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Kaposi’s sarcoma-associated herpesvirus (KSHV) lytic switch protein, Rta, is a ligand-independent inducer
of the Notch signal transduction pathway, and KSHV cannot reactivate from latency in cells null for the Notch
target protein RBP-Jk. Here we show that Rta promotes DNA binding of RBP-Jk, a mechanism that is
fundamentally different from that established for the RBP-Jk-activating proteins, Notch intracellular domain
(NICD) and Epstein-Barr virus EBNA2. Although constitutively active RBP-Jk and NICD do not transactivate
KSHYV promoters independently, cotransfection of an Rta mutant lacking its transactivation domain robustly
restores transcriptional activation. Cooperation requires intact DNA binding sites for Rta and RBP-Jk and
trimeric complex formation between the three molecules in vitro. In infected cells, RBP-Jk is virtually
undetectable on a series of viral and cellular promoters during KSHV latency but is significantly enriched
following Rta expression during viral reactivation. Accordingly, Rta, but not EBNA2 and NICD, reactivates the

complete viral lytic cycle.

The phylogenetically conserved Notch signal transduction
pathway restricts the differentiated state of cells during fate
decisions in many tissues in both developing and adult organ-
isms (48, 66). Ligand binding to the Notch receptor leads to
proteolytic release of the Notch intracellular domain (NICD;
also known as [aka] ICN and RAMIC), which translocates to
the cell nucleus to activate transcription of target genes (33, 43,
51, 78, 80). NICD has no intrinsic DNA binding activity, so is
tethered to DNA by physical interaction with the sequence-
specific DNA binding protein recombination signal binding
protein Jk (RBP-Jk) (aka Epstein-Barr virus [EBV] C pro-
moter binding factor 1 [CBF1]/Suppressor of Hairless [Su
(H)]/Lag-1 [CSL]) (35).

RBP-Jk is a monomeric 60-kDa protein that binds to the
consensus DNA sequence (C/T)GTGGGAA with nanomolar
affinity (11, 70). The DNA binding domain of RBP-Jk is lo-
cated in its highly conserved, 425-amino-acid (aa) central core
(2, 10, 18). This core folds into two c-Rel-like IPT/TIG do-
mains, separated by a modified beta-trefoil domain (BTD),
and includes four invariant residues that contact the DNA
element (45, 70). In the absence of a Notch signal, DNA-
bound RBP-Jk represses transcription by binding to histone
deacetylase-associated transcription corepressors, resulting in
transcriptionally silent chromatin (34, 39, 104, 105). Following
Notch activation, NICD binds to the transcriptional repression
domain of RBP-Jk to release the transcriptional corepressor
complexes and nucleates the “Notch enhancer complex.” This
multiprotein complex recruits histone acetyltransferase pro-
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teins and elongation factors to transactivate transcription (24,
25, 36, 44, 47, 88, 95, 103).

Uncontrolled Notch signaling is associated with malignan-
cies in both natural and experimental systems (1, 3). Transfor-
mation of primary B cells by the Epstein-Barr virus requires
the EBV nuclear antigen 2 (EBNA2) protein (14, 30, 75).
EBNA2 orchestrates the viral and cellular gene expression
program required for successful establishment and mainte-
nance of latent EBV infection (37, 77, 82, 86, 89, 106). Similar
to NICD, EBNAZ2 tethers to DNA through interactions with
RBP-Jk, masks the RBP-Jk repression domain, and activates
promoters containing RBP-Jk binding sites through interac-
tions with the cellular protein SKIP (22, 32, 38, 58, 103). Non-
transforming mutations of EBNA2 map to its transcriptional
activation domain and a central 7-amino-acid motif that is
highly conserved among all EBNA2 and NICD homologs (G
PPWWPP) (12, 13, 57). This conserved motif is required for
functional interactions of both EBNA2 and NICD with RBP-
Jk. The signature is also found in the murine protein KyoT2,
which counteracts Notch signals (85). As NICD only partially
replaces inactivating mutations of EBNA2 in models of EBV
transformation (27, 31), key aspects of RBP-Jk-dependent
function remain a mystery.

Kaposi’s sarcoma-associated herpesvirus (KSHV; aka hu-
man herpesvirus 8) is the etiologic agent responsible for the
malignancies primary effusion lymphoma (PEL) and Kaposi’s
sarcoma (KS) (69). We and others have demonstrated that the
KSHYV protein Rta (named for replication and transcriptional
activator, expressed from open reading frame 50 [ORF50]) is
both necessary and sufficient for reactivation of KSHYV in tissue
culture models of latency (28, 62, 64, 81, 96). Rta is a 120-kDa
protein that directly transactivates viral and cellular promoters
(9, 16, 17, 62, 64, 87), and truncated mutants of Rta lacking the
transactivation domain cannot reactivate the virus (62). Rta
transactivates viral promoters by binding DNA either indepen-
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dently or in combination with cellular transcription factors,
including RBP-Jk, Octamer-1, and C/EBP« (7, 8, 53, 55, 61, 76,
79, 91, 92).

The KSHV genome contains at least 44 RBP-Jk elements,
and Rta-mediated transactivation of four viral promoters con-
taining RBP-Jk sites is abrogated in RBP-Jk null cells (53-55).
Similar to NICD and EBNA2, KSHV Rta directly binds to
RBP-Jk, and Rta supershifts DNA-bound RBP-Jk (48, 53, 66).
However, unlike NICD and EBNAZ2, Rta binds both to the N
terminus of RBP-Jk and its central repression domain (53),
and Rta lacks the GPPWWPP signature peptide used by NICD
and EBNA2 to bind RBP-Jk. Indeed, NICD induces only a
subset of the viral genes activated by Rta in cells latently
infected by KSHV (6). In contrast to the requirement for
RBP-Jk during EBV latency, KSHV establishes latent infec-
tion in RBP-Jk null cells, suggesting that transcriptional re-
pression by RBP-Jk is not significant for turning off viral lytic
promoters (54). Nevertheless, KSHV requires RBP-Jk to suc-
cessfully reactivate from latency (54). Therefore, the mecha-
nism by which Rta and RBP-Jk interact with the KSHV ge-
nome to activate transcription and regulate viral reactivation is
unclear.

In this paper, we demonstrate that Rta regulation of RBP-Jk
activity is fundamentally different from that established for the
cellular Notch and EBV EBNAZ2 proteins. Our data suggest
that a major component of RBP-Jk-mediated transactivation
by Rta is that Rta promotes DNA binding by RBP-Jk, a novel
mechanism for activation of the Notch pathway.

MATERIALS AND METHODS

Plasmids. All plasmids were propagated and purified as described previously;
those not described below were previously published (53, 61, 64). All inserts
cloned by PCR were confirmed by DNA sequencing.

The reporter plasmids pTK-WT-hsp-luc (KSHV TK RBP-JK) and 2xRBP-
hsp-luc (EBV Cp RBP-Jk) were constructed by annealing complementary oli-
gonucleotides corresponding to dimers of the sequences shown in Fig. 1A,
flanked by restriction sites for cloning into the hsp-luc plasmid.

