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Replication and transcription activator (RTA) encoded by open reading frame 50 (ORF50) of Kaposi’s
sarcoma-associated herpesvirus (KSHYV) is essential and sufficient to initiate lytic reactivation. RTA
activates its target genes through direct binding with high affinity to its responsive elements or by
interaction with cellular factors, such as RBP-Jk, Ap-1, C/EBP-a, and Oct-1. In this study, we identified
transducin-like enhancer of split 2 (TLE2) as a novel RTA binding protein by using yeast two-hybrid
screening of a human spleen cDNA library. The interaction between TLE2 and RTA was confirmed by
glutathione S-transferase (GST) binding and coimmunoprecipitation assays. Immunofluorescence anal-
ysis showed that TLE2 and RTA were colocalized in the same nuclear compartment in KSHV-infected
cells. This interaction recruited TLE2 to RTA bound to its recognition sites on DNA and repressed RTA
auto-activation and transactivation activity. Moreover, TLE2 also inhibited the induction of lytic repli-
cation and virion production driven by RTA. We further showed that the Q (Gln-rich), SP (Ser-Pro-rich),
and WDR (Trp-Asp repeat) domains of TLE2 and the Pro-rich domain of RTA were essential for this
interaction. RBP-Jk has been shown previously to bind to the same Pro-rich domain of RTA, and this
binding can be subject to competition by TLE2. In addition, TLE2 can form a complex with RTA to access
the cognate DNA sequence of the RTA-responsive element at different promoters. Intriguingly, the
transcription level of TLE2 could be upregulated by RTA during the lytic reactivation process. In
conclusion, we identified a new RTA binding protein, TLE2, and demonstrated that TLE2 inhibited
replication and transactivation mediated by RTA. This provides another potentially important mechanism

for maintenance of KSHYV viral latency through interaction with a host protein.

Kaposi’s sarcoma-associated herpesvirus (KSHV), also known
as human herpesvirus type 8, is the most recent human tumor
virus identified by representational difference analysis (RDA)
of Kaposi’s sarcoma (KS) lesions and normal tissues (8). Apart
from KS, KSHYV is also associated closely with primary effusion
lymphoma as well as multicentric Castleman’s disease (MCD)
(45, 53, 63). Like other herpesviruses, KSHV can establish
latent infection in infected cells and can be reactivated to
undergo lytic replication upon stimulation (52, 76). It is be-
lieved that both viral latency and lytic reactivation contribute
to pathogenesis mediated by KSHV (21). Previous studies have
demonstrated that the replication and transcription activator
(RTA) encoded by KSHV open reading frame 50 (ORF50)
plays a pivotal role in control of the virus life cycle. This is
essential and sufficient to trigger lytic replication by activating
the lytic gene expression cascade, including polyadenylated
nuclear (PAN) RNA, ORF K8, ORF57, ORF59, viral G-protein-
coupled receptor, viral interferon regulatory factor (VIRF), K1,
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gB, and RTA (6, 16, 23, 40, 61, 65, 67). It is supposed that RTA
interacts with various cellular proteins to accomplish transcrip-
tion regulation. It has been shown that RTA can activate its
target genes through direct binding with high affinity to RTA-
responsive elements (RREs) or in combination with cellular
factors, such as RBP-Jk, Ap-1, C/EBP-«a, Oct-1, and other
RTA-interacting proteins previously identified and character-
ized by yeast two-hybrid screening (37, 39, 56, 62, 73, 74).
During latency, RTA activities are controlled and regulated
tightly by viral and host factors (33, 77). This facilitates the
control of viral gene expression, as well as the maintenance of
viral latency. KSHV is latent in the majority of infected cells
but undergoes lytic reactivation in a small subset of cells. Cur-
rently, it is accepted that long-term persistent infection of the
virus is crucial for initiation of pathogenesis, whereas lytic
reactivation promotes the progression of pathogenesis (21, 22).
Therefore, studying the mechanism that controls RTA func-
tion is crucial for understanding latency control, as well as
pathogenesis mediated by KSHV. However, we are still far
from clarifying the mechanism through which RTA function is
regulated by viral and host factors during the coevolution of
the virus and its host.

In the present study, a novel RTA binding protein, transdu-
cin-like enhancer of split 2 (TLE2), was identified by yeast
two-hybrid screening of a spleen cDNA library. This cellular
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TABLE 1. Primers for PCR amplification and analysis

Primer Sequence (5'—=3")" Note
K8p-F CTACTAGCTAGCCACCGCAATGCGTTACGTTG K8 promoter clone
K8p-R CTAGCCAAGCTTTTGGCAGGGTTACACGTTTAC
PANp-F CTACTAGCTAGCGTTTATTAATGTTCATCCGTATTGTG PAN promoter clone
PANp-R CTAGCCAAGCTTCTGGGCAGTCCCAGTGCTAAAC
57p-F CTACTAGCTAGCCAAGACCATTAGCTATCTGCC ORF57 promoter clone
57p-R CGACCCAAGCTTGGGCTATTTTGGGAACCTGG
TLE2-Q-F GCCACGGGATCCATGTACCCCCAGGGAAGGCAC TLE2 Q clone
TLE2-Q-R CGCTGGCTCGAGCTGGAGCTGCTGCCCGATG
TLE2-GP-F GCCACGGGATCCCCGCTGTCCCACCACGCAC TLE2 GP clone
TLE2-GP-R CGCTGGCTCGAGACTCCTGCTCGGGGCTCTCTC
TLE2-CcN-F GCCACGGGATCCGCATCTCCCTCGCCCCCTGAG TLE2 CcN clone
TLE2-CcN-R CGCTGGCTCGAGTCCGCAGGGGGTGGTAGCC
TLE2-SP-F GCCACGGGATCCTGCGGAAAGGTACCCATCTGC TLE2 SP clone
TLE2-SP-R CGCTGGCTCGAGGTGGAAGGAGTAGGCCGGCTTTC
TLE2-WDR-F GCCACGGGATCCTCATCCGTCTCTTCCTCCCTAC TLE2 WDR clone
TLE2-WDR-R CGCTGGCTCGAGGTAGACCACCTCATACACGGTG
TLE2-Q1.2-R CGCTGGCTCGAGGCTGGCCAGCTTCTCACATTC TLE2 Q1.2 clone
ORF9-F GTCTCTGCGCCATTCAAAAC Real-time PCR
ORF9-R CCGGACACGACAACTAAGAA
Actin-RT-F GGGAAATCGTGCGTGACAT
Actin-RT-R GTCAGGCAGCTCGTAGCTCIT
PAN-RT-F GCCGCTTCTGGTTTTCATTG
PAN-RT-R TTGCCAAAAGCGACGCA
TK-RT-F CGTAGCCGACGCGGATAA
TK-RT-R TGCCTGTAGATTTCGGTCCAC
65-RT-F GGCGGCCGTTTCCG
65-RT-R TCATTGTCGCCGGCG
57-RT-F TGGCGAGGTCAAGCTTAACTTC
57-RT-R CCCCTGGCCTGTAGTATTCCA
RTA-RT-R AGACCCGGCGTTTATTAGTACGT
RTA-RT-F CAGTAATCACGGCCCCTTGA
TLE2-RT-F CTGTCCCTGAAGTTTGCCTC
TLE2-RT-R GGACTGAGGACGACTCCTTG
EMAS-59-F CTGACGATTTGTGAAGGTTAACCTGTCCATGTCGC EMSA
EMSA-59-R GCGACATGGACAGGTTAACCTTCACAAATCGTCAG

EMSA-K8rrel-F
EMSA-K8rrel-R
EMSA-PAN2-F
EMSA-PAN2-R

GTTAACTTCCCAGGCAGTTTATTTTTAACAG
CTGTTAAAAATAAACTGCCTGGGAAGTTAAC
AAATGGGTGGCTAACCTGTCCAAAATATGG
CCATATTTTGGACAGGTTAGCCACCCATTT

“ Restriction sites are underlined.

