of seven different RTA-LUC deletion mutant derivatives to C/EBP�
transactivation in cotransfected HeLa cells. Transfections were carried out using 200 ng of target reporter promoter DNA and 0-, 50-, 100-, or
500-ng input doses of C/EBP� effector expression plasmid DNA as described in the legend to Fig. 1A. Error bars, standard deviations.
(D) Cooperative activation of seven different RTA-LUC deletion derivatives by C/EBP�, RTA, and RAP in HeLa cells. Transfection was carried
out using 200 ng of target reporter plasmid DNA, 250 ng of C/EBP� expression plasmid DNA and 500 ng of either RTA or RAP expression
plasmid DNA alone or a combination of both as indicated. Error bars, standard deviations.
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initiate from position �250 in the KSHV RAP promoter. If so,
the C/EBP-III site described here would still represent an
upstream regulator for both the spliced RTA (ORF50) and
ORF48/19 IE transcripts, but C/EBP-I and -II would be down-
stream and possible negative regulators of the ORF48/29 left-
ward spliced IE transcript. Similarly, the overlapping C/EBP-
RRE motif in the RAP promoter would be downstream of the
minor IE RAP transcription start site and would likely have
negative regulatory effects compared to the positive effects
observed on the predominant DE version of the RAP pro-
moter that we worked with previously (46).

C/EBP�, RTA, and RAP all associate with the RTA pro-
moter in vivo by ChIP assay. ChIP assays provide a powerful
method to investigate the association between proteins and
specific DNA regions in vivo. For example, we showed previ-
ously that addition of either in vitro-translated intact RTA or
RAP proteins to C/EBP� in EMSA experiments interferes
with the C/EBP�:DNA-shifted bands but fails to produce a
supershifted band (46, 51). That result suggested but did not
prove that RTA and RAP can piggyback bind onto the DNA-
bound C/EBP� protein. However, the use of chromatin immu-
noprecipitation assays with PEL cell extracts confirmed that

FIG. 5. ChIP assay showing that the C/EBP�, RTA, and RAP proteins all associate with RTA promoter DNA in vivo. (A) Schematic diagram
of the 261-bp region of the RTA promoter that was targeted for PCR amplification. (B) Results of ChIP assays carried out with samples from JSC1
cells after TPA treatment for 40 h are shown in the upper panel. Lane 1, DNA size marker; lanes 2 to 6, ChIP assay PCR products from
immunoprecipitates obtained using antibodies against either RTA, C/EBP�, RAP, or EBV ZTA or with no antibody; lane 7, size control for 261-bp
PCR amplification product from the RTA(�914/�34)-LUC reporter plasmid; lanes 8 and 9, ChIP assay PCR products obtained from immuno-
precipitates using antibodies against RTA or RAP with cell extracts that had been precleared with C/EBP� antibody; lanes 10 and 11, ChIP assay
PCR products obtained from immunoprecipitates using C/EBP� antibody and cell extracts that had been precleared with antibodies against RTA
or RAP. Control PCR amplification of RTA coding region sequences (300 bp) from the same ChIP immunoprecipitates are shown in the lower
panel. These results demonstrate that the binding is specific for promoter region sequences.
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both RTA and RAP do indeed associate with the RAP pro-
moter in a C/EBP�-dependent fashion in vivo, despite their
inability to bind to it directly in vitro (46, 51). To conduct a
similar experiment with the RTA promoter, we incubated a
cross-linked cell extract obtained from KSHV-infected JSC1
cells after 40 h of TPA treatment with antibodies against
C/EBP�, RTA, or RAP followed by immunoprecipitation. The
presence of RTA-promoter DNA fragments within the immu-
noprecipitated samples was detected by PCR amplification
using specific primers encompassing a 261-bp region in the
RTA promoter (Fig. 5A). The recovery of PCR products of
this size on an agarose gel revealed that all three antibodies
were able to precipitate complexes containing RTA-promoter
DNA fragments (Fig. 5B, upper panel, lanes 2 to 4). In con-
trast, antibody against EBV ZTA or a negative control using
no antibody failed to recover any RTA-promoter DNA (lanes
5 and 6). Importantly, these same immunoprecipitates did not
display any preferential association with nonpromoter DNA as
judged by parallel PCR analysis with RTA-coding region prim-
ers (Fig. 5B, lower panel).

Both KSHV RTA and RAP have been shown to physically
interact with C/EBP� by immunoprecipitation and in vitro
glutathione S-transferase binding assays (46), but neither

bound directly to any of the identified C/EBP site probes from
the RTA promoter in EMSA experiments (data not shown).
Therefore, to investigate whether the association of RTA and
RAP with the RTA promoter depends on indirect interaction
with C/EBP� bound to C/EBP binding sites, we next pre-
cleared the cell extract with C/EBP� antibody before perform-
ing the ChIP assay on immunoprecipitates using antibodies
against RTA or RAP. After removing C/EBP�, neither of
these two antibodies was able to precipitate any RTA pro-
moter region target DNA (Fig. 5B, lanes 8 and 9). However,
C/EBP� antibody was still able to recover RTA promoter
DNA after preclearing with antibody against RTA or RAP
(Fig. 5B, lanes 10 and 11). This suggests a model involving the
formation of transcriptional transactivating complexes on the
RTA promoter in which C/EBP� binds directly to its target
sites, whereas KSHV RTA and RAP only associate more in-
directly with this promoter mediated through piggyback pro-
tein-protein interactions with C/EBP�.