The pV5-50AAatll plasmid contains Rta ¢cDNA nucleotides (nt) 1 to 1242
cloned into pcDNA3.1-V5-HisA (Invitrogen) between EcoRI and Xhol, using
PCR (forward [F]primer, GCGAGGCCTAATACGACTCACTATAGGG; re-
verse [R] primer, GCGCTCGAGCGTCAGGAAAGAGCT).

The pMalc2X-FL50 plasmid (expressing maltose binding protein [MBP]-Rta
FL) contains the full-length Rta cDNA cloned into pMalc2X (New England
Biolabs) between EcoRI and Pstl. pMalc2X-50AAatll (expressing MBP-
50DAatIT) contains Rta cDNA nt 1 to 1242 with a stop codon in pMalc2x.

pRSET-A-RBP-Jk (expressing His-RBP-Jk) contains RBP-Jk (53) cloned into
PRSET-A between BamHI and Pstl.

pSGS-EBNA2, pCMX-VP16-RBP-Jk, pGST-RBP-Jk, and pcDNA3.1-Myc-
HisC-NICD were gifts from B. Sugden (University of Wisconsin), T. Honjo
(Kyoto University), and T. Kadesch (University of Pennsylvania).

Cell lines, transfections, and luciferase assays. BC-3 cells were a gift of P.
Moore (University of Pittsburgh) and were propagated, electroporated, and
analyzed exactly as described for BCBL-1 cells in reference 64. BL-41 cells were
a gift of Y. Yuan (University of Pennsylvania) and were electroporated at 224 V.
BJAB cells were electroporated at 150 V. For all transfections, total DNA was
normalized with pcDNA3, and transfection and lysis control were by B-galacto-
sidase assay from cotransfected plasmid pcDNA3.1-His-lacZ. Each transfection
was performed in triplicate at least twice.

For stable transfections, 1 X 10° 293 cells were seeded in 10-cm tissue culture
dishes. After overnight growth at 37°C, 10 g of either BAC36wt or BAC36A50
(gifts of S. J. Gao and Greg Pari, respectively [96, 102]) were transfected using
Transit-LT 1 reagent (Mirus) according to the manufacturer’s directions. After
2 days, transfectants were selected with hygromycin (100 pg/ml) until a uniform,
green cell population remained (about 3 weeks).

J. VIROL.

Protein expression and purification. Rta (1-272) (Rta aa 1 to 272) (from
plasmid pET28b-N50), and His-RBP-Jk (from plasmid pRSET-RBP-Jk) were
expressed and purified as described previously (61).

Glutathione S-transferase (GST)-RBP-Jk was expressed and purified in
NETN+ as described previously (63) and dialyzed versus 1X DNA binding
buffer (61).

Maltose binding protein fusions (FL50-MBP and 50AAatII-MBP) were ex-
pressed and purified from Escherichia coli BL21 codon plus RIL/DE3 (Strat-
agene), following the manufacturer’s directions (New England Biolabs), with the
following modifications. Column binding buffer was supplemented with protease
inhibitor cocktail (1:500 [Sigma]). Following freeze-thawing, resuspended pellets
were sonicated with 10 pulses, 8 seconds each (with a 5-second rest in between)
at 13% amplitude. Fractions were analyzed, dialyzed, and quantitated as de-
scribed previously (61).

Nuclear extracts were prepared as described previously (52) from parallel
cultures of BC-3 cells that were grown for 18 h in the presence or absence of
tetradecanoyl phorbol acetate (TPA) as described previously (62).

EMSA. 3?P-labeled DNA probes were prepared and tested by an electro-
phoretic mobility shift assay (EMSA) as described previously (61). Nuclear
extracts were normalized for total protein, as determined by Bradford assay,
prior to analysis. Gels were visualized by autoradiography or phosphorimager
(Typhoon 9410 variable mode imager).

35S-labeled RBP-Jk was tested by an EMSA following programming of TnT T7
Quick-Coupled transcription/translation system (Promega) with the pcDNA3.1-
RBP-Jk plasmid according to the manufacturer’s directions. Unincorporated
L-[**S]methionine was removed using Sephadex G-50 chromatography (Roche
Biomedicals). All components were assembled in a manner similar to that de-
scribed above for EMSA with 3?P-labeled DNA probes.

ChIP Chromatin immunoprecipitation (ChIP) was performed as described in
reference 91 with minor modifications. Briefly, 9.5 X 10° BC-3, BCBL-1, or 293
cells were stimulated with TPA (20 ng/ul) for 16 to 18 h or left untreated. After
cell extracts were precleared, protein/DNA complexes were immunoprecipitated
with an RBP-Jk-specific antibody (Chemicon) or rabbit immunoglobulin G (IgG)
(Sigma) at 4°C overnight with nutation. For BC-3 cells, protein-DNA complexes
were washed three times with 1 ml dilution buffer at 4°C for 30 min each time and
one time with 1 ml dilution buffer at 24°C. Chromatin was isolated and resus-
pended in 100 wl of water.

For BCBL-1, 293, BL-41, or BJAB cells, protein-DNA complexes were im-
munoprecipitated as described above or with anti-VP16 antibody (Sigma). Im-
munoprecipitated complexes were collected with 60 pl of 50% (vol/vol) protein
A agarose for 2 h at 4°C. Washes and DNA isolation were performed exactly as
described previously (90). All analysis was by real-time PCR with quantitation by
the AAC; method (60).

All of the ChIPs were performed using IgG and phosphate-buffered saline
(PBS) as negative controls for the anti-RBP-Jk antibody and PCR, respectively.
In all cases, the increase in DNA binding measured using anti-RBP-Jk exceeded
that for control IgG. In many cases, the actual increase in DNA binding for
control IgG was between 0 and 1 (i.e., when the A cycle threshold [AC;] value
without TPA exceeded the AC; value with TPA; more background chromatin
was immunoprecipitated from uninduced cells than from TPA-induced cells).
Since the agarose gel represents an end point analysis of the PCR, rather than a
kinetic analysis (i.e., real-time PCR), the IgG control lanes were not shown for
all ChIPs.

Reactivation of KSHV. A total of 107 BCBL-1 cells were stimulated with TPA
and/or transfected with the indicated plasmids at 150 V, 975 wF. After growth in
10 ml complete RPMI for 6 days, virions were harvested from the supernatant as
described in reference 42, and DNA was resuspended in 100 pl water. Cellular
DNA was harvested from cell pellets using the Puregene DNA isolation kit
according to the manufacturer’s directions and resuspended in 100 wl water.
Virions and cellular DNA were assayed by real-time PCR using primers specific
for ORF57 (KSHV) or endogenous retrovirus-3 (ERV-3) (cellular; as described
previously (99). Quantitation was performed by the AAC; method (60).

Real-time PCR. Real-time PCR was performed using AmpliTaq Gold poly-
merase (Applied Biosystems) and a Corbett RotorGene 3000 instrument or
Bio-Rad iCycler per the manufacturer’s suggestions. The cycling parameters
follow: 10 min at 95°C and then 40 to 60 cycles, with 1 cycle consisting of 20 s at
95°C, 30 s at 55°C, and 40 s at 72°C.