corepressor belongs to the Groucho/TLE family, which con-
sists of four proteins of similar molecular weight and structure,
termed TLEL to TLE 4 in humans (24, 47, 64, 70). TLEs and
their homolog groucho (gro) identified in Drosophila share a
similar overall domain structure, including carboxyl-terminal
tandem WD40 repeats and an amino-terminal Gln-rich region
that mediates protein dimerization, and internal Ser-Thr-
Pro-rich sequences (36). It has been reported that TLEs are
broadly expressed nuclear factors that lack intrinsic DNA-
binding activity and interact with a variety of DNA-binding
proteins. In invertebrates and vertebrates, Groucho/TLE fam-
ily members have been shown to interact with multiple tran-
scription factors, such as Tcf/HMG box transcription factors,
Runt domain proteins, HES proteins, Hesx1, NF-kB, PRDI-
BF1, PU.1, HNF3b, Hex, Oct-1/Oct-2, and the androgen re-
ceptor (AR) (3, 25, 42, 44, 54, 59, 66, 78). By recruitment of
specific gene-regulatory sequences, Groucho/TLE can down-
regulate the expression of target genes of transcriptional acti-
vators, enhance the transcriptional repression effect of tran-
scriptional repressors, or convert transcriptional activators into
repressors (43, 57). Therefore, TLEs act as important regula-

tors of several signaling mechanisms, including the Notch,
Wingless/Wnt, and Dpp/BMP/TGF-B signaling pathways.

In this study, we showed that TLE2 interacted with KSHV
RTA in vitro and in vivo. We further mapped the domains of
TLE2 and RTA responsible for the interaction. Intriguingly,
this interaction resulted in the inhibition of RTA-mediated
transactivation and production of viral progeny. Thus, this
study identified a new RTA-interacting protein and provides
new clues as to the mechanism by which cellular factors
contribute to maintenance of KSHV latency.

MATERIALS AND METHODS

Plasmids. Plasmid pCR3.1-RTA, which encodes the full-length RTA, has been
described previously (33). The RTA N-terminal 530-amino acid (aa) coding
sequence (RTA-N), obtained by PCR using the primers listed in Table 1 from
template pCR3.1-RTA, was inserted into pPGBDK-RTA-N at the EcoRI and
Xhol sites. This plasmid was used in the yeast two-hybrid screening as bait.

Reporter plasmids p59pluc and pRpluc have also been described previously
(32, 40). Reporter plasmids pK8pluc, pPANpluc, and p57pluc contained PCR-
cloned promoter regions of ORF K8 (nucleotides [nt] 73851 to 74849), ORF
PAN (nt 28461 to 28681), and ORF57 (nt 81558 to 82008) (primers are listed in
Table 1). The promoter fragments were inserted into the Nhel/HindIII sites
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upstream of the luciferase reporter gene of the pGL3-basic vector (Promega,
Inc., Madison, WI).

pcDNA-TLE2, which encodes the full-length TLE2, was a generous donation
from G. S. Stein (Department of Cell Biology, University of Massachusetts
Medical School, Worcester, MA). Truncated constructs of TLE2 (TLE2-Q
[Gln-rich domain], -SP [Ser-Pro-rich domain], -CcN, -GP [Gly-Pro-rich do-
main], and -WDR [Trp-Asp repeat domain]|, schematically shown in Fig. 4A,
and TLE2-Q1.2, containing the first 51 amino acids of the Q domain) were
constructed by amplifying corresponding cDNA fragments with the primers
listed in Table 1 and cloned into BamHI and Xhol sites of pcDNA3.1 or
pGEX-4T-1. Truncated constructs (shown in Fig. 4C) of RTA were generous
donations from Yuying Liang (Emory University, Atlanta, GA). Expression
construct pA3M-RBP-Jk has been described previously (34).

Yeast two-hybrid screening. pPGBDK-RTA-N, which expresses truncated RTA
(aa 1 to 530) fused to a Gal4 binding domain, was used as bait to screen a spleen
c¢DNA library (Takara, Inc., Kyoto, Japan). Saccharomyces cerevisiae reporter
strain AH109 was transformed simultancously with pGBDK-RTA-N and the
cDNA library. His™ colonies were screened for B-galactosidase (B-Gal) activity
by filter lift assay. Plasmids were retrieved from His™ LacZ™* colonies and
selected in Escherichia coli DH10B with ampicillin resistance. To eliminate
possible false-positive results, plasmid DNA rescued from yeast transformants
was retransformed into yeast reporter strain Y187, either alone or paired with
pGBDK-RTA-N. DNA and protein sequence analyses and homology searches
were performed with the BLAST program.

Antibodies and cell culture. A rabbit polyclonal antibody against KSHV RTA
was prepared by immunizing a rabbit recombinant RTA (N) expressed in E. coli.
A mouse monoclonal antibody (MAD) against KSHV RTA was a kind gift from
Keiji Ueda (Osaka University, Osaka, Japan). A goat polyclonal antibody against
human TLE2 was purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA). A mouse MAD against His tag was purchased from Sigma (St. Louis, MO).

BJAB, Loukes, Raji, and DG75 (KSHV-negative B-cell lines), BCBL1 (a
KSHV-positive B-cell line), HEK 293, and HEK 293T cells transformed with
T antigens were provided by Erle S. Robertson (University of Pennsylvania,
Philadelphia, PA). 293/Bac36 (a 293 cell line that harbors the KSHV genome
inserted into a bacterial artificial chromosome) was a gift from S. J. Gao (Uni-
versity of Texas, San Antonio, TX). An RTA-inducible BCBLI cell line (TRE-
BCBL1-RTA) was a gift from Jae Jung (University of South California, Los
Angeles, CA).

The HEK 293, HEK 293T, and 293/Bac36 cells were grown in high-glucose
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% bovine
growth serum (BGS; HyClone, Inc., Logan, UT), 2 mM L-glutamine, 25 U/ml
penicillin, and 25 pg/ml streptomycin. DG75, BCBL1, and RTA-inducible
BCBLI cells were grown in RPMI 1640 medium supplemented with 10% BGS,
2 mM L-glutamine, 25 U/ml penicillin, and 25 wg/ml streptomycin. All cells were
cultured at 37°C in the presence of 5% CO,.

Transfection and dual reporter assays. B cells were transfected by electropo-
ration with a Bio-Rad Gene Pulser II electroporator (Bio-Rad Laboratories,
Inc., Hercules, CA). A total of 10 million cells harvested in exponential phase
were collected and washed with phosphate-buffered saline (PBS) and then re-
suspended in 400 pl of serum-free RPMI 1640 medium with DNA mixture for
transfection. Resuspended cells were transferred to a 0.4-cm cuvette and elec-
troporated at 975 pF and 220 V. The electroporated cells were transferred to 10
ml of complete medium, followed by incubation at 37°C with 5% carbon dioxide.
Transfection of scrambled small interfering (siRNA) and TLE2 siRNAs (5'-
GGC UCA ACA UUG AAA UGC ATT-3' and 5'-UGC AUU UCA AUG
UUG AGC CCG-3" [Ambion]) into 293/Bac36 cells was carried out with Lipo-
fectamine 2000 (Invitrogen, Inc., Carlsbad, CA), following the manufacturer’s
protocol.

The dual-luciferase reporter assay system from Promega was used to test
promoter activity, based on the manufacturer’s protocol. The results shown
represent experiments performed in triplicate.

Coimmunoprecipitation and Western blot analysis. Thirty million 293T cells
were transfected with pcDNA-TLE2 and/or pCR3.1-RTA and incubated for 24
h. The cells were then lysed in radioimmunoprecipitation assay (RIPA) buffer
(50 mM Tris [pH 7.6], 150 mM NaCl, 2 mM EDTA, 1% Nonidet P-40, 1 mM
phenylmethylsulfonyl fluoride [PMSF], aprotinin [1 pg/ml], and pepstatin [1
pg/ml]) for 1 h on ice, with brief vortexing every 15 min. A portion of the
lysate was removed for use as a control. The lysates were precleared by 1 h
of incubation with protein A-Sepharose beads. Anti-His-TLE2 or anti-RTA
antibodies were incubated with the lysates overnight at 4°C. Immunoprecipi-
tates were collected by rotating with protein A-Sepharose beads for 1 h and
were washed five times in RIPA buffer. The protein was then heated in
SDS-B-mercaptoethanol lysis buffer and analyzed by SDS-PAGE. Western
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blot analysis was performed by using antibodies specific for the detection of
TLE2 or RTA. For BCBLI cells, a total of 10% cells were treated by tetra-
decanoyl phorbol acetate (TPA; 10 ng/ml) for 24 h, and the protocol de-
scribed above was followed.