Expression of C/EBP� is induced during the early phase of
KSHV reactivation. The KSHV IE gene RTA is likely to be the
first viral gene expressed after primary infection as well as
during reactivation from latency. We have shown above that
exogenous C/EBP� can activate RTA expression both in la-

FIG. 6. Enhanced expression of C/EBP� mRNA and protein at very early stages during the KSHV lytic cycle. (A) Kinetics of C/EBP� and
KSHV early gene mRNA synthesis during TPA induction in PEL cells. Northern blotting was carried out using total RNA extracted from BCBL1
cells at different time points after TPA induction (0, 3, 6, 24, 33, and 48 h, as indicated). Upper panels show membranes that were sequentially
hybridized with denatured 32P-labeled DNA fragment probes detecting mRNA for C/EBP� (2.5-kb), RTA (3.2-kb), or RAP (1.1-kb). The lower
panel shows a probe for GAPDH (1.3-kb) that was used as loading control for the different samples. Positions of an RNA size marker ladder are
indicated at the left of each panel. (B) Examination of C/EBP� protein levels at early times during the KSHV lytic cycle in PEL cells. Protein
samples were isolated at 0, 0.5, 1, 2, 3, and 12 h after TPA induction from BCBL1 cells and at 0, 12, and 24 h from DG75 cells as indicated. The
upper three panels show Western immunoblots that were performed using rabbit antibodies against C/EBP�, RTA, or RAP. In the lower panel,
antibody against �-actin was used as a loading control. The positions of protein size markers are indicated at the left of each panel.
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FIG. 7. Evidence that RTA expression enhances C/EBP� protein levels. (A) Expression of endogenous C/EBP� protein and that of RTA
proteins are both induced in the same subpopulation of BCBL1 cells after TPA treatment. Double-stain IFA shows the absence of C/EBP� and
RTA expression in uninduced BCBL1 cells (a to c), compared to high-level expression of both endogenous C/EBP� and RTA in BCBL1 cells after
treatment with TPA for 24 h (d to f). Goat anti-C/EBP� PAb (a and d) (rhodamine [red]) and rabbit anti-RTA PAb (b and e) (FITC [green]) were
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tently infected PEL cells and in cotransfection reporter gene
assays; however, whether C/EBP� is a factor that naturally
triggers RTA early expression or vice versa remains to be
determined. To investigate the kinetics of C/EBP� gene ex-
pression compared with that of RTA and RAP during KSHV
reactivation in PEL cells, we performed a Northern blot ex-
periment using total RNA samples extracted from BCBL1 cells
treated with TPA for 0, 3, 6, 24, 33, or 48 h. A 32P-labeled
C/EBP� DNA probe was used to detect the 2.5-kb C/EBP�
mRNA. Expression of C/EBP� mRNA was limited in unin-
duced BCBL1 cells (TPA 0 h) but was elevated by 3 h after
TPA induction, when the 3.2-kb RTA mRNA was also first
observed, and it appeared to reach a peak at 24 h somewhat
earlier than RTA (Fig. 6A). In contrast, although a low level of
the 1.1-kb RAP mRNA was induced at 3 h, the major stimu-
lation occurred significantly later and peaked between 33 and
48 h.

To evaluate the time course of C/EBP� induction at the
protein level, a Western blot experiment was carried out using
BCBL1 lysates from cultures treated with TPA for 0, 0.5, 1, 2,
3, and 12 h (Fig. 6B). An increase in both C/EBP� (42 and
30-kDa) and RTA (120-kDa) protein levels was first observed
at 3 h, whereas the RAP (35-kDa) protein could not be de-
tected until 12 h. Therefore, evidence at both the RNA and
protein levels indicated that expression of C/EBP� is elevated
at the very early stages of KSHV reactivation in PEL cells in
parallel with RTA and even before RAP is synthesized.

To address how many and which PEL cells were induced to
express endogenous C/EBP� and KSHV RTA proteins, dou-
ble-label IFA experiments were carried out in BCBL1 cells
after 24 h in the presence or absence of TPA treatment. Nei-
ther protein was detectable in more than 1% of the cells before
induction, but both became positive in approximately 15% of
the cells after induction. Importantly, 79% of the RTA-positive
cells at 24 h after TPA induction were also positive for
C/EBP�, and 82% of the C/EBP�-positive cells were also pos-
itive for RTA (Fig. 7A). Again, we emphasize that TPA treat-
ment did not induce detectable C/EBP� protein levels in the
majority of PEL cells that did not also proceed into the lytic
cycle. The observed correlation in expression of both proteins
in the same cells during the lytic cycle further supports our in
vitro findings that C/EBP� can upregulate the RTA promoter
and raised the question of whether RTA might in turn upregu-
late the C/EBP� promoter.

The expression of C/EBP� is not induced by TPA in KSHV-
negative DG75 cells, as judged by both IFA (48) and Western
immunoblotting (Fig. 6B). Therefore, virus-encoded factors
seem likely be responsible for even the earliest induction of
C/EBP� expression in TPA-treated BCBL1 cells. Because
RTA and C/EBP� mRNA and proteins were both expressed as

early as 3 h in TPA-induced BCBL1 cells, well before RAP was
detected, we examined the effect of exogenous RTA expres-
sion on endogenous C/EBP� protein levels in uninfected
DG75 lymphoblast cells. Western immunoblotting performed
to detect the 42-kDa (and 30-kDa) forms of C/EBP� showed
that (despite only a 20% transfection efficiency) their overall
level of expression in the culture was indeed elevated several-
fold by addition of the vector DNA expressing RTA (120 kDa)
alone, and in fact reached the same level as that attained after
addition of the C/EBP� expression vector alone (Fig. 7B).