Primer sequences (5’ to 3") were as follows: for Mta, F, GCGGCTAGCAAC
CTGGCAGCCA; R, GCGCAGATCTCCTCTGCATCAACCAT); for K-bZIP,
F, GGTGGAGAGTATACGCAACTGCAAC; R, GGTTATAGTCGACAACG
GAGGAAATACG; for K14, F, GCAGTATATTCACATTATGCAATACC; R,
CGTAAGGCACCCTTATCTTTGAAAT; for human interleukin 6 (IL-6), F,
GTAAAACTTCGTGCATGACTTCAGC; R, GACATCTCCAGTCCTATAT
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FIG. 1. Transcriptionally deficient Rta restores the ability of constitutively active RBP-Jk to transactivate KSHV genes in a promoter-specific
manner. (A) Sequence alignment of the RBP-Jk-containing elements of the indicated promoters and the cloning strategy for each element in the
reporter vector. Numbers represent the positions of each sequence relative to the transcriptional start site (Mta and Cp) or ORF (TK only) of each
gene. (B and C) Expression vectors pPCMX-VP16-RBP-Jk (expressing RBP-Jk/VP16) and pcDNA3.1-Myc-HisC-NICD (expressing NICD) were
cotransfected into BL-41 cells with reporter plasmids pS7A5-5Dwt-hsp-luc (B) and 2xRBP-hsp-luc (C) as indicated. Calculations are described in
Materials and Methods. Error bars represent standard deviations of the means of at least three experiments. (D to G) Expression vectors
V5-50ASTAD and those from panels B and C were cotransfected into BL41 cells (D, F, and G) or BJAB cells (E) with reporter plasmids
p57A5-5Dwt-hsp-luc (D and E), pS7TWT-GL3 (F), and pTK-WT-hsp-luc (G). Extracts were analyzed as described above. For BL41 cells, + or ++
represents 3 or 9 ug of V5-50ASTAD, respectively. For BJAB cells, +, ++, or +++ represents 1, 3, or 9 pg of V5-50ASTAD, respectively. —,

none.

TTATTG; for HES-1 (Hairy/enhancer of split 1), F, CAAGACCAAAGCGGA
AAGAA; R, GGATCCTGTGTGATCCCTAGGC; for CD23, F, CCCGGAT
AACATTACACGCATGGCCT; R, GCCTATTTGCTCAATCATCAAGAG;
and for ERV-3, F, CATGGGAAGCAAGGGAACTAATG; R, CCCAGCGAG
CAATACAGAATTT.

The AAC; method (60) was used for quantitation with the following modifi-
cations. For chromatin immunoprecipitations, AAC, was calculated individually
for each primer pair for cells treated with TPA or cells left untreated using the
formula AC; = Cy (IP) — Cy (input chromatin), in which C; (IP) is the cycle
threshold of immunoprecipitated chromatin. Next, AAC; was calculated using
the formula AAC; = AC; (for TPA-treated cells) — AC; (for untreated cells).
The change in immunoprecipitated chromatin was thus calculated using the
formula 27*4¢", This value was calculated using either the anti-RBP-Jk antibody
or control IgG for each chromatin preparation. Where stated in the text, increase
in enrichment equals the increase (27*2€T) determined from anti-RBP-Jk di-
vided by the increase (2724€T) determined from the IgG control.

Similarly, for viral reactivation, the following formulas were used: AC; = Cy
(virion DNA) — Cy (cellular DNA), which was calculated for each transfection,
and AAC; = AC (for cells transfected with expression vectors) — AC (for cells
transfected with empty vector). Increase in reactivation was calculated as de-
scribed above.

Design and synthesis of molecular beacons. All molecular beacons were de-
signed as described previously (67) on the basis of the KSHV genomic DNA
sequence (GenBank accession no. U75698) or human genomic DNA sequence,
except for the ERV-3 probe sequence, which was described previously (99).
Molecular beacons were prepared by solid-phase DNA synthesis on a PE Bio-
systems 394 DNA synthesizer. A controlled-pore glass column (Biosearch Tech-
nologies) was used to incorporate a quencher moiety, 4-dimethylaminoazoben-
zene-4’-sulfonyl (dabcyl), at the 3’ end of the oligodeoxyribonucleotides, and a

fluorescein phosphoramidite (Glen Research) was used to incorporate a fluo-
rescein moiety at the 5’ end of the oligonucleotide. The oligonucleotides were
purified by high-pressure liquid chromatography (Beckman) on a C,g reverse-
phase column (Waters). Details of the purification steps are available at www
.molecular-beacons.org. Molecular beacon sequences were as follows (lowercase
letters denote nucleotides of stems, uppercase letters denote nucleotides of a
region complementary to genomic sequence of the indicated genes): for KSHV
Mta, cccacccGTTCCCACGGCCCATTTTTCGTTTGTGgggtggg; for KSHV
K14, cgctgcCCATGGCCACAGGATGTAGAgcageg; for CD23, ccgtcgTGCCT
CTGCCTAGAGCCTTCCcgacgg; and for ERV-3, ccccccaTCTTCCCTCGAAC
CTGCACCATCAAGTCAtgggggg.

Western blotting. Western blotting was performed exactly as described previ-
ously (62), using PBS with 0.1% Tween 20 for washes.

RESULTS

Constitutively active RBP-Jk does not activate transcription
of a consensus RBP-Jk DNA element from a KSHV promoter.
We previously demonstrated that Rta, the KSHV lytic switch
protein, requires RBP-Jk to activate transcription of the viral
Mta (ORF57) promoter (53). We identified an essential 7-bp
RBP-Jk site as part of the 26-bp Rta-responsive element
(RRE) in this promoter (53, 61). However, mutations flanking
the consensus RBP-Jk binding site in the RRE (Fig. 1A) of the
Mta promoter have dramatic effects on Rta-mediated transac-
tivation (61; also data not shown) but have little effect on DNA
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FIG. 2. RBP-Jk binding is essential for Rta-mediated activation of the Mta promoter, but trimeric complex formation is necessary for optimal
activation. (Left) Alignment of the sequences of the top strands of the WT and mutant RREs from the TK and Mta promoters. Mutated base pairs
are indicated by bold underlined type. (Middle) Summary of results of EMSA experiments depicted in Fig. 3 and 4 and described in the text.
(Right) Percent activation summarizes the ability of WT Rta to transactivate reporter vectors for each of the indicated sequences (adapted from
reference 61). The relative transactivation values are similar in CV-1 cells (61) or BL-41 cells (this study).

binding affinity of RBP-Jk in vitro (not shown). To begin to
analyze DNA binding of RBP-Jk to this element in vivo, we
tested the ability of constitutively active RBP-Jk (fused to the
VP16 activation domain [RBP-JK/VP16] [41]) to activate the
wild-type (WT) and mutant RREs (containing the RBP-Jk
element) to different levels in BL-41 cells. Surprisingly, RBP-
JK/VP16 only weakly activated the WT Mta RRE to a max-
imum of approximately fourfold (Fig. 1B); the orientation of
the RRE relative to the TATA box did not affect this result
(data not shown). Furthermore, we obtained similar results
in RBP-Jk null cells (OT11; data not shown), suggesting that
endogenous RBP-Jk was not occluding the ability of ectopi-
cally expressed RBP-Jk/VP16 to access the RBP-Jk site.
Expression of constitutively active NICD showed similar
weak effects on Mta RRE-dependent reporter gene expres-
sion (Fig. 1B).