Quantitative real-time PCR analysis. Quantitative real-time PCR was used for
a relative quantitative comparison of RTA, PAN, ORF57, thymidine kinase
(TK), and ORF65 levels over time. At various time points posttransfection of
TLE2, cells were harvested, and total RNA was collected using Trizol reagent
(Invitrogen) following the manufacturer’s instructions. cDNA (20 wl) for real-
time PCR was generated from 5 pg of total RNA with a First Strand cDNA
Synthesis Kit (Fermentas UAB, Fermentas International Inc., Burlington, Can-
ada) and priming with 1 pl of oligo(dT),g, according to the manufacturer’s
instructions. The primer sequences for the real-time PCR system were designed
and chosen with Primer Express software, version 3.0 (Applied Biosystems, Inc.,
Foster City, CA). They are listed in Table 1.

The real-time PCRs were performed with a SYBR green Real-Time PCR
Master Mix kit (Toyobo, Osaka, Japan). Reaction mixtures in a total volume of
20 pl consisted of 10 wl of Master Mix, 1 mM (each primer), and 4 wl of diluted
c¢DNA product. Following 2 min at 50°C, the DNA polymerase was activated at
95°C for 10 min, followed by 40 cycles at 95°C for 15 s and at 60°C for 1 min. The
standard curves for target genes and B-actin cDNAs were generated by serial
dilution, and melting curve analysis was performed to verify the specificity of the
products. The values for the relative quantification were calculated by the AAC,-
(where Cy is threshold cycle) method. Data were normalized to human B-actin
levels for the equal amount of cDNA input in each sample, and values are
reported as the increase in mRNA accumulation compared to the mock cell
mRNA levels. All reactions were carried out six times with a 7900HT sequence
detection system (Applied Biosystems). As a negative control, each plate con-
tained a minimum of three wells that lacked a template.

PCR analysis of virus progeny. To determine whether TLE2 can repress
KSHYV replication and reduce the production of viral progeny, 10 million expo-
nentially growing TRE-BCBL1-RTA cells were collected, centrifuged, and re-
suspended in 400 pl of RPMI 1640 medium along with increasing amounts of
TLE2 plasmid and transfected under the conditions described above. At 12 h
posttransfection, cells were induced by 20 ng/ml tetracycline in the medium. Cells
were further incubated for 2 days at 37°C under 5% CO,. The supernatant was
then collected and passed through a 0.45-pm-pore-size filter, and viral particles
were spun down at 15,000 rpm for 20 min. Intact cells were discarded to prevent
possible lysis and contamination from cellular viral DNA. The pellet was resus-
pended in 50 pl of 0.2X PBS, heated to 95°C for 15 min, and switched to 56°C
for 1 h with proteinase K treatment (10 mg/ml). The enzyme was then destroyed
by treatment at 95°C for 30 min. A 5-pl portion of virus lysate was used for PCR
amplification of the KSHV-specific region of ORF9. The primer pair used
(ORF9-F and ORF9-R) is listed in Table 1.

Preparation of GST fusion proteins and in vitro binding assays. BL21 cells
were transformed with the plasmid constructs for each fusion protein, and fol-
lowing selection with ampicillin, single colonies were selected. A total of 500 ml
of Luria-Bertani medium was inoculated at a dilution of 1:200 and allowed to
shake at 37°C until mid-exponential growth phase. Cells were induced with 1 mM
isopropyl-B-p-thiogalactopyranoside for 4 h with continuous shaking at 37°C.
Cells were harvested and sonicated, and the proteins were solubilized in the
presence of protease inhibitors. Solubilized proteins were incubated with gluta-
thione S-transferase (GST)-Sepharose beads for 6 h or overnight at 4°C with
rotation, collected by centrifugation, and washed three times in NETN buffer
(0.5% NP-40, 20 mM Tris, 1 mM EDTA, 100 mM NaCl) with protease inhibitors.
GST fusion proteins bound to beads were used for binding assays and were
stored in NETN buffer with protease inhibitors and 1 mM PMSF at 4°C. To
determine the binding of the GST-TLE2 fusion protein to full-length RTA and
its various truncations, proteins were translated in vitro with [*>S]Met (GE, Inc.,
Fairfield, CT) by using the TNT system (Promega), in accordance with the
manufacturer’s instructions. Labeled RTA proteins were incubated with equiv-
alent amounts of the GST-TLE2 fusion protein bound to beads and rotated at
4°C for 4 h, followed by five washes in 1 ml of NETN buffer with protease
inhibitors. Bound proteins were eluted from the beads in SDS lysis buffer by
heating at 95°C for 10 min and fractionated by 10% SDS-PAGE. Dried gels were
analyzed with a PhosphorImager (Molecular Dynamics Inc., Sunnyvale, CA),
and signals were quantified with ImageQuant software (Molecular Dynamics
Inc., Sunnyvale, CA).

Immunofluorescence. Immunofluorescence was performed as described pre-
viously (34). At 24 h posttransfection or postinduction, the cells were fixed
briefly, blocked in the appropriate serum, and incubated with the specific
primary antibody for TLE2 or RTA for 1 h. Cells were washed and incubated
further with the appropriate secondary antibody conjugated to fluorescein
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FIG. 1. GST binding assay, coimmunoprecipitation, and immunofluorescence indicate that TLE2 interacts with RTA in vitro and in vivo.
(A) GST-fused RTA protein (aa 1 to 530) bound to in vitro transcribed and translated **S-labeled TLE2 protein. In vitro transcribed and translated
TLE2 was added to immobilized GST-RTA or GST control. A control lane indicates the size of the labeled in vitro transcribed and translated
TLE2, using as input counts per minute about 20% of those used in the pulldown assay with GST-RTA. (B) HEK 293T cells were transfected with
expression constructs of His-tagged TLE2 and/or full-length RTA. Following extract preparation, complexes were immunoprecipitated with His
or RTA MAD and analyzed by Western blotting. (C) BCBLI cells were mock induced or TPA induced. Cell extracts were immunoprecipitated with
anti-TLE2 antibody and analyzed by Western blotting with anti-RTA MAD. (D) Immunofluorescence showed that RTA was localized to the same
nuclear compartment as TLE2 in different cells. HEK 293T cells were transfected with 20 g of pcDNA3.1 (M, mock) or cotransfected with 10
png of pCR3.1-RTA and 10 pg of pcDNA-TLE2 expression vectors (T, transfection). At 24 h posttransfection, cells were harvested for
immunofluorescence analysis. Uninduced (Un) or induced (In) BCBLI1 cells were also used for immunofluorescence analysis. In, input; Pc,

preclear; IP, immunoprecipitation; WB, Western blotting.

isothiocyanate or Texas Red at 1:1,000 dilutions in PBS for 1 h. Slides were
washed and visualized with a DM6000B fluorescence microscope (Leica, Inc.,
Solms, Germany) and photographed by using a digital camera and software
(Leica, Inc.).

ChIP assays. A chromatin immunoprecipitation (ChIP) assay was performed
as described previously (68). Briefly, 1 x 10° 293/Bac36 cells transfected with
TLE2 were used per assay. At 12 h postinduction, the cells were UV cross-linked
and washed twice with ice-cold PBS with protease inhibitors. An anti-RTA
polyclonal IgG was used to immunoprecipitate DNA fragments. PCRs were
performed on the immunoprecipitated DNA using 7aq polymerase (Invitrogen)
and primers toward the PAN or ORF57 promoter.

EMSA. Oligonucleotides that spanned the RTA response element were syn-
thesized, annealed, and end labeled with T4 polynucleotide kinase (Promega,
Inc.) following purification with Select-D with G-25 columns (Shelton/IBI, Inc.,
Toronto, Canada). Radioactive probes were diluted in water to a final concen-
tration of 80,000 cpm/pl. An electrophoretic mobility shift assay (EMSA) was
performed as described previously (32, 34, 40). The oligonucleotide pairs used to
generate double-stranded probes are listed in Table 1.