RTA stimulates activation of the C/EBP� promoter cooper-
atively with C/EBP�. To investigate the mechanism by which
RTA induces C/EBP� expression, we first tested the effect of
cotransfected RTA on a target C/EBP�-LUC reporter gene in
HeLa cells. RTA alone activated the C/EBP� promoter by
only 2.7- (0.5 �g) to 3.2-fold (1 �g), compared to C/EBP�
alone, which had an 18-fold effect (Fig. 8A). However, when
RTA was cotransfected together with C/EBP�, the combined
effect was elevated more than additively to more than 53-fold.
In contrast, the RTA(�151-167) mutant, which is unable to
interact with the C/EBP� protein (46), had little activity on its
own and failed to enhance the activation by C/EBP�. Similarly,
in DG75 lymphoblast cells, cotransfection with RTA, but not
with RTA(�151-167), again enhanced C/EBP� activation from
fourfold to nearly eightfold (Fig. 8B). These results suggest
that RTA can in turn stimulate the C/EBP� promoter coop-
eratively with C/EBP�, presumably because of an increase in
transcriptional activity by DNA-bound RTA:C/EBP� com-
plexes.

To address the possibility that the cooperative enhancement
of C/EBP� transactivation by RTA might in addition involve
an effective increased stabilization of the level of C/EBP�
protein, we compared the amounts of each protein present in
the single or combined transfected extracts (Fig. 7C). Because
cotransfection with RTA had no effect on the high constitutive
levels of CMV-�GAL expression in similar experiments (data
not shown), we anticipated that there would be no transcrip-
tional effects on the CMV-C/EBP� target promoter used here.
Nevertheless, the results clearly revealed that cotransfection
with wild-type RTA(1-691), but not with mutant RTA(1-
691�151-167), led to a threefold increase in Flag-C/EBP� (42-
kDa) protein levels over those obtained with the C/EBP� ex-
pression plasmid alone. Therefore, the cooperativity of RTA:
C/EBP� complexes, like that of RAP:C/EBP� complexes, may
involve a stabilization effect on the relatively short half-lived
C/EBP� protein, as well as a transcriptional component.

C/EBP� transactivates the KSHV PAN promoter by specif-
ically binding to two C/EBP sites. RTA is also known to trans-
activate expression of the KSHV DE gene encoding PAN
RNA by binding directly to a type II RRE in the proximal

used for IFA detection. (c and f) Merged images. (B) Immunoblot detection of increased endogenous C/EBP� protein (42- and 30-kDa forms)
in KSHV-negative B cells transfected with RTA. DG75 cells were transfected with either empty vector DNA (lane 1), two different input doses
of CMV-RTA (lanes 2 and 3), or the CMV-C/EBP� (lane 4) expression plasmids as indicated. Western blotting was performed using antibodies
against C/EBP� (upper panel), RTA (middle panel), or �-actin (lower panel). (C) Immunoblot detection of increased cotransfected C/EBP�
protein in the presence of RTA. 293T cells were cotransfected with CMV-Flag-C/EBP� together with either the empty CMV promoter vector
DNA (lane 1), wild-type CMV-RTA(1-691) expression plasmid (lane 2), or mutant CMV-RTA(1-691�151-167) expression plasmid (lane 3).
Western immunoblotting was performed using Flag MAb (to detect exogenous C/EBP�) (upper panel), RTA PAb (middle panel), or �-actin MAb
(lower panel). Positions of protein size markers are indicated to the left of each panel.
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region of the PAN promoter (4a, 37, 46). To investigate
whether C/EBP� may also play a role in regulating the PAN
promoter, the effects of cotransfected C/EBP� and RTA, ei-
ther alone or in combination, were tested on a target
PAN(�210/�15)-LUC reporter gene in HeLa cells. C/EBP�
alone proved to activate the intact wild-type PAN target pro-
moter up to 32-fold, whereas RTA alone produced up to 128-
fold activation (Fig. 9A). Moreover, the combination of
C/EBP� and RTA together led to a further dramatic increase
in the activation level up to 500-fold. In comparison, the
RTA(�151-167) deletion mutant, which has lost both its direct
DNA binding activity and the ability to interact with C/EBP�
(46), neither activated the PAN promoter when transfected
alone nor cooperated with C/EBP� when cotransfected.

In EMSA experiments, the in vitro-translated C/EBP� pro-

tein and either the intact RTA(1-691) protein or the RTA(1-
377) DBD protein segment were all able to bind independently
to a 225-bp PAN DNA probe encompassing the RRE (Fig.
9B). Evidently, in this case, both C/EBP� and RTA probably
activate the PAN promoter through direct binding to their
respective target recognition sites. However, additional more
complex interactions remained plausible to explain the func-
tional cooperativity demonstrated above. Therefore, to map
the number and position of C/EBP target sites within the PAN
promoter, we examined the C/EBP� binding ability of a series
of overlapping 34- to 44-bp EMSA probes (Fig. 10A) referred
to as PAN-1 to -4 that span the whole 180-bp PAN promoter
segment upstream of the TATA box. Two of these probes,
PAN-2 and PAN-4, were able to form specific shifted com-
plexes with the C/EBP� protein, but probes PAN-1, PAN-3,
and the PAN-RRE probe did not do so (Fig. 10C).