For a control, we replaced the Mta RRE in the reporter
plasmid with the RBP-Jk-containing element from the EBV
latency C promoter (Cp) (Fig. 1A, bottom line). The number
of 5" and 3’ flanking base pairs and the spacing to the TATA
box were conserved. As expected, we found that both RBP-Jk/
VP16 and NICD strongly activated the Cp reporter indepen-
dently (Fig. 1C). This confirmed that the RBP-Jk element
cloned at that position was competent to respond to activation.
It also confirmed that RBP-Jk/VP16 was expressed in all trans-
fectants. These data suggested that, although RBP-Jk alone
binds avidly to the Mta RBP-Jk site in vitro, it may be unable
to bind in transfected cells.

Transcriptionally deficient Rta restores the ability of con-
stitutively active RBP-Jk to transactivate KSHV genes in a
promoter-specific manner. Since we had previously shown that
KSHV Rta binds independently to the Mta RRE (61), we
reasoned that Rta might bind DNA cooperatively with RBP-
Jk. ORFS50ASTAD is a C-terminal truncation mutant of Rta
that lacks the transcriptional activation domain (62) but main-
tains the ability to bind to both DNA and RBP-Jk (53, 61).
ORF50ASTAD is thus an ideal protein to test Rta’s effects on
RBP-Jk independently of Rta-mediated transactivation. Figure
1D shows that neither RBP-Jk/VP16 nor ORF50ASTAD acti-
vates the Mta RRE alone in transfected BL-41 cells. However,
if we cotransfect a constant amount of RBP-Jk/VP16 expres-

sion vector with increasing amounts of the ORF50ASTAD
expression vector, we achieve a maximum of about 30- to
40-fold activation. The effects of RBP-Jk/VP16 and
ORF50ASTAD, alone or together, were similar in BJAB cells;
however, the magnitude of transactivation when the plasmids
were cotransfected was about half that in BL-41 cells (Fig. 1E).
These data suggest that Rta restores or enhances the ability of
RBP-Jk/VP16 to bind to the Mta promoter. Definitive proof of
this DNA binding mechanism came from chromatin immuno-
precipitations to detect the amount of Mta RRE of the re-
porter plasmid bound to RBP-Jk/VP16. When the transfec-
tions represented in Fig. 1D and E were repeated using the
full-length Mta promoter, but followed by ChIPs using an
anti-VP16 antibody, the amount of Mta promoter recovered in
the VP16 immunoprecipitation was enriched in the presence of
ORF50ASTAD (data not shown). Moreover, the increase in
enrichment of DNA-bound RBP-Jk/VP16 when coexpressed
with ORF50ASTAD (divided by that from RBP-Jk/VP16 ex-
pressed alone) was virtually identical to the increase in trans-
activation in the presence or absence of ORF50ASTAD as
measured by luciferase activity (Fig. 1D and E; approximately
sixfold in BL-41 cells and threefold in BJAB cells).

Confirming that endogenous RBP-Jk is regulated similarly,
Fig. 1F shows that constitutively active NICD also weakly ac-
tivates the Mta promoter when expressed alone. However,
NICD cooperates with coexpressed ORFS0ASTAD to a max-
imum of nearly 40-fold. This result proves that the stimulation
of RBP-Jk/VP-16 DNA binding by ORF50ASTAD is not sim-
ply a peculiarity of the RBP-Jk/VP16 fusion molecule.

Among promoters previously identified as targets of Rta (62,
64), the KSHV thymidine kinase (TK) promoter contains an
RBP-Jk element located in a position similar to that of the Mta
RRE (Fig. 1A). Figure 1G shows that neither RBP-JK/VP16
nor ORF50ASTAD transactivates the TK element when ex-
pressed individually or together. Therefore, the ability of Rta
to restore DNA binding of RBP-Jk is promoter specific.

Rta and cellular RBP-Jk bind with alternative specificity to
the RRE of the Mta promoter. Figure 2 shows a comparison of
the relative magnitudes of Rta-mediated transactivation of the
WT Mta RRE and a series of linker scanning mutants (previ-
ously published in reference 61). The RBP-Jk element from
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FIG. 3. RBP-Jk and Rta bind independently to overlapping sites in
the Mta promoter. Purified recombinant GST-RBP-Jk (top), MBP-
Rta FL (middle), or Hiss-Rta (aa 1 to 272) (bottom) were mixed in
increasing amounts with the indicated **P-labeled oligonucleotides
(indicated by the black triangles above the lanes) and analyzed by
EMSAs. Lanes 0, buffer alone plus probe.

the TK promoter is shown at the bottom of Fig. 2 and was
maximally transactivated by Rta to only about 18% of the Mta
RRE in BL-41 cells. The relative magnitudes of activation of
each reporter shown are quantitatively similar in CV-1 and
BLA1 cells (61; this study). To compare these transactivation
data with DNA binding by Rta and RBP-Jk, the proteins were
expressed in E. coli and purified to homogeneity and then
tested by electrophoretic mobility shift assays. As summarized
in Fig. 2, RBP-Jk binds to all of the DNAs containing its
consensus sequence, including the TK element, but not to any
DNAs that have mutations in the element. Data for the WT
element and m1 to m3 are shown in Fig. 3, top panel, and
demonstrate dose-dependent binding of GST-RBP-Jk to the
WT and m1 probes.

The middle panel of Fig. 3 shows that MBP-FL Rta also

KSHV Rta TARGETS RBP-Jk TO DNA 9701

binds avidly to the WT and m3 DNAs and binds weakly but
detectably to the m1 and m2 DNAs, each in a dose-dependent
fashion. Furthermore, MBP-FL Rta forms two or three com-
plexes with each of the DNAs, which may represent different
oligomeric forms of the DNA-bound Rta.

The bottom panel of Fig. 3 shows that the Rta DNA binding
domain, Rta (1-272), binds to the Mta RRE with a specificity
that resembles MBP-Rta FL, but with much more pronounced
preference for the WT and m3 DNAs. In general, both Rta FL.
and truncated Rta share a preference for the AT-rich sequence
located just upstream of the RBP-Jk consensus site, agree-
ing with other reports (56, 101). Conversely, both Rta pro-
teins show reduced or no binding to probes in which the
AT-rich sequence has been mutated by GC-rich linkers.
This preference for AT-rich sequence is reflected in the
inability of Rta (1-272) to bind the TK probe (Fig. 2). m2 is
a better competitor than m1 for Rta (1-272) bound to la-
beled WT probe (data not shown), in agreement with the
binding preference of MBP-Rta FL.

In total, the data summarized in Fig. 2 demonstrate that Rta
and RBP-Jk bind with alternative but overlapping specificity to
the Mta RRE. As expected, elements that do not bind to
RBP-Jk in vitro are those that are not transactivated by Rta
(m2, m3, and m8). Elements that bind to RBP-Jk, but not Rta
(1-272) in vitro, are activated by Rta at less than WT Mta RRE
levels (m1 and TK). Promoters that bind both proteins in vitro
are activated by Rta at WT levels or greater (except for m9).
Furthermore, the results for m3 and m8& affirm that DNA
binding by Rta independently of RBP-Jk is not sufficient to
activate the Mta promoter.