RESULTS

Two-hybrid screening for RTA-interacting proteins. RTA
encoded by KSHYV functions as a transcription activator, which
can interact with various cellular factors to control the virus life
cycle. A number of these binding proteins, such as K-RBP and
RBP-Jk were identified by using yeast two-hybrid assay screen-
ing of cDNA libraries constructed from BCBLI cells or human
placenta (37, 72). To further understand the role of host fac-
tors in RTA-mediated transactivation, we carried out yeast
two-hybrid screening using a commercial human spleen cDNA
library.

Full-length RTA fused with Gal4/DBD (where DBD is
DNA-binding domain) activated the Gal4 reporter gene by
itself by means of its C-terminal transcription activation do-
main consisting of 161 amino acids (71). A truncated RTA that
lacked the activation domain was fused with Gal4/DBD, which
served as the bait and did not activate the Gal4 reporter gene
by itself. By screening the human spleen cDNA library, we
obtained 68 independent cellular cDNA clones. One of the
candidates was human TLE2 [E(spl) homolog, Drosophila],
whose C-terminal 307 amino acids were identified by sequenc-
ing the fusion junction of a clone recovered from the spleen
library. This candidate was identified 20 times during the
screening and was strongly positive by B-Gal assay.

To confirm the interaction of RTA and TLE2, we first ex-
amined whether TLE2 synthesized in vitro could interact with
the N terminus of RTA fused with GST immobilized on GSH-
Sepharose beads. TLE2 was translated using rabbit reticulo-
cyte lysates in the presence of [*>S]Met and incubated with the
immobilized RTA-N-GST fusion protein or control GST
alone. After extensive washing, bound TLE2 was recovered
from the beads and examined by SDS-PAGE. As shown in Fig.
1A, TLE2 bound efficiently to the N terminus of RTA. How-
ever, TLE2 did not bind to the C terminus of RTA (Fig. 1A).

We further tested whether the interaction between RTA and
TLE2 could be observed in mammalian cells. First, we trans-
fected 293T cells with expression constructs of a His-tagged
TLE2 and a full-length RTA, individually or together. Follow-
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ing extract preparation, complexes were immunoprecipitated
with the His or RTA MAb and subjected to SDS-PAGE,
blotted onto membranes, and probed with specific antibodies.
As shown in Fig. 1B (upper panel), TLE2 was precipitated
efficiently with anti-RTA antibody when cotransfected with
RTA but not when expressed in the absence of RTA. In the
reverse immunoprecipitation assay, RTA was also precipi-
tated with anti-His antibody (Fig. 1B, bottom panel). Sec-
ond, we carried out coimmunoprecipitation with KSHV-
infected BCBLI cells that bore latent KSHV episomes to
confirm the interaction between endogenous TLE2 and RTA.
Cell lysates prepared from TPA-treated or untreated BCBLI1
cells were precipitated with goat anti-TLE2 polyclonal anti-
body, and the precipitates were immunoblotted with RTA
MAD. Compared with the immunoprecipitation complex from
extract of BJAB or untreated BCBL1 cells, an RTA band of
100 to 130 kDa could be observed in that from TPA-treated
BCBLI cells (Fig. 1C).

To corroborate the binding results from the in vitro bind-
ing and immunoprecipitation assays, we performed immu-
nofluorescence analysis to determine whether TLE2 and
RTA could be colocalized in the same nuclear compart-
ment. First, 293T cells were cotransfected transiently with
TLE2-His and pCR3.1-RTA expression constructs or trans-
fected with pcDNA3.1. Twenty-four hours posttransfection,
cells were harvested, fixed, and probed with a mouse MAb
against the His tag and rabbit antiserum against RTA. Fluo-
rescein isothiocyanate and Texas Red conjugated to the ap-
propriate secondary antibody were used for detection of the
signals. The results of this study showed that TLE2 and RTA
localized to the same nuclear compartments in 293T cells. This
suggested that exogenously transfected TLE2 and RTA pro-
tein colocalized in a similar compartment in the nucleus; how-
ever, there were no detectable signals in mock-transfected cells
(Fig. 1D, upper panel). Second, we used tetracycline to induce
TRE-BCBLI1-RTA cells. Twelve hours postinduction, when
RTA was expressed, cells were fixed for immunofluorescence
and stained as described above. The results showed that
endogenous TLE2 and RTA were colocalized in the same
nuclear compartments in TRE-BCBL1-RTA cells (Fig. 1D,
bottom panel). However, in control noninduced cells, TLE2
localized to the nucleus, but no RTA signals were observed
(Fig. 1D, bottom panel). Taken together, these results sug-
gest that TLE2 is a new KSHV RTA binding protein.

TLE2 represses auto-activation mediated by RTA. The above
study demonstrated convincingly that TLE2 can interact with
RTA. The interesting question raised here is, What is the
functional significance of this interaction? Previous studies
have demonstrated that members of the Groucho/TLE family,
to which TLE2 belongs, mediate long-range transcription re-
pression upon recruitment to DNA (5). Recently, it has been
shown that Gro/TLE binds to Pax2, inhibits its phosphoryla-
tion, and antagonizes Pax2-mediated transactivation, thereby
converting Pax2 from an activator to a repressor (7, 20). To
answer the question whether TLE2 can also antagonize RTA-
mediated transactivation, we tested the effect on the ability of
RTA to activate its own promoter by TLE2 expressed exog-
enously from a heterologous promoter. HEK293 or DG75 cells
were transfected transiently with expression vectors that con-
tained RTA, pRpluc reporter plasmid, and TLE2. As shown
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previously, RTA greatly augmented the activation of the re-
porter, as seen by luciferase activity, from its native promoter
in pRpluc in HEK 293 and DG?75 cells (Fig. 2A). Coexpression
of TLE2 in increasing amounts, however, resulted in inhibition
of the transactivation activity of RTA in a dose-dependent
manner (Fig. 2A).

TLE2 inhibits transactivation mediated by RTA. The above
results showed that TLE2 repressed auto-activation mediated
by RTA. It may also be possible that TLE2 inhibits the trans-
activation mediated by RTA. A luciferase assay was carried out
to test if TLE2 could really repress the transactivation of RTA
downstream genes. Previous studies have shown that ORF K8,
ORF57, ORF59, and PAN are early genes that are upregulated
by RTA during lytic reactivation (6, 16, 23, 40, 61, 65, 67). In
this experiment, HEK293 or DG75 cells were transfected tran-
siently with RTA expression vector, reporter plasmids, and
TLE?2 in increasing amounts. As expected, RTA greatly stim-
ulated the activation of these reporters, as seen by luciferase
activity, from PAN, K8, ORF57, and ORF59 promoter in
HEK?293 and DG7S5 cells (Fig. 2B to E). Coexpression of TLE2
in increasing amounts, however, resulted in inhibition of the
transactivation activity of RTA in a dose-dependent manner
(Fig. 2B to E).

TLE2 inhibits KSHV reactivation from latency. The above
results suggested that TLE2 inhibited RTA-mediated auto-
activation, as well as transactivation in the reporter assay sys-
tem. To explore the effect of TLE2 on RTA in the context of
KSHV-infected cells, we took advantage of a 293/Bac36 cell
line, generated by S. J. Gao, which harbored the KSHV ge-
nome that was inserted into a bacterial artificial chromosome
with the green fluorescent protein (GFP) gene under the con-
trol of the immediate-early (IE) cytomegalovirus (CMV) pro-
moter (80). 293/Bac36 cells were transfected transiently by
pcDNA3-TLE2 or pcDNA3 as a control. At 24 h posttransfec-
tion, the cells were induced by TPA for another 24 h. Real-
time PCR was performed to determine the transcription level
of RTA in TPA-treated or mock-treated cells. The expression
of RTA in this system was inhibited by TLE2 (Fig. 3A).