FIG. 8. RTA activates the C/EBP� promoter cooperatively with
C/EBP� in transient cotransfection assays. (A) HeLa cells were trans-
fected with 0.2 �g of C/EBP�-LUC reporter gene plasmid and the
indicated amounts of effector plasmids expressing either C/EBP�,
wild-type RTA(1-691) or mutant RTA(�151-167), or both together.
The total amount of effector plasmid DNA used in each transfection
was normalized to 1.2 �g by adding empty CMV promoter vector
DNA. Activation of LUC activity was calculated based on the control
transfection using 1.2 �g of empty CMV vector DNA, representing the
basal level. (B) DG75 B-lymphoblast cells were electroporated with 2
�g of C/EBP�-LUC target plasmid and the indicated amounts of
effector plasmids. The total amount of effector plasmids used in each
transfection was normalized to 15 �g by adding empty vector DNA.
Error bars, standard deviations.

FIG. 9. C/EBP� binds to and transactivates the KSHV PAN pro-
moter. (A) HeLa cells were cotransfected with 0.1 �g of PAN(�210/
�15)-LUC reporter plasmid DNA and indicated amounts of effector
plasmids expressing C/EBP�, wild-type RTA(1-691), or mutant
RTA(�151-167). Error bars, standard deviations. (B) EMSA with
probe PAN-225 showing that in vitro-translated C/EBP�, intact RTA,
and the RTA DBD protein segment all bind independently to the
PAN(�210/�15) promoter region. Abbreviations: S, shifted bands; SS,
antibody supershifts; NS, nonspecific bands.
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To further define the location of these C/EBP sites, we
introduced multiple adjacent point mutations into several mo-
tifs that resembled either C/EBP or other known recognition
motifs within the PAN-2 and PAN-4 probes, as indicated in
Fig. 10B. The EMSA results indicated that both the PAN-2A
and PAN-4A probes lost the ability to bind to C/EBP�,
whereas the mutations that inactivated putative SRE or SP1
sites within the PAN-2B and PAN-4B probes did not signifi-
cantly affect C/EBP� binding (Fig. 10D). Therefore, the
C/EBP-I site maps around position �186 to �171 and the
C/EBP-II site maps around position �102 to �88. As ex-
pected, the in vitro-translated RTA(1-377) DBD protein frag-
ment bound only to the PAN-RRE probe from position �77 to
�37, which encompasses the previously defined type II RRE,
but not to any of the other upstream PAN probes. Quantita-
tion of the relative strengths of C/EBP-I and C/EBP-II showed
that the C/EBP-I site had an affinity for C/EBP� two- to three-
fold higher than that for the C/EBP-II site (data not shown).

When the mutated versions of the PAN-LUC reporter gene
were used in cotransfection experiments (Fig. 10E), the
C/EBP-I mutated PAN(�190/�15pm2A)-LUC gene showed
an 8-fold decrease in C/EBP� responsiveness and 2.5-fold re-
duced RTA responsiveness relative to the wild-type version
(panel 2), whereas the SRE mutated PAN(�190/�15pm2B)-
LUC gene was unaffected (panel 3). However, the C/EBP-II
mutated PAN(�190/�15pm4A)-LUC showed only a 30% de-
crease in both C/EBP� and RTA responsiveness (panel 4), and
all three mutant probes retained similar twofold levels of RTA
plus C/EBP� cooperativity (Fig. 10E). In contrast, although
the SRE and SP1 point mutations in PAN(�190/�15pm4B)-
LUC did not affect C/EBP� transactivation or RTA augmen-
tation (panel 5), there was a fivefold decrease in direct RTA-
responsiveness, presumably because the first base pair within
the defined type II PAN-RRE motif was also altered (Fig.
10B). To evaluate the response to C/EBP� in the total absence
of the direct RTA binding motif, we also performed the co-
transfection experiments using a mutant reporter gene
PAN(�190/�15RREm)-LUC, which contains the same mul-
tiple point mutations that completely abolished both RTA
binding and RTA responsiveness of the PAN promoter as
reported by Song et al. (37). Indeed, only 5-fold RTA-activa-
tion remained, but normal levels of C/EBP� activation (52-
fold) were observed (panel 6). Importantly, this RRE-
knocked-out version of the PAN target promoter still retained
some C/EBP� plus RTA cooperativity (giving 126-fold activa-
tion). These results indicate that, although RTA alone is suf-
ficient to activate the PAN promoter by binding directly to the
proximal type II RRE motif, C/EBP� also activates the PAN
promoter primarily through the C/EBP-I site. Furthermore, an
additional level of cooperative transactivation also occurs that
is mediated by RTA:C/EBP� complexes binding to one or both
of the C/EBP-I and C/EBP-II sites independently of the RRE
itself.

The KSHV MTA promoter is also transactivated by C/EBP�
through a C/EBP site adjacent to the RRE. Both the KSHV
MTA and RAP (K8) promoters have previously been reported
to contain partially homologous versions of a different type of
RRE referred to as a palindromic type I RRE (24, 44). How-
ever, we showed previously that C/EBP� transactivates the
KSHV RAP promoter through a strong C/EBP binding site at

position �73 to�67 that overlaps with the identified type I
RRE motif (46). Furthermore, RTA did not bind directly to
the RAP type I RRE at all, and instead the activation was
mediated by interaction with C/EBP� bound to this C/EBP
site. Liang et al. (22) have also recently shown that RTA binds
indirectly to the MTA type I RRE via interaction with the
cellular CBF1 (or RBP-J�) protein. Nevertheless, we sus-
pected that the MTA promoter might also use the same indi-
rect mechanism for RTA regulation as does the RAP pro-
moter, because a similar potential C/EBP-like motif at position
�95/�87 also forms part of the core of the defined type I RRE
sequence within the MTA promoter (Fig. 11A).