Maximal transactivation of RBP-Jk elements in the KSHV
genome corresponds with trimeric complex formation among
KSHYV Rta, RBP-Jk, and DNA. Having established the DNA
binding preferences for the individual proteins to the Mta
RRE, we reasoned that mixing the two proteins might help us
understand how ORF50ASTAD restores RBP-Jk/VP16-medi-
ated transactivation. Figure 4A, lanes 2 and 3, confirms that
MBP-FL Rta and RBP-Jk bind independently to the WT Mta
RRE. Figure 4A, lane 4, shows the complexes resulting from
mixing the two proteins; comparison of lane 4 to lanes 2 and 3
reveals three effects: (i) a decrease in the RBP-Jk-specific
complex, (ii) complete disappearance of the Rta-specific com-
plexes, and (iii) formation of a new complex migrating at a
position intermediate between the two slow-moving Rta-spe-
cific complexes seen in lane 2. These results suggest that Rta
and RBP-Jk can bind simultaneously to the WT Mta RRE but
that only specific oligomeric forms of Rta form the new super-
shifted complex. Addition of an MBP-specific antibody to the
Rta/DNA complexes results in loss of the two slowly migrating
complexes and appearance of a new supershifted complex,
confirming the presence of Rta (Fig. 4A, compare lanes 2 and
6). Similarly, addition of the same antibody to the putative
Rta/RBP-Jk/DNA complex of lane 4 results in the loss of that
complex and the appearance of a complex that is retained in
the well and does not enter the gel (lane 8; not visible in this
figure), confirming the presence of Rta. Appearance of the
Rta/antibody/DNA complexes in lane 8 (similar to lane 6)
suggests that the antiserum can release a fraction of Rta from
the RBP-Jk/DNA complex.

In the approach used in Fig. 4A, the Rta/DNA complexes
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FIG. 4. RBP-Jk and Rta form a trimeric complex when binding sites for both proteins are intact. (A) Mixtures of purified RBP-Jk, MBP-Rta
FL, and anti-MBP antibody (as indicated) were analyzed by EMSAs as described in the legend to Fig. 3. Lanes 0, buffer alone plus probe. (B and

C) Rabbit reticulocyte lysate was programmed with RBP-Jk cDNA and

L-[**S]methionine to label RBP-Jk protein and then mixed with buffer alone

(lanes 0) or with the indicated proteins. That mixture was incubated with the indicated unlabeled oligonucleotides and tested by EMSAs. A weak

background band is seen in all lanes, regardless of DNA addition.

(lane 2) migrate with a mobility very similar to that of the
putative trimeric Rta/RBP-Jk/DNA complex (lane 4), so dis-
tinguishing the two types of complexes was difficult. Therefore,
we sought a more conclusive method to distinguish the trimeric
complex (Rta/RBP-Jk/DNA) from the Rta/DNA complex. We
generated RBP-Jk as an **S-labeled protein in rabbit reticulo-
cyte lysates (RRL) and performed EMSAs using unlabeled
DNA probes. In this way, the only labeled molecule was RBP-
Jk. In Fig. 4B, lanes 1 and 2, the RBP-Jk-programmed RRL
was preincubated with nonspecific DNA only or with nonspe-

cific DNA and the WT Mta RRE oligonucleotide, respectively.
Only lane 2 shows a robust RBP-Jk/DNA complex, migrating
to a position similar to that of RBP-Jk bound to labeled DNA
(ie., Fig. 4A, lane 3). In the absence of the Mta RRE oligo-
nucleotide, only weak background bands were seen (Fig. 4B,
lane 1), but a robust *>S-labeled RBP-Jk is seen in lane 2,
which suggests that RBP-Jk does not enter the gel in the
absence of the WT Mta RRE probe.

Figure 4B, lanes 3 and 4, shows the results of further addi-
tion of MBP-FL-Rta or the MBP protein alone, respectively.
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FIG. 5. Trimeric complex formation is required for transcriptionally deficient Rta to restore the ability of constitutively active RBP-Jk to
transactivate the Mta RRE. Transient cotransfections were performed with the indicated Mta RRE reporter plasmids and expression vectors and
analyzed as described in the legend to Fig. 1D. The sequence of each of the RREs is given above each graph. The RBP-Jk consensus site is shaded.

Mutated base pairs are indicated by boldface, underlined type.

Only MBP-Rta FL generates a new, supershifted complex
(lane 3, indicated by arrows); since RBP-Jk is the only labeled
molecule, RBP-Jk is clearly bound directly or indirectly to
DNA. Addition of the anti-MBP serum results in a further
retardation of the supershifted complex (compare lanes 3 and
5), indicating that MBP-Rta FL is associated with the RBP-
Jk/DNA complex. The antiserum has no effect on complex
formation in the presence of MBP alone (lane 6). These data
confirm assembly of a trimeric Rta/RBP-Jk/DNA complex on
the WT RRE from the Mta promoter.

We extended the analysis to the series of oligonucleotides
shown in Fig. 2. RBP-Jk binds the unlabeled m1 DNA quan-
titatively similarly to the WT sequence (Fig. 4B, lane 7), but
the addition of two different amounts of Rta does not result in
formation of the trimeric complex (Fig. 4B, lanes 8 and 9). As
a control for specificity, RBP-Jk does not form a complex with
the m3 DNA, which is mutated in the RBP-Jk consensus se-
quence (Fig. 4B, lanes 12 to 16). The TK element, which is very
weakly activated by Rta, binds to RBP-Jk, but the addition of
Rta does not produce the trimeric complex (Fig. 4B, lanes 17
to 20). Taken together, these data suggest that formation of
trimeric Rta/RBP-Jk/DNA complexes requires intact, individ-
ual binding sites for both Rta and RBP-Jk. By comparing Rta’s
ability to transactivate each sequence (Fig. 2), it is clear that
trimeric complex formation corresponds with 100% activation
of the RRE by Rta (as in the WT Mta RRE). However,
formation of only an RBP-Jk/DNA complex, with no corre-
sponding trimeric complex, results in reduced Rta transactiva-
tion (Mta m1 and TK).

These conclusions are further supported by the data of Fig.
4C. The trimeric complex assembles on the m4 DNA, but not
on the m9 DNA (compare lanes 5 to 7 with lanes 8 and 9).
Strong Rta transactivation corresponds with trimeric complex
formation, and thus, independent DNA binding by Rta or
RBP-Jk is not sufficient for robust Rta-mediated transactiva-
tion of the Mta RRE (summarized in Fig. 2). Furthermore, the
protein/DNA interactions with m9 suggest that formation of
the trimeric complex requires a more extended DNA sequence
recognition relative to the DNA binding requirements of ei-
ther protein alone.