Previous studies have shown by initiating expression of a
series of downstream lytic genes that RTA is necessary and
sufficient for KSHV reactivation from latency (41, 65). The
experiments above showed definitively that TLE2 repressed
transactivation of different viral promoters mediated by RTA.
This suggests that TLE2 inhibits viral reactivation and plays a
role in maintenance of latency. To test this possibility, 293/
Bac36 cells were transfected with RTA expression vector to
reactivate the virus while the TLE2 expression construct or
pcDNAS3 was cotransfected. At 24, 48, and 72 h posttransfec-
tion, cells were harvested and subjected to RNA preparation,
and specific gene transcripts were determined by real-time
PCR. As shown in Fig. 3B, expression of the KSHYV lytic genes,
including the immediate-early gene PAN, delayed early genes
(ORF57 and TK), and late genes (ORF65), was repressed
strongly in TLE2-coexpressing cells.

The above experiment showed that TLE2 suppressed the
lytic gene expression controlled by RTA during lytic reactiva-
tion. We wanted to determine if increased expression of TLE2
from a heterologous promoter resulted in decreased produc-
tion of viral particles. Ten million TRE-BCBL1-RTA cells, in
which RTA expression could be induced by tetracycline (51),
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FIG. 3. TLE2 downregulates RTA-mediated lytic gene transactivation and KSHV virion production through repression of RTA.
(A) Real-time PCR analysis of RTA transcripts in 293/Bac36 cells induced by TPA. 293/Bac36 cells were transfected with TLE2 expression
vector or control vector. At 12 h posttransfection, cells were treated with TPA at a final concentration of 20 ng/ml. Real-time PCR was
performed at 24 h postinduction. (B) Real-time PCR analysis of PAN, ORF57, TK, and ORF65 transcripts in 293/Bac36 cells. 293/Bac36
cells were transfected with an RTA expression vector to reactivate the virus. A TLE2 expression construct or pcDNA3 was cotransfected.
Real-time PCR was performed at 12, 24, 48, and 72 h posttransfection. (C) Ten million BCBL1 cells were transfected with 5, 10, or 20 pg
of pcDNA-TLE2 expression vector. At 24 h posttransfection, cells were induced with TPA. At 72 h postinduction, supernatants of transfected
cells were harvested for PCR to check the virion production level of KSHV. A standard curve for virion quantification was used to calculate
the number of KSHYV virions in the supernatants. (D) Cell lysates were analyzed by Western blotting for expression of transfected protein
with His MADb to detect TLE2, K8.1 MAD to detect KSHV ORF K8.1, RTA MAD to detect RTA protein, and the B-actin polyclonal antibody
for levels of internal control. Lanes 1, 20.0 pg of pcDNA3.1; lanes 2, 5 pg of pcDNA-TLE2 and 15 pg of pcDNA3.1; lanes 3, 10 pg of
pcDNA-TLE2 and 10 g of pcDNA3.1; lanes 4, 20 pg of pcDNA-TLE2.

were transfected with increasing amounts of pcDNA3.1-TLE2.
At 12 h posttransfection, cells were induced by adding 20 ng/ml
tetracycline to the medium. Cells were incubated for another
72 h. The supernatant was collected at this time point and
prepared for collection of virus, as described previously (33—
35). The results indicated that increasing amounts of TLE2
reduced production of viral particles, as shown by real-time
PCR analysis (Fig. 3C), which was consistent with modulated
viral protein expressed in TLE2-transfected cells (Fig. 3D).
Mapping the interaction domains in RTA and TLE2. To
define the regions of TLE2 that are involved in interaction with
RTA, we examined the ability of full-length RTA synthesized
in vitro with [**S]Met to interact with truncated versions of
TLE2-GST fusion protein immobilized on GST-Sepharose
beads as mentioned above (Fig. 4A). Comparison of Drosoph-
ila and human Groucho/TLE proteins first highlighted a
shared five-domain structure, characterized by two remarkably
conserved N- and C-terminal domains and three less-con-

served internal regions (36). The highly conserved Gln-rich
(Q) and Trp-Asp repeat (WDR) domains were essential for
Groucho/TLE to interact with a variety of DNA-binding pro-
teins and mediate transcriptional repression. The less-con-
served internal region contained three portions, the Gly-Pro-
rich (GP), CcN, and Ser-Pro-rich (SP) domains that regulate
Groucho/TLE subcellular localization, phosphorylation, and
transcription repression activity. As shown in Fig. 4B, TLE2
constructs that contained the Q, SP, or WDR domain bound
efficiently and specifically to RTA. These studies suggested
that there were three distinct domains on TLE2 that were
important for interaction with RTA.

A similar approach was used to define the regions of RTA
that were required for interaction with TLE2. A series of
truncation versions of RTA were translated in vitro with
[*>S]Met and examined for their ability to interact with TLE2-
Q-GST, TLE2-SP-GST, or TLE2-WDR-GST fusion proteins.
As shown in Fig. 4C, RTA constructs that contained only aa

FIG. 2. TLE2 represses RTA-mediated auto-activation (A) and transactivation (B to E). Ten million HEK 293 cells or DG75 lymphoma cells
were transfected with 1 pg of luciferase reporter construct, 1 ug of pCR3.1-RTA, and 2.5, 5, 10, or 20 pg of pcDNA-TLE?2 expression construct.
Total transfected DNA was normalized with pcDNA3.1. Promoter activity was expressed as the fold activation relative to activity with reporter
alone (control). Means and standard deviations (SDs) from three independent transfections are shown. Protein lysates were analyzed by Western
blotting (WB) for expression of transfected protein with His MAD to detect TLE2 and the RTA MAD to detect RTA protein and for levels of
internal control with the B-actin polyclonal antibody.
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FIG. 4. Mapping the RTA interaction domains in TLE2 and TLE2 interaction domains in RTA. (A) SDS-PAGE was used to analyze the
purified GST-fused TLE2 domains expressed in E. coli. (B) Truncated versions of TLE2 (TLE2-Q, TLE2-GP, TLE2-CcN, TLE2-SP, and
TLE2-WDR) are shown schematically, along with the positions of the start and end residues. All TLE2 truncated constructs (directed under T7
promoter) were *°S labeled by in vitro translation (1/10 loading), bound to GST or GST-RTA-N beads, washed with NETN buffer, and separated
by SDS-PAGE. (C) The conserved domains of RTA and truncated versions of RTA (RTA-AF, RTA-AG, RTA-BE, RTA-BF, RTA-DE, and
RTA-CE) are shown schematically, along with the positions of the start and end residues: the basic region (aa 1 to 237), Leu repeats (aa 247 to
269), activation domain (AD), and two nuclear localization sites (NLS-1 and NLS-2). All RTA truncated constructs (directed under T7 promoter)
were *°S labeled by in vitro translation (1/10 loading), bound to GST or GST-TLE2-Q/SP/WDR beads, washed with NETN buffer, and separated
by SDS-PAGE. (D) TLE2/RBP-Jk competition for RTA binding is shown in the top panel. TLE2 and RBP-Jk were in vitro transcribed and
translated. The **S-labeled products were incubated with GST-RTA-N. A fixed amount of RBP-Jk and increasing amounts of TLE2 (left) or a fixed
amount of TLE2 and increasing amounts of RBP-Jk (right) were used. Pulldown products were electrophoresed on 8% SDS-PAGE gels, dried,
and exposed to a PhosphorImager. Input controls of 10% for TLE2 and RBP-Jk were also run. In the bottom panel, a fixed amount of RBP-Jk
(left) or TLE2 (right) and increasing amounts of luciferase were used. Pulldown products were electrophoresed on 8% SDS-PAGE gels, dried, and

exposed to a PhosphorImager.

273 to 530 and 372 to 530 (clones DE and CE) bound poorly
to TLE2 constructs. However, a nonoverlapping construct
(clone AG) that bore aa 1 to 246 bound efficiently, as did
clones BE (aa 170 to 530) and BF (aa 170 to 400). The smallest
fragment capable of binding TLE2 was located between aa 170
and 246, which contained the Pro-rich, N-terminal, Leu hep-
tapeptide repeat (LR).