To examine the C/EBP� binding activity of this site and to
search for other potential C/EBP sites within the MTA pro-
moter, we performed EMSA experiments using three 43-bp
probes spanning the proximal 130-bp upstream MTA pro-
moter region. Probe MTA-2 from position �116 to �74 en-
compassing the putative C/EBP site within the RRE proved to
bind strongly to C/EBP�, whereas probe MTA-1 showed only
relatively weak binding affinity for C/EBP� and probe MTA-3
failed to bind (Fig. 11B). Importantly, none of these probes,
including that containing the RRE, bound directly to either the
in vitro-translated intact RTA protein or to the RTA(1-377)
DBD fragment (Fig. 11B).

To further test the functions of these C/EBP sites, we carried
out cotransfection experiments using a set of MTA-LUC re-
porter mutants with 5	 truncations at positions �160, �100,
and �60 (Fig. 11A). Reporter plasmid MTA(�160/�10)-LUC
contains both of the C/EBP-I and C/EBP-II sites detected by
EMSA, whereas MTA(�100/�10)-LUC retains only the
strong C/EBP-II site within the RRE, and MTA(�60/�10)-
LUC lacks both C/EBP sites as well as the overlapping type I
RRE motif. C/EBP� alone proved to activate both
MTA(�160/�10)-LUC and MTA(�100/�10)-LUC by 160-
fold, whereas RTA alone gave 430-fold up-regulation. In both
cases, C/EBP� and RTA together cooperated to achieve an
enhanced activation of up to 1,700-fold (Fig. 11C). In contrast,
the C/EBP� responsiveness of MTA(�60/�10)-LUC was re-
duced 5-fold and the RTA responsiveness was virtually abol-
ished (down 100-fold). To further define the location of the
strong C/EBP site within the EMSA probe MTA-2, we intro-
duced multiple adjacent point mutations into the putative
C/EBP-II site AACAATAAT from �95 to �87. The EMSA
results indicated that probe MTA-2M containing the mutated
C/EBP-II site had lost the ability to bind to C/EBP� (Fig. 11B).
Cotransfection experiments using MTA(�100/�10pm�94/
�90)-LUC, which contains the same mutated C/EBP-II site as
in the probe MTA-2M, gave a threefold decrease in direct
C/EBP� activation. Furthermore, it retained threefold-aug-
mented C/EBP� plus RTA responsiveness, but it gave only a
30% decrease in direct RTA responsiveness (Fig. 11C). The
surprisingly high residual responsiveness (30- to 50-fold) of
both MTA(�60/�10)-LUC and MTA(�100/�10pm�94/
�90)-LUC to C/EBP� alone implies that there may still be
another more proximal as yet unidentified C/EBP site present
within the MTA promoter (perhaps at position �40).

Overall, the type I RRE overlapping with the C/EBP-II site
in the MTA promoter shows some similar properties to that in
the RAP promoter by being partially dependent upon RTA
forming piggyback complexes with C/EBP�. However, unlike
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the RRE motif in the RAP promoter, the presumed interac-
tion of RTA with CBF1 within the adjacent segment of the
MTA RRE clearly produces a much greater effect.

Association of C/EBP�, RTA, and RAP proteins with both
IE and DE KSHV promoters during early lytic reactivation.
The above-mentioned experiments demonstrated that C/EBP�

plays an important role in transactivating the KSHV RTA,
PAN, and MTA promoters and that its own expression is
elevated by RTA as early as 3 h after TPA treatment in BCBL1
cells. To investigate when C/EBP�, RTA, and RAP can first be
detected associating with these three viral promoters during
the early stages of lytic reactivation in infected cells, we carried

FIG. 10. Identification and functionality of two C/EBP binding sites within the PAN promoter. (A) Schematic diagram of the PAN promoter
region from position �210 to �15 relative to the defined transcription start site at genomic coordinate 28667, including the previously reported
RRE, a putative SP1 site, three potential SRE sites, and the two C/EBP sites identified here. Promoter regions contained in probes PAN-1 to -4
and PAN-RRE and in wild-type and mutant PAN-LUC reporter gene derivatives are represented by solid lines. Mutations (X) are indicated.
(B) Nucleotide sequences of six wild-type and mutant PAN EMSA probes and the PAN-LUC reporter genes shown above. Motifs that may serve
as C/EBP and other consensus binding sites are delineated by arrows and boxes. Mutated nucleotides are indicated in boldface type. (C) EMSA
to test the binding affinity of six different 34- to 44-bp PAN promoter probes to in vitro-translated C/EBP�, C/EBP� plus specific antibody, or the
RTA(1-377) DBD protein fragment. Abbreviations: S, shifted bands; SS, antibody supershifts; NS, nonspecific bands. (D) EMSA comparing
C/EBP� binding affinity of wild-type and mutant forms of the PAN-2 and PAN-4 probes. (E) Results of transient-expression assays with mutated
PAN(�190/�15)-LUC target reporter genes introduced into HeLa cells to test their responsiveness to cotransfected C/EBP� or RTA or both
together. Transfections were carried out as described above using 0.1 �g of reporter plasmid DNA and the indicated amounts of effector DNA.
Error bars, standard deviations.
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out a time course ChIP assay experiment using BCBL1 cell
lysates at 0, 4, 8, 12, and 24 h after TPA treatment. Antibodies
against RTA, RAP, C/EBP�, or CHOP10 (negative control)
were used to immunoprecipitate the associated DNA frag-
ments (Fig. 12). In the PCR amplification, DNA regions rep-
resenting all three promoters (RTA, PAN, and MTA) were
detected as early as 8 h after TPA treatment in all three (RTA,
RAP, and C/EBP�) immunoprecipitates, but not in those ob-
tained with CHOP10 antibody (Fig. 12A to C), whereas no
protein-bound DNA fragments were detected in the unin-
duced BCBL1 cell extracts (0 h) or in cell lysates induced by
TPA for only 4 h (data not shown). At 24 h after TPA induc-
tion, increased amounts of promoter DNA were precipitated
by the RTA, RAP, and C/EBP� antibodies, presumably re-
flecting increased expression of all three proteins, and the 12-h
samples gave intermediate effects (data not shown). Interest-
ingly, for the RTA and MTA promoters, C/EBP� was able to
precipitate higher levels of promoter DNA than did RTA and
RAP at both the 8- and 24-h time points (Fig. 12A and C),
whereas for the PAN promoter, RTA had the strongest asso-
ciation with the promoter DNA (Fig. 12B). This is consistent
with the in vitro evidence that RTA strongly and directly binds
to PAN-RRE but only indirectly associates with the RTA and
MTA promoters through the piggyback interactions with
C/EBP� or CBF1.