Trimeric complex formation is required for ORFS0ASTAD
to restore the ability of RBP-Jk/VP-16 to transactivate the Mta
RRE. Since trimeric complex formation of Rta, RBP-Jk and
the Mta or TK DNA (Fig. 4) corresponded with the ability of
ORFS50ASTAD to restore transactivation by RBP-Jk/VP16 on

those promoters (Fig. 1D, E, and G), we extended the in vivo
analyses using the Mta RRE mutants. As shown in Fig. 5, only
the m4 element is transactivated when ORFS0ASTAD is co-
expressed with RBP-Jk/VP16; this effect is not seen for the m1,
m2, m3, or m9 promoter. This is consistent with formation of
the trimeric complex exclusively on the m4 element. Further-
more, since Rta binds to m3 but not m2, independent Rta
binding to the promoter is not sufficient to recruit RBP-Jk to
DNA in the absence of its binding site.

The results presented above establish the cis-acting DNA
sequence requirements for restoring RBP-Jk/VP16 binding to
the Mta RRE by Rta. To test the frans-acting protein-protein
requirements for this mechanism, we designed a series of C-
terminal truncations of Rta that preserved the N-terminal
DNA binding domain of the protein. Two of the mutants,
ORF50AAatIl and ORF50ASTAD (diagrammed in Fig. 6A)
are stably expressed in E. coli and in BL-41 cells in the nuclei
(Fig. 6B and data not shown). ORF50AAatll (aa 1 to 414)
binds independently to the WT Mta RRE in vitro (data not
shown). However, Fig. 6C shows that the ORF50AAatlI trun-
cation mutant fails to form the trimeric complex with °S-
labeled RBP-Jk and DNA.

Furthermore, ORF50AAatlI is unable to activate transcrip-
tion of the Mta RRE in either the absence or presence of
RBP-Jk/VP16 (Fig. 6D), suggesting that the mutant cannot
restore RBP-Jk binding to DNA. These experiments confirm
that trimeric complex formation of Rta with RBP-Jk and DNA
in vitro corresponds with the ability of Rta to restore DNA
binding of RBP-Jk in vivo. Furthermore, amino acids 414 to
530 demarcate the ends of the Rta domains required for both
of these effects.

RBP-Jk is enriched on promoters in an Rta-dependent fash-
ion during reactivation of KSHV without a change in its
steady-state levels. To determine whether the mechanism we
defined above operates in virus-infected cells, we used
ChIPs to evaluate the DNA binding status of RBP-Jk during
viral latency and reactivation. We chose as our model PEL
cells (BC-3 and BCBL-1), which harbor latent, episomal
KSHYV that reactivates when TPA is added to the cell growth
medium in an Rta-dependent fashion. Figure 7A, top panel,
shows that equal amounts of the Mta promoter are ampli-
fied from “input” chromatin in the absence or presence of
TPA, but RBP-Jk is enriched on the Mta promoter only in
the presence of Rta (i.e., following TPA addition to the
cells). As shown in Table 1, the increase in enrichment over
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FIG. 6. DNA binding by Rta is not sufficient to form the trimeric complex and restore DNA binding by RBP-Jk/VP16. (A) Primary amino acid
structure of indicated WT and truncated Rta proteins. The basic-amino-acid-rich domain (+ +), leucine repeat (LR), serine-threonine-rich domain
(ST), and activation domain (AD) are indicated. (B) Western blot of BL-41 cells transfected with the indicated plasmids. The migration position
of each protein is indicated by a small black square in the blot. (C) EMSA was performed as described in the legend to Fig. 4B, using the indicated
proteins and unlabeled Mta WT RRE oligonucleotide. (D) BL-41 cells were cotransfected and analyzed as described in the legend to Fig. 1D, using
the WT RRE reporter plasmid and indicated expression plasmids. Fold activation is shown on the y axis.

control IgG is approximately 73.2-fold in BCBL-1 cells, as
quantitated by real-time PCR with molecular beacons. Am-
plification of chromatin captured by the control IgG or
without template addition (NTC) shows no product for the
Mta promoter. The same chromatin was used to detect the
RBP-Jk-containing segments of the KSHV K-bZIP and K14
(viral G-protein-coupled receptor) promoters (Fig. 7A, mid-
dle and bottom panels, respectively). In both cases, input
chromatin showed equivalent amounts of PCR amplifica-
tion, while RBP-Jk was dramatically enriched only in the
presence of Rta expression after TPA addition (49.3-fold
enrichment over control IgG for K14 [Table 1]). For all
three promoters, RBP-Jk was barely detectable during viral
latency in the absence of Rta. Therefore, exclusion of
RBP-Jk binding from at least three KSHV promoters ap-
pears to be a general phenomenon of KSHV latency, while
induction of Rta expression during reactivation results in
recruitment of RBP-Jk to these promoters.

A critical question for these experiments is whether Rta is
required for stimulation of RBP-Jk DNA binding to the viral
genome. To test this question, we generated stable transfec-
tants of 293 cells with either BAC36wt (a wild-type KSHV
bacmid clone) or BAC36A50, a bacmid clone with most of
Rta’s open reading frame deleted. BAC36A50 is defective in
KSHYV reactivation in 293 cells (96). Stably transfected cell
populations were induced by TPA treatment or left untreated
(similar to BCBL-1 cells) and then analyzed by ChIP analyses
using anti-RBP-Jk antibody or control IgG. Table 1 shows that
RBP-Jk is enriched on both the ORF57/Mta and K14 promot-
ers following TPA treatment but only in cells harboring the
WT but not Rta-deleted (BAC36A50) virus. In the BAC36A50

transfectants, the amount of ORF57 or K14 promoter immu-
noprecipitated was equal regardless of TPA addition or anti-
body. This proves that enrichment of RBP-Jk on the ORF57
and K14 promoters requires expression of Rta.

To extend this analysis to cellular promoters, we analyzed
RBP-Jk binding to the human IL-6, HES-1, and CD23 pro-
moters. The top and middle panels of Fig. 7B, show that,
similar to the viral promoters, RBP-Jk is virtually undetectable
on the human IL-6 and HES-1 promoters during latency but
becomes dramatically enriched on the promoters in the pres-
ence of Rta following TPA addition. Conversely, the amount
of RBP-Jk bound to the CD23 promoter (Fig. 7B, bottom
panel) remains unchanged regardless of TPA addition to the
cells (note that the lanes corresponding to the IgG and anti-
RBP-Jk ChIPs appear equivalent by this end point quanti-
tation, but real-time quantitation using PCR with molecular
beacons revealed that the anti-RBP-Jk antibody chromatin
immunoprecipitates about ninefold more of the CD23 RBP-Jk
site than the control IgG does). For all three cellular promot-
ers, equal amounts of input chromatin were immunoprecipi-
tated (input lanes); for a control, substitution of the RBP-Jk
antibody with PBS resulted in no DNA amplification (for pro-
moters in which the change for control IgG was between 0 and
1 [i.e., when the AC in the absence of TPA exceeded the AC-
in the presence of TPA]; only the PBS control is shown).
Therefore, for at least the cellular IL-6 and HES-1 promoters,
DNA binding of RBP-Jk is also regulated by Rta during reac-
tivation.