The LR region was necessary for interaction between
RTA and DNA-binding protein RBP-Jk, the major down-
stream target of the Notch signaling pathway (37). It has

been shown that RTA can transactivate several downstream
genes through interaction with RBP-Jk (38). It is possible
that TLE2 can disassociate a complex of RTA and RBP-Jk
through competing with RBP-Jk for binding at the same
region, thus inhibiting the transactivation mediated by RTA.
To further explore the question of competition between
TLE2 and RBP-Jk for RTA binding, TLE2 and RBP-Jk were
translated in vitro with [>>S]Met labeling, and the translated
products were incubated with GST-RTA-N to determine the
relative binding affinity of TLE2 and RBP-Jk to RTA (Fig. 4D,
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left panel). In this binding assay, the amount of RBP-Jk was
constant, and increasing amounts of TLE2 were added to de-
termine the impact of TLE2 levels on the interaction of RTA
and RBP-Jk. TLE2 could compete directly and disrupt RBP-Jk
binding to RTA (Fig. 4D, left panel). However, in control
experiments, increasing amounts of luciferase control protein
did not have any effect on RBP-Jk binding to RTA (Fig. 4D,
left panel), which indicated that TLE2 competed specifically
with RBP-Jk for binding to RTA. Conversely, TLE2 that was
bound to RTA could also be replaced by RBP-Jk in a dose-
dependent manner (Fig. 4D, right panel).

Q domain is necessary for repression mediated by TLE2. As
previously shown, TLE proteins do not have a recognizable
DNA-binding domain, but the Q domain of Groucho/TLE is
sufficient to mediate repression if tethered to DNA through a
Gal4 DNA-binding domain (55). The above experiments indi-
cated that the Q domain of TLE2 interacted with RTA. It is also
possible that this interaction allowed the Q domain of TLE2 to
access to DNA, and repress transactivation mediated by RTA.

To test this possibility, HEK 293 cells were transfected tran-
siently with expression vectors that contained RTA, the pPAN-
pluc or p59pluc reporter plasmid, and the Q domain of TLE2. As
shown previously, RTA greatly augmented activation of the re-
porters, as seen by luciferase activity in HEK 293 cells. Coexpres-
sion of TLE2-Q in increasing amounts, however, resulted in in-
hibition of the transactivation activity of RTA in a dose-dependent
manner (Fig. 5A).

The observation that the Q domain repressed transcription
when recruited to DNA by binding to RTA raises the possi-
bility that this domain can oligomerize with the endogenous
Groucho family proteins and recruit a corepressor complex to
the promoter. Previous studies have shown that oligomerization
of TLE:s is necessary for transcription repression and is mediated
by the Q domain (46). To test this hypothesis, HEK 293 cells were
transfected transiently with expression vectors that contained
RTA, the pPANpluc or p59pluc reporter plasmid, full-length
TLE2, and TLE2-Q. As shown previously, TLE2 repressed the
transactivation mediated by RTA, as seen by luciferase activity in
HEK 293 cells. Coexpression of TLE2-Q in increasing amounts
resulted in inhibition of the transactivation activity of RTA in a
dose-dependent manner, which suggested cooperation between
TLE2-Q and TLE2 (Fig. 5B).

We next generated a truncated TLE2 expression plasmid
that contained all but the Q domain of TLE2, termed TLE2-
delta Q. HEK 293 cells were transfected transiently with ex-
pression vectors that contained RTA, the p59pluc reporter
plasmid, and the delta-Q domain of TLE2. RTA augmented
activation of the reporter, as seen by luciferase activity in HEK
293 cells, as expected (40). However, coexpression of TLE2-
delta Q in increasing amounts showed no repressive activity
(data not shown).

Finally, the first 51 amino acids of the Q domain were in-
serted into pcDNA3.1 or pGEX-4T to construct Q1.2 or GST-
Q1.2. This region, which was predicted as the first of the two
a-helices of the Q domain, showed no interaction with RTA
but did bind to the Q domain that mediated homopolymeriza-
tion of TLE2 and interfered with the interaction between
TLE2 and RTA (Fig. 5C). When HEK 293 cells were trans-
fected transiently with expression vectors that contained RTA,
the pPANpluc or p59pluc reporter plasmid, full-length TLE2,
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and TLE2-Q1.2, dominant negative activity of Q1.2 was ob-
served (Fig. 5D). Taken together, these experiments indicated
that the Q domain is necessary for repression activity of TLE2.

TLE2 and RTA form a complex when recruited to RRE. The
results above showed that TLE2 replaced RBP-Jk when bind-
ing to RTA, a promising mechanism for repression of trans-
activation mediated by a combination of RTA and RBP-Jk.
However, it did not function in the case of repression of the
PAN promoter, which contained no authentic RBP-Jk binding
site and could be activated through direct binding by RTA.
Previous studies have shown that transcription can be re-
pressed directly by preventing the binding of activators to the
DNA or by formation of a corepressor complex in which TLE2
participates as a component (9). To test which model could
function in this case, we incubated a **P-labeled oligonucleo-
tide that corresponded to the RREs identified in PAN (Fig.
6A), ORF K8 (Fig. 6B), or ORF59 (Fig. 6C) promoter with
nuclear extract from the HEK 293 cells transfected with RTA,
TLE2, or both. After incubation, complexes were assayed by
EMSA and autoradiography. Figure 6 shows that RTA alone
led to strong complex formation (Fig. 6A to C, lanes 2). The
RTA-bound complexes were supershifted by an anti-RTA
MADb (Fig. 6A to C, lanes 3). However, there were no super-
shifts formed by adding nonspecific antibody (Fig. 6A to C,
lanes 4). Expectedly, TLE2 alone did not bind to the probes
and form any shifts (Fig. 6A to C, lanes 5). An RTA/TLE2
binding shift was observed and augmented by incubation with
increasing amounts of TLE2 (Fig. 6A to C, lanes 6 8). The
band that represented this complex could be supershifted by
anti-RTA or anti-His MAb but not by nonspecific antibody
(Fig. 6A to C, lanes 9 to 11). In addition, there was no shift
formed by RTA or His MAD alone (Fig. 6A to C, lanes 12 and
13). Thus, TLE2 was involved in formation of a corepressor
complex when recruited to RTA. To corroborate this result, we
performed ChIP assays using nonreactivated and reactivated
293/Bac36 cells transfected with TLE2 (Fig. 6D). In reacti-
vated 293/Bac36 cells, endogenous RTA interacted with the
PAN and ORFS57 promoters in the presence of TLE2 (Fig.
6D). These results suggested that TLE2 recruited a repression
complex to inhibit transcription of RTA downstream genes
instead of directly inhibiting the binding of RTA to its respon-
sive elements.

TLE2 knockdown enhances RTA-mediated transactivation
and lytic replication. The fact that TLE2 repressed transcrip-
tion of RTA downstream genes suggests that TLE2 func-
tions as a negative modulator of RTA and contributes to
maintenance of viral latency. To address the question under
physiological conditions, we used siRNA to knock down the
expression of TLE2 and explore the role of TLE2 in RTA-
mediated reactivation. We first assessed the expression lev-
els of TLE2 in different cell lines. The result revealed that
TLE2 constitutively expresses in differential cell lines, but
the expression levels of TLE2 vary (Fig. 7A). As a result of
the extremely low transfection efficiency of BCBLI1 cells, we
performed these experiments in 293 cells, which are infected
latently with Bac36 recombinant virus. Cells (2 X 10°) were
transfected by 12.5 pmol of TLE2-specific siRNA or an
equal amount of control siRNA, by using Lipofectamine
2000. To confirm the effectiveness of TLE2 siRNAs upon
transfection into the 293/Bac36 cells, immunoblotting was
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FIG. 5. Q domain is indispensable for repression mediated by TLE2. (A) Ten million HEK 293 cells were transfected with 1 pg of
luciferase reporter construct, 1 ng of pCR3.1-RTA, and 2.5, 5, 10, or 20 pg of pcDNA-TLE2-Q expression construct. (B) Ten million HEK
293 cells were transfected with 1 pg of luciferase reporter construct, 1 pg of pCR3.1-RTA, 10 ng of TLE2, and 2.5, 5, or 10 pg of
pcDNA-TLE2-Q expression construct. Total transfected DNA was normalized with pcDNA3.1. Promoter activity was expressed as the fold
activation relative to activity with reporter alone (control). Means and standard deviations (SDs) from three independent transfections are
shown. (C) TLE2-Q and RTA constructs (directed under T7 promoter) were *>S labeled by in vitro translation (1/10 loading), bound to GST
or GST-TLE2-Q1.2 beads, washed with NETN buffer, and separated by SDS-PAGE (upper panel). TLE2 (directed under T7 promoter) were
38 labeled by in vitro translation (1/10 loading), bound to either GST or GST-TLE2-Q beads, washed with NETN buffer, and separated by
SDS-PAGE (middle panel). TLE2-Q1.2-interfered tetramerization of TLE2. TLE2-Q and TLE-Q1.2 were in vitro transcribed and translated
(bottom panel). The **S-labeled products were incubated with GST-RTA-N. A fixed amount of TLE2 and increasing amounts of TLE2-Q1.2
were used. Pulldown products were electrophoresed on 8% SDS-PAGE gels, dried, and exposed to a PhosphorImager. Input controls of 10%
for TLE2 and TLE2-Q1.2 were also run. A fixed amount of TLE2 and increasing amounts of luciferase were used. Pulldown products were
electrophoresed on 15% SDS-PAGE gels, dried, and exposed to a PhosphorImager. (D) Ten million HEK 293 cells were transfected with
1 pg of luciferase reporter construct, 1 pg of pCR3.1-RTA, 10 wg of TLE2, and 2.5, 5, or 10 pg of pcDNA-TLE2-Q1.2 expression construct.
Total transfected DNA was normalized with pcDNA3.1. Promoter activity was expressed as the fold activation relative to activity with
reporter alone (control). Means and SDs from three independent transfections are shown.