Comparison of four different types of RTA responsiveness.
The relative responsiveness to both C/EBP and RTA transac-
tivation varies greatly among the five promoters that we have

studied extensively both here and previously. Table 1 compares
and summarizes the average level of enhancement of LUC
reporter gene activity from the cellular C/EBP� and KSHV
RTA, RAP, PAN, and MTA promoters under parallel condi-
tions in HeLa cells. Interestingly, the properties of the IE RTA
promoter here most closely resemble those of the C/EBP�
promoter, whereas the three DE promoters are more similar to
one another, especially with regard to direct RTA response
levels. All five promoters contain one or more relatively high-
affinity C/EBP binding sites, and we suggest that perhaps all
C/EBP sites of at least moderate affinity act as weak RREs by
mediating severalfold cooperative effects through C/EBP�:
RTA complex formation. Both the C/EBP� and RTA promot-
ers appear to have only this type of RRE. In contrast, the three
DE viral promoters each contain in addition a single more
powerful and specific RRE. However, our interpretation of the
present evidence indicates that all three DE RREs operate by
distinctly different mechanisms.

In the case of the PAN promoter, the mechanism involves
classical direct RTA binding to a type II RRE recognition
motif. This may also be true for the K12 and vIL6 RREs (12a),
although there is no nucleotide sequence homology between
the identified vIL6 motif and the other two type II RTA bind-
ing sites. For MTA and RAP, the partially homologous type I
RREs both encompass C/EBP binding sites and both fail to
bind directly to RTA. However, based on recent studies from
Lukac et al. (24) and Liang et al. (22), it now seems clear that
a CBF1 binding motif lies directly adjacent to the C/EBP site

FIG. 10—Continued.
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and mediates indirect piggyback RTA binding to the MTA
RRE. In contrast, for the RAP RRE, although the C/EBP site
is essential for RTA responsiveness (46), this particular site
apparently represents a special highly responsive C/EBP motif,
presumably because of some other unknown adjacent feature
(but it does not resemble a CBF1 site). We suggest that the
indirectly responding MTA and RAP sites be referred to as
type IA and type IB RREs, respectively. Finally, there remains
the question as to why both the C/EBP� and RTA responses of
the MTA promoter are so much higher than those of the other
promoters tested. One possible explanation may reflect the
relatively low basal activity of the MTA promoter, which is
nearly 20-fold lower than that of the PAN promoter (Table 1)
and might be attributable to the presence of the strong binding
site for the CBF1 repressor.

DISCUSSION

Early lytic cycle gene expression by both KSHV and EBV is
driven primarily by three virus-encoded nuclear regulatory
proteins—namely, in KSHV by RTA (ORF50), MTA
(ORF57), and RAP (K8) or in EBV by RTA (BRLF1), MTA
(BMLF1), and ZTA (BZLF1), respectively. These proteins
from the two subclasses of human gammaherpesviruses have
diverged enormously, with only the two RTA DNA-binding
transcriptional transactivators retaining as much as 15% over-
all amino acid identity, whereas the two MTA posttranscrip-
tional RNA shuttle proteins retain only small scattered motifs
in common, and the two bZIP family proteins resemble one
another only at the structural level and in their splicing pat-
terns. Therefore, there are many questions about the overall
degree of similarity or differences in their functional activities.

Genetic knockout experiments in EBV have clearly shown
that there are considerable overlap and redundancy in the
functional roles of RTA and ZTA (13), although little in the
way of any common mechanisms has been described. The
ability of both constitutively expressed EBV RTA and ZTA to
individually trigger full lytic cycle expression in latently EBV-
infected B cells or epithelial cells is highly illustrative of this
redundancy (10, 15, 29a, 52). Nevertheless, for KSHV this
property has only been ascribed to RTA but not to RAP (9, 14,
24, 39). For EBV RTA-mediated transactivation, almost as
many different mechanisms have been proposed as there are
identified target promoters, including direct binding to specific
DNA-recognition elements, and indirect mechanisms involving
interactions with CBP, USF, Rb/E2F, SP1/3, or activation of
JN kinase and mitogen-activated protein kinase. Similarly, for
the KSHV version, although the target DNA recognition motif
is different, both a direct promoter DNA-binding mechanism
and several indirect mechanisms involving CBP, OCT1, SP1,
AP1, and CBF1 (RBP-J�) have all been proposed by others (8,
12a, 22, 32, 54).