To determine whether the steady-state level of RBP-Jk is
altered by TPA addition to PEL cells, we prepared whole
nuclear extracts from BC-3 cells with or without TPA treat-
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FIG. 7. RBP-Jk is selectively enriched on viral and cellular promoters
during reactivation of KSHV. (A and B) Immunoprecipitations were
performed using the indicated antibodies with chromatin from BC-3 cells
treated with TPA (+) or not treated with TPA (—). DNA was detected by
PCR using primers specific for each of the indicated viral (A) or cellular
(B) promoters. All of the ChIPs were performed using IgG and PBS as
negative controls for the anti-RBP-Jk antibody and PCR, respectively. All
promoters except CD23 showed enrichment of RBP-Jk DNA binding
only after TPA addition. For promoters in which the change for control
IgG was between 0 and 1 (i.e., when the C; value in the absence of TPA
exceeded the C;-value in the presence of TPA), only the PBS control is
shown. Lanes M, molecular size markers. hIL-6, human interleukin-6;
HES-1, human hairy/enhancer-of-split; NTC, nontemplate control; PBS,
phosphate-buffered saline substituted for an antibody. (C) The WT Cp
oligonucleotide (depicted in Fig. 1A) was labeled with **P and analyzed by
EMSAs by mixing with RRL, histidine-tagged RBP-Jk, or extracts from
BC-3 cells treated with TPA (+TPA) and not treated with TPA (—TPA)
as indicated. In the right panel, the indicated protein samples were pre-
incubated with WT or mutant (Mut) Cp oligonucleotide prior to addition
of labeled WT Cp probe. The arrow points to the protein/DNA complex
that is supershifted by addition of anti-RBP-Jk serum (not shown).

ment and analyzed the quantity of proteins that bind to the
EBV Cp probe. The position of migration of recombinant
RBP-Jk bound to the Cp probe is shown as a reference (Fig.
7C, lanes 1 to 7). BC-3 nuclear extracts form six protein/DNA
complexes on the probe; however, the abundance of all of the

TABLE 1. Increases in enrichment of RBP-Jk on viral promoters*

Fold enrichment in cells:

Promoter
BCBL-1 (PEL) 293/BAC36wt” 293/BAC36A50°
ORF57/Mta 73.2 191.3 0.6
K14/vGPCR 49.3 14.9 1.0

“ ChIPs were performed as described in Materials and Methods. Fold enrich-
ment equals RBP-Jk DNA binding in the presence of TPA divided by control
1gG (i.e., fold enrichment = 2724 of RBP-Jk antibody/2™*¢" of IgG control).

293 cells were stably transfected with the indicated bacmid constructs as
described in Materials and Methods.
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FIG. 8. EBNA2 and NICD do not induce complete KSHV lytic
reactivation. BCBL-1 cells were transfected with the indicated expres-
sion vectors, or treated with TPA, and encapsidated viral DNA was
purified from the culture medium 6 days posttransfection. Viral DNA
in each sample was quantitated using real-time PCR with molecular
beacons for quantitation.

complexes, including the RBP-Jk-specific complex, was similar
in untreated or TPA-treated extracts (lanes 8 and 9). In data
not shown, the anti-RBP-Jk serum supershifts only the protein/
DNA complex indicated by the arrow in Fig. 7C.

A comparison of lanes 17 and 24 of Fig. 7C confirms that
RBP-Jk protein levels are unchanged in PEL cells when
treated with TPA. Furthermore, lanes 11 to 25 demonstrate
that preincubation of the extract with an unlabeled Cp probe
containing the WT RBP-Jk site, but not mutant site, results in
loss of five of the six complexes. Since only one of those
complexes has a migration position that corresponds to that of
recombinant RBP-Jk (lanes 1 to 7), the identities of the four
additional complexes that are specific for the WT RBP-Jk site
are currently unknown.

EBNA2 and NICD do not induce KSHV lytic reactivation.
Our data suggest that Rta activates the Notch pathway in part
by stimulating DNA binding of RBP-Jk, a mechanism funda-
mentally different from that established for NICD and
EBNAZ2. One powerful means to compare the functional con-
sequences of these mechanistic differences is to measure the
magnitude of viral reactivation in response to Notch activation.
As shown in Fig. 8, TPA treatment, the positive control, in-
duces an approximately 17-fold increase in the release of ma-
ture virions 6 days after the addition of TPA. As measured by
real-time PCR with molecular beacons, this agrees well with
reactivation quantitated by Southern blotting (42). As previ-
ously shown (64), transfection of the expression vector for the
Mta transactivator, a negative control, was unable to reactivate
KSHV. As expected, transfection of the Rta expression vector
resulted in ca. 7.5-fold induction of viral release from latently
infected cells. In contrast, NICD and EBNA2 were both un-
able to reactivate the virus.

Although the overall amount of virus released is lower for
transfection of Rta plasmid than for TPA treatment, the dif-
ference represents the lower percentage of cells that were
transfected (5% Rta positive at 2 days posttransfection, 2.8%
K8.1 positive at 2 days) compared to the percentage of cells
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that were induced by TPA (12.5% Rta positive 6 days post-
TPA addition, 7.3% KS8.1 positive at 6 days).

DISCUSSION

In this report, we show that Rta activates the Notch pathway
in part by stimulating DNA binding of RBP-Jk, a novel mech-
anism not conserved with EBNA2 and NICD. RBP-Jk does
not bind constitutively to the Mta promoter (Fig. 1B and F) in
vivo, and only Rta, but not EBNA2 or NICD, activates tran-
scription of the RRE in transient transfections (Fig. 1 and 2)
(61). Constitutively active RBP-Jk and a truncation mutant of
Rta lacking its transcriptional activation domain demonstrate
that full activation of the Mta promoter is dependent on both
the intact Rta and RBP-Jk binding sites in the RRE. More-
over, transactivation corresponds with trimeric complex forma-
tion of Rta, RBP-Jk, and the RRE, as measured by EMSAs
(Fig. 2 and 4).

DNA binding of RBP-Jk is regulated similarly in KSHV-
infected cells (Fig. 7 and Table 1), and only Rta induces com-
plete KSHV lytic reactivation (Fig. 8), further distinguishing
Rta’s mechanism from that established for EBNA2 and NICD.
In agreement, others have demonstrated that NICD induces
only a subset of the viral genes activated by Rta in cells latently
infected by KSHV (6). Together with our observation that
ORF50ASTAD cooperates with NICD to stimulate tran-
scription from the Mta promoter (Fig. 1F), we conclude that
Rta enhances DNA binding of endogenous RBP-Jk. As
RBP-Jk is a transcriptional repressor, we would expect that
ORF50ASTAD expression in the absence of a Notch signal
would enhance the repressing effect of RBP-Jk. Indeed, we
have previously shown that ectopic overexpression of
ORF50ASTAD completely suppressed the spontaneous
KSHYV lytic reactivation characteristically observed in latently
infected PEL cells (62).