iments were performed using the TLE2-specific siRNAs in
the presence of TPA. 293/Bac36 cells were transfected with
TLE2-specific or scrambled siRNAs and induced with TPA
at 24 h posttransfection. At 24 and 48 h posttreatment with

carried out to detect endogenous TLE2 levels at 24 and 48 h
posttransfection (Fig. 7B). Upon effective depletion of
TLE2 using siRNAs, we assessed what effect depletion of
TLE2 had on reactivation and lytic gene expression. Exper-
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FIG. 6. TLE2 and RTA form a complex when recruited to RRE. (A, B, and C) **P-labeled oligonucleotides that corresponded to the RREs
identified in ORF57, ORF K8, and ORF59 promoters were incubated with nuclear extract from HEK 293 cells transfected with RTA, TLE2, or
both. After incubation, complexes were analyzed by EMSA and autoradiography. The RTA-bound complexes were supershifted by anti-RTA MAb
(lanes 3). Complex formation was augmented by incubation with increasing amounts of TLE2 (lanes 6 to 8), and the band representing this complex
could be supershifted by anti-RTA or anti-His MADb (lanes 9 and 10). No shift was observed by addition of RTA or His MAb alone (lanes 12 and
13). R, anti-RTA MADb; H, anti-His MAb; N, nonspecific antibody. (D) TLE2 did not diminish the association between RTA and the RRE in
293/Bac36 cells. ChIP assays were carried out on nonreactivated and reactivated 293/Bac36 cells transfected with pcDNA-TLE2. Reactivated cells
were treated with 20 ng/ml TPA. Endogenous RTA and associated DNA fragments were coimmunoprecipitated using an RTA-specific polyclonal
IgG and protein A-agarose alongside agarose only and IgG controls. PCR amplification using primers against the PAN or ORF57 promoter
(bottom). Immunoblotting was carried out with an RTA-specific IgG to confirm RTA expression following reactivation and with an actin-specific
IgG to demonstrate equal loading. P, positive control; N, negative control.

TPA, cells were harvested and subjected to RNA preparation,
and specific genes transcripts (ORF57 and TK) were determined
by real-time PCR. As shown in Fig. 7C, an increase in transcrip-
tion level of the KSHYV lytic genes, including the delayed early
genes ORF57 and TK, was observed in the presence of TLE2-
specific siRNAs upon reactivation.

Furthermore, we wanted to determine if depletion of
TLE2 resulted in increased production of virions. The su-
pernatant was collected at 48 h postinduction, and the virus
lysate was used for PCR amplification. The result showed
that depletion of TLE2 increased the production of virus
particles (Fig. 7D). These results suggest that depletion of
TLE2 enhances RTA transactivation during the early stages
of lytic replication.

RTA upregulates expression of TLE2. The above results
showed that the cellular corepressor TLE2 interacted with
RTA and repressed transactivation mediated by RTA. This

suggests that TLE2 is a negative regulator for RTA and plays
a role in maintenance of virus latency. Previously, another
transcriptional repressor, Heyl, was shown to be upregulated
by RTA (77). It is possible that TLE2 expression is responsive
to RTA induction upon stimulation within the microenviron-
ment. This is likely to be a mechanism that is employed by host
cells that facilitate maintenance of virus latency. To test this
hypothesis, an RTA expression construct or pcDNA3 was
transfected into HEK 293 cells. At 12, 24, 48, and 72 h post-
transfection, cells were harvested and subjected to RNA prep-
aration, and specific gene transcripts were determined by real-
time PCR. As shown in Fig. 8A, the transcriptional level of
TLE2 was upregulated by RTA. This relative increase in TLE2
levels was associated with increasing amounts of exogenous
RTA transfected in HEK 293 cells. Similar results were ob-
tained from TRE-BCBL1-RTA cells in which RTA expression
was induced by tetracycline. At 12, 24, 48, and 72 h postinduc-
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FIG. 7. TLE2 knockdown enhances RTA-mediated transactivation and lytic replication. (A) The expression level of TLE2 was assessed by
quantitative reverse transcription-PCR and Western blotting. In the upper panel, the data shown are an average of the results obtained with
triplicate reactions. Error bars indicate the standard deviations of the three averaged replicates. In the bottom panel, Western blotting was
performed for analysis of TLE2 expression in various cell lines. Beta-actin was used as internal control. (B) 293/Bac36 cells were transfected with
TLE2-specific RNAI, and cells were harvested at 24 and 48 h posttransfection. TLE2 was detected by Western blotting. (C) 293/Bac36 cells
transfected with TLE2-specific RNAi were treated by TPA and harvested at 24 and 48 h posttreatment. ORF57 and TK transcripts were analyzed
by real-time PCR. (D) Supernatants of transfected cells were harvested at 48 h postinduction for PCR to check the virion production level of KSHV
(left). A standard curve for virion quantification was used to calculate the number of KSHYV virions in the supernatants (right).

tion, cells were harvested and subjected to RNA preparation,
and TLE2 transcripts were determined by real-time PCR. The
transcriptional level of TLE2 was upregulated by RTA and
increased according to the time course of induction (Fig. 8B).
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(B) cells. HEK 293 cells were transfected with RTA expression vector. TRE-BCBL1-RTA cells were treated with tetracycline. Real-time PCR was
performed at 12, 24, 48, and 72 h posttransfection or postinduction. (C) Cell lysates of TRE-BCBL1-RTA cells treated by tetracycline were
analyzed by Western blotting (WB) for levels of expression of TLE2 with the TLE2 polyclonal antibody and for levels of internal control with the
beta-actin polyclonal antibody. The relative densities of the bands were measured with ImageQuant software (Molecular Dynamics).

The levels of protein were also detected by specific antibody.
RTA was induced by tetracycline, and TLE2 increased during
induction (Fig. 8C). This suggests that TLE2 is responsive to
RTA expression and could be upregulated by RTA.
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FIG. 9. Summary of RTA binding proteins with confirmed binding
regions within RTA: TRAP/mediator and SWI/SNF (27), CREB-bind-
ing protein and HDAC (28), STAT3 (29), RBP-Jk (37), interferon
regulatory factor 7 (69, 79), and CCAAT/enhancer-binding protein-
alpha (75). Other RTA binding proteins with no RTA binding region
defined, such as LANA (33), Oct-1 (56), are not shown here.