We have been focusing instead on another indirect cellular
regulatory pathway involving C/EBP�, which unlike many of
the others, is evidently targeted by both KSHV and EBV and
also includes a physical interaction between C/EBP� and RAP
or ZTA, as well as with KSHV RTA (48, 50, 51). For RAP and
ZTA, these C/EBP� interactions lead to p21-mediated G1 cell
cycle arrest in both viruses (48, 50) and also contribute to
complex positive autoregulatory loops that apparently serve to

strongly and coordinately upregulate levels of the RAP, ZTA,
C/EBP�, and p21 proteins during the early lytic cycle (51; Wu
et al., unpublished data). The mechanisms involved include
both presumed piggyback targeting of RAP or ZTA to identi-
fied C/EBP binding sites in all four promoters and stabilization
of the normally short-half-lived C/EBP� and p21 proteins by
RAP and ZTA (48, 50, 51).

More recently, we found that interactions between KSHV
RTA and C/EBP� also contribute to the autoregulatory loops
acting on the RAP promoter (46). In addition to RTA, the
cellular transcription factor C/EBP� is itself a potent activator
of the DE class RAP promoter (46), acting through direct
binding to an upstream C/EBP site present in the RAP pro-
moter, which overlaps with and appears to constitute part of
the previously identified type I RRE. Direct interactions be-
tween RTA and C/EBP� as well as between RTA and RAP
occur in lytically infected cells as well as in in vitro assays (46).
Presumed piggyback DNA binding by both RTA:C/EBP� and
RAP:C/EBP� complexes mediated through the C/EBP binding
site in the RRE evidently results in high-level cooperative
activation of the RAP promoter in transient-cotransfection
reporter gene assays, as well as in KSHV lytically infected cells.

The results described here now provide further evidence for
a critical and important role of C/EBP� in KSHV lytic cycle
regulation during both earlier and later events than just those
associated with the DE RAP promoter. In particular, we have
demonstrated here that C/EBP� on its own can positively
regulate the KSHV IE class RTA promoter, as well as both the
DE class PAN and MTA promoters, and that it contributes
cooperatively to RTA autoregulation as well as to RTA medi-
ated-enhancement of at least these two other downstream DE
viral promoters, even where other direct and indirect mecha-
nisms have already been described. Aspects of our present
results also hint that, like both RAP and ZTA, the interaction
with RTA might lead to stabilization of C/EBP�, and they also
raise as yet untested questions about whether RTA alone
might be capable of independently inducing cell cycle arrest
and p21 levels.

RTA mRNA belongs to the IE class of transcripts whose
expression is induced very early (even in the absence of new
protein synthesis) upon primary infection or after reactivation
from latency. However, the mechanism that initially triggers
RTA promoter expression during the earliest stages of KSHV
lytic reactivation is unknown. In cell culture, TPA and butyrate
mimic this process, and RTA was originally reported to posi-
tively autoregulate its own promoter in cooperation with the
cellular OCT1 protein (32). However, we have shown here that
C/EBP� plays an even more important role than previously
appreciated during the early stages of KSHV lytic reactivation.
Not only does C/EBP� mediate G0/G1 host cell cycle arrest,
but it also directly activates the expression of early viral tran-
scriptional and posttranscriptional nuclear regulatory proteins
(RTA and MTA), as well as that of a protein involved in
initiating viral DNA lytic replication (RAP). We also demon-
strated that RTA cooperates with C/EBP� to enhance activa-
tion of both the RTA and C/EBP� promoters, that RTA can
induce endogenous C/EBP� proteins in uninfected cells, and
that exogenously introduced C/EBP� can induce RTA protein
expression in latently infected PEL cells.

We have previously suggested that the ability of C/EBP� and
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RAP to cooperatively transactivate both the cellular C/EBP�
and viral RAP promoters provides a mutually self-reinforcing
loop to boost the levels of both proteins at early times in
KSHV-infected cells (51). However, as shown here by North-

ern and Western blotting, the increase of C/EBP� mRNA and
protein levels in latently infected PEL cells began to occur
within 3 h after TPA treatment, whereas the appearance of
RAP mRNA and protein did not occur until 12 h. Therefore,

FIG. 11. C/EBP� transactivates the KSHV MTA promoter by binding to specific C/EBP sites. (A) Schematic diagram of the MTA promoter
region from positions �160 to �10 relative to the defined transcription start site at genomic coordinate 82003, including the previously reported
RTA response element (RRE), CBF1 site, a putative AP1 site and the C/EBP sites identified here. Positions of the probes used for EMSA as well
as the sequence for probe MTA-2 are indicated. Promoter regions contained in different derivatives are represented by solid lines. The mutated
C/EBP site in MTA(�100/�10 pm�94/�90)-LUC is indicated (X). (B) EMSA to test the binding affinity of three different MTA promoter probes
to either unprogrammed reticulocyte lysate (lanes 1, 5, 10, and 14) or in vitro-translated C/EBP� (lanes 2, 6, 11, and 15), C/EBP� plus specific
antibody (lanes 3, 7, 12, and 16), full-length RTA(1-691) protein (lanes 9 and 17) or the RTA(1-377) DBD protein segment (lanes 4, 8, and 13).
Abbreviations: S, shifted bands; SS, antibody supershifts; NS, nonspecific bands. (C) Results of transient reporter gene expression assays with
deleted or mutated MTA-LUC target reporter genes introduced into HeLa cells to test their responsiveness to cotransfected C/EBP� (open bars),
wild-type RTA(1-691) (black bars), or both together (shaded bars). Transfections were carried out using 0.2 �g of reporter plasmid DNA and the
indicated amounts of effector DNA. Error bars, standard deviations.
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the presence of a much earlier trigger of the C/EBP� promoter
(other than RAP) seems logical. Furthermore, in the DG75
KSHV-negative control cells, we know that TPA treatment
itself does not induce endogenous C/EBP� expression in B
cells, although the introduction of RTA alone does. Obviously,
that model must now be modified to argue that C/EBP� and
RTA also produce a self-reinforcing loop that reciprocally
activates both promoters and protein levels at an even earlier
stage and that subsequent RAP-mediated induction of
C/EBP� expression occurs predominantly at later stages and
functions to further enhance and maintain the levels of both
C/EBP� and p21 proteins to promote cell cycle arrest (48). In
fact, the highest levels of C/EBP� mRNA and protein were
indeed observed between 12 and 24 h, a period when RAP
protein is abundantly expressed.