Transcriptional cooperation of the Rta mutant with NICD
might reflect simultaneous binding of Rta and NICD to the
RBP-Jk N terminus and BTD, respectively. Such a mechanism
would further distinguish Rta, since NICD and EBNA2 sup-
press each other by competing for binding to the BTD (40).
However, our data do not exclude the alternative hypothesis
that only a transient interaction between the Rta mutant and
RBP-Jk is required to target it to DNA. Nonetheless, we con-
sider it likely that Rta also removes transcriptional corepres-
sors from DNA-bound RBP-Jk, similar to the transcriptional
activation mechanisms employed by EBNA2 and NICD. In-
deed, other studies have shown that Rta also binds indepen-
dently to the RBP-Jk central repression domain, supershifts
DNA-bound RBP-Jk, and recruits chromatin remodeling pro-
teins to activate transcription (29, 53). Stimulation of RBP-Jk
DNA binding, as demonstrated in this report, describes an
additional level of regulation of the Notch pathway by KSHV
Rta that we propose is a pre- or corequisite for Rta-mediated
transactivation on some promoters.

Although aa 1 to 272 of Rta bind to the Mta RRE in vitro
(Fig. 3) and aa 170 to 400 of Rta bind RBP-Jk in GST pull-
down experiments (53), neither region of Rta alone is sufficient
to stimulate RBP-Jk DNA binding. Instead, aa 415 to 530 of
Rta are required for trimeric complex formation with RBP-Jk/
DNA in vitro and for restoring binding of RBP-Jk/VP16 to the
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Mta promoter in vivo (Fig. 6). This region shares little homol-
ogy with EBNA2 or NICD and contains no motifs character-
istic of DNA binding domains, so there are no bioinformatic
clues to explain its function. Rta forms multimers in vitro, and
oligomerization of Rta is critical for transactivation (56, 62).
The G/C bp that is mutated in m9 is required for trimeric
complex formation, but not independent DNA binding of Rta
or RBP-Jk (Fig. 2). Therefore, we propose that homomulti-
mers of Rta bind and straddle RBP-Jk to enable Rta to make
critical contacts with the promoter on both sides of RBP-Jk
(i.e., m1 and m9) and form the stable trimeric complex. It is
likely that aa 415 to 530 are crucial for at least one of these
interactions.

The literature suggests that the interaction of Rta with the
Mta promoter is complex. A DNA binding mutant of Rta
appears to transactivate the Mta promoter (with delayed ki-
netics) in PEL cells (8); assuming that this effect is indepen-
dent of other KSHV transactivators, this suggests that a cellu-
lar protein is sufficient to mediate interaction of mutant Rta
with the promoter in vivo. Rta has been shown to interact with
the cellular protein C/EBPa as a DNA binding partner at the
Mta promoter (92). In this model, Rta must first induce
C/EBPa expression (92). In our experiments, C/EBP« is un-
likely to function in regulation of Mta, since we show that a
mutant of Rta lacking its transactivation domain stimulates
DNA binding by RBP-Jk/VP16 (Fig. 1D and E). The signifi-
cance of RBP-Jk-independent activation of the Mta promoter
in full viral reactivation is unclear. However, it is possible that
the inability of NICD and EBNA2 to participate in similar
complex interactions with the Mta promoter might also con-
tribute to their inability to fully reactivate KSHV from latency.

RBP-Jk bound avidly to the consensus elements of the Mta
and TK promoters in vitro (Fig. 3), yet constitutively active
RBP-Jk/VP16 did not activate transcription of these promoters
in vivo (Fig. 1). Similar discrepancies have been reported in
other systems. In mice, the HES-1 promoter contains two sites
that bind RBP-Jk with high affinity in vitro, yet only one of
them responds to activated Notch (35). Similarly, 11 of the 12
transcription units in the Enhancer of Split complex [E(spl)-c]
in Drosophila contain at least one RBP-Jk element in their
proximal promoters, yet each promoter responds differently to
Notch activation (20, 71). In fact, in mouse RBP-Jk knockout
studies, there has been no evidence of loss of promoter repres-
sion (83, 84). Our data do not reveal the mechanism by which
RBP-Jk is excluded from promoters in the absence of Rta
coexpression. As Rta is the first protein shown to promote
DNA binding by RBP-Jk, it remains to be determined whether
Rta counteracts any of the mammalian proteins that inhibit
DNA binding of RBP-Jk (and if so, how). For example, murine
protein KyoT?2 inhibits RBP-Jk DNA binding and dislocates it
from DNA (85), and NF-kB (p50/p65) and Ikaros bind DNA
competitively with RBP-Jk when their recognition elements
overlap (4, 72). We hypothesize that Rta either competes with
an RBP-Jk-inhibiting protein for binding to RBP-Jk or DNA
or catalyzes proteolysis of one of the inhibitory factors through
its E3 ubiquitin ligase activity (98).

KSHYV infection is associated primarily with two human ma-
lignancies, KS and PEL (69). Genes in the Notch pathway
display both loss-of-function and gain-of-function phenotypes
that may contribute to the pathophysiology of both cancers. KS
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tumors display a marked neoangiogenesis (69), and multiple
genetic models implicate the Notch signaling pathway in vari-
ous aspects of vascular biology, including angiogenesis, prolif-
eration, migration, network formation, and quiescence (5). In
most cases, targeted mutation of Notch pathway genes leads to
vascular defects (46, 97). Notch-transformed cells further pro-
mote tumor maintenance and growth through Notch-depen-
dent induction of angiogenesis in a juxtacrine fashion (65, 100).
In the lymphoid compartment, uncontrolled Notch signaling is
often associated with T-cell leukemias (21, 23, 26, 73, 74, 93).
Ligand-independent activation of the Notch pathway by EBV
EBNALZ is crucial for B-cell transformation through transacti-
vation of viral and cellular gene expression (107). Therefore,
there is substantial evidence to support a role for activated
Notch signaling in KSHV-associated cancers. Although there
is an epidemiologic connection between KSHV reactivation
and KS risk (68, 94), Rta’s RBP-Jk-dependent function as the
lytic switch protein would have to be relatively inefficient to
allow a reactivating cell to contribute to malignancy. It is likely
that KSHV reactivation also promotes viral dissemination,
horizontal spread, and increase in viral load.

The inability of RBP-Jk/VP16 and NICD to activate the Mta
promoter in uninfected cells (Fig. 1) suggests that no KSHV
proteins are required for this effect. However, KSHV LANA-1
(latency-associated nuclear antigen 1) can also compete with
Rta for functional interactions with RBP-Jk (49). Why has
KSHV evolved multiple mechanisms to disrupt normal
RBP-Jk activity? A KSHV-infected cell likely has frequent
exposure to activated Notch signaling. Vascular endothelial
growth factor and fibroblast growth factor, two of the cytokines
elevated in KS tumors, lie upstream of the Notch pathway and
activate expression of Notch receptors and ligands (50, 59).
Indeed, primary and immortalized KS cells overexpress acti-
vated Notch, which is essential to prevent apoptosis of these
cells (15). Furthermore, 70% of PELs are coinfected with
KSHYV and EBV (19), suggesting that B cells are capable of
supporting coincident latent infection by both viruses. EBNA2
is the first protein expressed following EBV infection, leading
to ligand-independent activation of Notch signaling. Since
RBP-Jk is excluded from key KSHV promoters, we propose
that the virus has evolved this mechanism to maintain latency
even in environments of Notch activation. The ability of Rta to
recruit RBP-Jk to KSHV promoters of essential genes thus
ensures that Rta is the only protein with the ability to efficiently
reactivate the virus.
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