DISCUSSION

The combination of latent infection and lytic replication is
essential for KSHV oncogenesis. The majority of infected cells
harbor the virus genome as a latent episome (2, 10, 15). How-
ever, a small subset of tumor cells undergoes spontaneous viral
lytic replication, which sustains KS lesions through a paracrine
mechanism (48-50). This phenomenon suggests that the in-
fected cells are under a dynamic balance between latency
maintenance and reactivation. RTA encoded by ORF50 of
KSHYV plays a pivotal role in control of the virus life cycle,
which is necessary and sufficient for conversion of the virus to
lytic replication, because of its potential to initiate the highly
programmed virus lytic genes expression cascade (65). The
choice as to whether KSHV should reactivate or maintain
latency depends on the comprehensive effect of factors that
repress (such as LANA [latency associated nuclear antigen|
and NF-«B) and stimulate (such as XBP-1 and RTA) expres-
sion of RTA and initiation of lytic replication (31).

To date, a number of RTA-binding proteins have been iden-
tified. These binding proteins play a crucial role in facilitating
or suppressing RTA-mediated transactivation, which contrib-
utes to viral lytic reactivation or maintenance of viral latency.
Figure 9 lists the well-recognized RTA-binding proteins,
including those that have a confirmed RTA-binding region:
TRAP/mediator and SWI/SNF (27), CREB-binding protein
and histone deacetylase (HDAC) (28), STAT3 (29), RBP-Jk
(37), Octamer (56), interferon regulatory factor 7 (69, 79),
CCAAT/enhancer-binding protein-alpha (75), and LANA
(33). As shown in Fig. 9, there were some binding proteins that
bound to the same regions within RTA. This raised a very
important question about how these proteins work together to
regulate viral life cycles. It is worth the effort to decipher these
mechanisms in the future.

In this study, by screening a human spleen cDNA library
with a yeast two-hybrid assay, we identified a host cellular
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corepressor, TLE2, which interacts with RTA and arrests ini-
tiation of reactivation mediated by RTA. The cDNA library
was derived from the spleen, which is the largest peripheral
lymphoid organ and is populated by lymphocytes at distinct
differentiation stages, and, therefore, it contains the whole
pool of cDNAs associated with B lymphocytes, which are be-
lieved to be the major host reservoir of KSHV (19).

TLE2 belongs to the Groucho/TLE family, which includes
broadly expressed nuclear factors that lacking intrinsic DNA-
binding activity and which interacts with a variety of DNA-
binding proteins (5, 9). The recruitment of Groucho to specific
gene-regulatory sequences results in transcriptional repres-
sion. In invertebrates and vertebrates, Groucho family mem-
bers act as important regulators of several signaling mecha-
nisms, including the Notch, Wingless/Wnt, and Dpp/BMP/
TGF-B signaling pathways (11, 17, 18, 30, 58, 78), especially
during the regulation of multiple patterning and differentiation
events. Moreover, deregulated expression of human Groucho
family members is correlated with several neoplastic conditions
(14).

In this study, we showed that TLE2 can independently in-
hibit the ability of RTA to auto-activate its own promoter. We
also showed that this activity occurs through direct binding
with RTA in a dose-dependent manner. Furthermore, trans-
activation mediated by RTA through binding to RRE directly
(PAN) or in combination with cellular factors, such as RBP-Jk
(ORF5Y9), is reduced gradually by increasing amounts of TLE2.
Therefore, during primary infection or lytic reactivation, TLE2
may directly downregulate the transcription of RTA and mod-
ulate RTA transactivation activity. That increasing amounts of
exogenously expressed TLE2 can downregulate virion produc-
tion and that TLE2 can be upregulated by RTA suggest that
there is a feedback mechanism between RTA and TLE2.
Downregulation of RTA-mediated transactivation by TLE2
could be an important mechanism by which the host cell re-
sponds to the microenvironmental stimuli that potentially re-
activate the virus through preventing expression of viral genes
and suppressing viral DNA replication during coevolution of
virus and host. This is supported by recent studies on Epstein-
Barr virus, another human herpesvirus, which have demon-
strated that the corepressor Groucho/TLE can repress EBNAL1
(Epstein-Barr virus nuclear antigen 1) auto-activation and in-
terfere with latent infection by cooperation with Oct-1 (60).

Human Groucho/TLE proteins contain a five-domain struc-
ture. This is characterized by two remarkably conserved Gln-
rich (Q) and Trp-Asp repeat (WDR) domains that are essen-
tial for interaction with a variety of DNA-binding proteins and
for mediating transcriptional repression. The proteins also
contain three less-conserved internal regions: the Gly-Pro-rich
(GP), CcN, and Ser-Pro-rich (SP) domains that, respectively,
regulate Groucho/TLE subcellular localization, phosphoryla-
tion, and transcription repression. The Q, SP, and WDR do-
mains of TLE2 were shown to interact with RTA in our study.
Additionally, the clone recovered from the spleen cDNA li-
brary by yeast two-hybrid assay included the SP and WDR
domains.

TLE2-delta-Q, which lacks the Q domain, showed no inhi-
bition of RTA transactivation although it was sufficient to bind
to RTA. This indicates that the Q domain is indispensable for
repression of transactivation mediated by RTA. In a re-
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porter gene assay, the Q domain alone or in cooperation
with full-length TLE2 displayed repression activity. In con-
trast, a smaller truncated form of the Q domain that con-
tained only the first a helix, which could not interact with
RTA but could bind to the Q domain and interfere with the
interaction between RTA and TLE2, had a dominant neg-
ative effect on TLE2 trans-repression activity. As reported
previously, this result suggests that oligomerization of TLE2
is necessary for TLE2 to mediate optimal repression, and
TLE2 might be part of a repression complex.

The mechanism of Groucho/TLE-mediated repression has
not been clarified yet, but it seems as if different methods
might be used on different occasions. The important role of
RBP-Jk in combination with RTA in activating transcription is
reminiscent of the competition between TLE2 and RBP-Jk for
the RTA binding site. The mechanism by which TLE2 de-
prived RTA of RBP-Jk, thereby arresting the transcription
which is activated by RTA-RBP-Jk complex, is promising. We
also speculate about which mechanism is used in the case of
PAN promoter repression, which contains no RBP-Jk binding
site and can be bound by RTA directly. Previous studies have
shown that transcription can be repressed directly by preven-
tion of binding of activators to DNA or by interaction with the
basal transcriptional machinery. This results in at least two,
possibly coordinated, processes that involve inhibition of the
RNA polymerase II complex and chromatin remodeling, re-
spectively (1, 5, 7, 42, 57). In the in vitro system, a complex of
TLE2, RTA, and RRE was observed. Consistent with the sig-
nificance of oligomerization mediated by the Q domain, it is
possible that TLE2 replaces the specific coactivator and par-
ticipates in the formation of a repression complex (4, 12, 26).

Taken together, the data presented here are consistent with
the model in which TLE2 plays a crucial role in the host
response to KSHYV reactivation and latency maintenance. Dur-
ing latent infection, expression of RTA is controlled tightly and
repressed by LANA and other cellular factors. After induction
by some stimuli, such as hypoxia, RTA can accumulate by
positive feedback and initiate transcription of early viral rep-
lication genes (13). TLE2 responds to KSHV RTA expression,
competes with the specific DNA-binding protein RBP-Jk for
binding RTA, and recruits repression complex components
(such as HDAC) when bound to RREs by direct interaction
with RTA. This results in repression of ORF50 promoter and
attenuation of delayed-early gene transactivation mediated by
RTA, thereby maintaining latency. As a result of TLE2 con-
servation among invertebrate and vertebrate animals and long-
term paragenesis in human beings, KSHV has evolved to adapt
to host cell immunity and utilize the repression mediated by
TLE2 to maintain latent infection. During B-lymphocyte dif-
ferentiation or other physical or pathological processes that
result in inhibition of TLE2, KSHYV is reactivated to lytic rep-
lication.

Our studies revealed an important function of TLE2 in the
control of transactivation mediated by KSHV RTA. They also
provide convincing evidence for TLE2 to be added to the list of
proteins that can downregulate RTA function. Further studies
will be necessary to explore the possibility and significance of
interaction between other members of the Groucho/TLE fam-
ily and RTA based on the phenomenon that Q and WDR
domains are highly conserved among Groucho/TLE family
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members. It is also possible to observe the regulation of Groucho/
TLE proteins by KSHV when it is considered that one of mi-
croRNAs encoded by KSHYV is predicted by software to target
TLEA4.
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