However, there is still an interesting dilemma. Despite the
fact that C/EBP� can activate the RTA promoter and that
either KSHV RAP or RTA alone strongly induces C/EBP�
expression in PEL cells, RAP alone (unlike RTA) is unable to
induce RTA, vIL6, or other markers of the lytic cycle when
introduced into latently infected PEL cells (9, 29, 39). It is
probable that the promoters for lytic cycle viral genes, espe-
cially RTA, are transcriptionally silenced or repressed during
latency and that even the high levels of C/EBP� protein in-
duced by the exogenously introduced RAP alone is not suffi-
cient to reverse the latent repression of RTA. In fact, the
introduction of exogenous C/EBP� into latent BCBL1 cells
was much more effective in inducing endogenous RAP expres-
sion (82%) than endogenous RTA expression (37%), suggest-
ing that C/EBP� itself probably cannot fully overcome the
latency-associated repression of the RTA promoter. Similarly,
C/EBP� and RTA together boosted the level of cells coex-
pressing RAP to 98% (46) but that of RTA as shown here to

only 51%. Presumably, this differential effect is caused by the
presence of negative repressor elements within the KSHV
RTA promoter similar to those in the EBV ZTA promoter (1),
which may only be relieved by lytic cycle-inducing agents such
as the protein kinase C agonist TPA, histone acetylation by
butyrate, or perhaps B-cell receptor signaling. Alternatively,
maybe only RTA but not RAP can access or displace chroma-
tin appropriately, or the unknown relative contributions of
C/EBP� protein stabilization compared to transcriptional ef-
fects in the PELs may also influence these results.

In summary, our model suggests that C/EBP� plays a central
and highly complex role in KSHV lytic cycle reactivation in a
process that involves multiple steps. The initial lytic switch at
the RTA promoter is likely to be caused by a cellular activation
or differentiation signal that is mimicked by chemical agents
and/or cellular stress signals (such as TPA or butyrate). This
trigger probably involves removal of cellular repressors from
the RTA promoter that may in turn have been elevated or
sequestered by latency-associated viral proteins. Once dere-
pression is achieved, initial low levels of RTA may in turn
cooperate with already existing low levels of C/EBP� to up-
regulate endogenous C/EBP� protein expression. After
heightened C/EBP� protein levels are achieved, these could
cooperate with RTA to further upregulate the RTA IE pro-
moter. Both proteins then cooperate to activate the down-
stream DE class RAP promoter, and as levels of RAP build up,
a second reinforcing loop between C/EBP� and RAP is estab-
lished, which also involves stabilization of the C/EBP� (and
p21) proteins, including their relocalization into PML onco-
genic domains, and all leading to cell cycle arrest. Indepen-
dently of C/EBP�, there are also more powerful direct effects
of RTA or interactions of RTA with the cellular factor CBF1

FIG. 11—Continued.
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that act on certain DE promoters such as PAN and MTA, and
presumably also those for the core viral replication proteins,
thus pushing the cells further into the lytic cycle and stimulat-
ing viral DNA replication and the formation of DNA replica-
tion compartments (RC).

The concepts presented here also raise new questions that
have yet to be addressed experimentally about (i) whether
RTA (like RAP) can independently stabilize the usually short
half-lived C/EBP� protein, followed by inducing p21 expres-

sion and G1 cell cycle arrest; (ii) whether C/EBP� is itself one
of the normal cellular triggers of RTA expression during
KSHV reactivation in PELs and DMVECs, and perhaps any
differentiation or cell cycle arrest events that may activate
C/EBP� expression can themselves lead directly to the trigger-
ing of KSHV reactivation; and (iii) whether in addition antag-
onists of C/EBP�, perhaps including C/EBP�, C/EBP
, and
CHOP10, may also contribute toward establishment, mainte-
nance, or reactivation from latency.

FIG. 12. Time course ChIP assays showing the association of C/EBP�, KSHV RTA, and RAP proteins with target viral promoters during early
KSHV lytic reactivation. At different time points after TPA induction, aliquots of the BCBL1 cell lysates were precipitated with antibodies against
KSHV RTA, RAP, C/EBP�, or CHOP10. Associations between proteins and target promoters were detected by PCR using primers specific for
promoter regions of KSHV RTA (A), PAN (B), and MTA (C). Lane 1, DNA size marker; lanes 2 to 5, ChIP assay PCR products from either
uninduced input BCBL1 cell lysates (0 h, lanes 6 to 9) or those at 8 h (lanes 10 to 13) and 24 h (lanes 14 to 17) after TPA induction; lanes 6, 10,
and 14, PCR products from immunoprecipitates obtained using antibodies against RTA; lanes 7, 11, and 15, PCR products from immunopre-
cipitates obtained using antibodies against RAP; lanes 8, 12, and 16, PCR products from immunoprecipitates obtained using antibodies against
C/EBP�; lanes 9, 13, and 17, PCR products from immunoprecipitates obtained using antibodies against CHOP10; lane 18, size control PCR
amplification products from the corresponding promoter reporter plasmids including RTA(�914/�34)-LUC, PAN(�210/�15)-LUC and
MTA(�160/�10)-LUC reporter plasmids.
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