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Epstein-Barr virus (EBV) EBNA2 and Kaposi’s sarcoma-associated herpesvirus (KSHYV) replication and
transcription activator (RTA) are recruited to their responsive elements through interaction with a Notch-
mediated transcription factor, RBP-Jk. In particular, RTA and EBNA2 interactions with RBP-Jk are essential
for the lytic replication of KSHV and expression of B-cell activation markers CD21 and CD23a, respectively.
Here, we demonstrate that like EBV EBNA2, KSHV RTA strongly induces CD21 and CD23a expression
through RBP-Jk binding sites in the first intron of CD21 and in the CD23a core promoter, respectively.
However, unlike EBV EBNA2, which alters immunoglobulin p (Igm) and c-myc gene expression, RTA did not
affect Igp and c-myc expression, indicating that KSHV RTA targets the Notch signal transduction pathway in
a manner similar to but distinct from that of EBV EBNA2. Furthermore, RTA-induced expression of CD21
glycoprotein, which is an EBV receptor, efficiently facilitated EBV infection. In addition, RTA-induced CD23
glycoprotein underwent proteolysis and gave rise to soluble CD23 (sCD23) molecules in B lymphocytes and
KSHV-infected primary effusion lymphocytes. sCD23 then stimulated primary human lymphocytes. These
results demonstrate that cellular CD21 and CD23a are common targets for B lymphotropic gammaherpesvi-
ruses and that KSHV RTA regulates RBP-Jk-mediated cellular gene expression, which ultimately provides a
favorable milieu for viral reproduction in the infected host.

Kaposi’s sarcoma-associated herpesvirus (KSHV), also
called human herpesvirus 8, is thought to be an etiologic agent
of Kaposi’s sarcoma (KS) (4). KSHV is also associated with
two diseases of B-cell origin: primary effusion lymphoma
(PEL) and an immunoblast variant of Castleman disease (2, 3).
An important step in the herpesvirus life cycle is the switch
from latency to lytic replication. The KSHV replication and
transcription activator (RTA) plays a central role in this switch.
Ectopic expression of KSHV RTA is sufficient to disrupt viral
latency and activate lytic replication to completion (8, 23, 35,
38). RTA activates the expression of numerous viral genes in
the lytic cycle of KSHYV, including its own promoter, polyade-
nylated nuclear RNA, K12, ORF57, vOX-2, viral G-protein-
coupled receptor, and VIRF1. While the details of RTA-medi-
ated transcriptional activation remain unclear, several pieces
of evidence suggest that RTA activates its target promoter
through direct binding to the specific sequence (20) and/or
interaction with various cellular transcriptional factors. In fact,
numerous cellular proteins, such as Stat3, KRBP, RBP-Jk/
CBF1, and CBP, interact with RTA, and these interactions act
synergistically with RTA transcriptional activity (10, 11, 18, 19,
32, 44). Furthermore, our recent study (9) demonstrated that
RTA recruits cellular SWI/SNF and TRAP/mediator com-
plexes through its carboxy-terminal short acidic sequence. Re-
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cruitment of these complexes onto viral lytic promoters is es-
sential for their effects on target promoters and KSHV
reactivation (9).

Epstein-Barr virus (EBV) EBNA2 and KSHV RTA have
been shown to be recruited to their responsive elements
through interaction with the transcription factor RBP-Jk (13,
18, 21). RBP-Jk binding sites are present in a number of
EBNAZ2- and RTA-regulated viral promoters. RBP-Jk, which
was originally purified and characterized by Kawaichi et al.
(17) and Hamaguchi et al. (12), has been highly conserved in
the evolution from nematodes to humans. Biochemical and
genetic studies have demonstrated that RBP-Jk acts down-
stream of the receptor Notch. Activation of the Notch receptor
by binding of its ligands (Delta, Jagged, or Serrate) leads to
proteolytic cleavage of the receptor at the inner side of the
membrane (30). The Notch intracellular domain (NIC) is then
translocated to the nucleus, where it activates genes by inter-
acting with RBP-Jk. EBNA2 and RTA may thus be regarded
as functional homologs or mimics of the activated Notch pro-
tein. Indeed, NIC has been shown to be capable of functionally
substituting for EBNA?2 in the context of EBV for primary
B-cell transformation (7). However, the cellular targets of cel-
lular NIC do not completely overlap with those of EBNAZ2:
EBNA2 and RTA both activate CD21 (CR2, EBV receptor)
gene expression and repress immunoglobulin p (Igp) expres-
sion, whereas EBNA2, but not NIC, activates CD23a gene
expression (37).

Despite detailed studies of RTA-mediated viral gene expres-
sion, the cellular targets of RTA have not been characterized.
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Here, we demonstrate that, similar to EBV EBNA2 and cel-
lular NIC, KSHV RTA activates cellular CD21 and CD23a
gene expression through their RBP-Jk binding sites, resulting
in drastic increases in the expression of CD21 and CD23a on
the surfaces of RTA-expressing B cells and KSHV-infected
PEL cells. RTA-mediated upregulation of CD21 surface ex-
pression consequently results in the enhancement of EBV in-
fection, while upregulation of CD23a results in the activation
of primary lymphocytes. Thus, RTA interacts with RBP-Jk and
strongly activates the expression of B-cell-specific surface mol-
ecules, which may offer a favorable environment for reproduc-
tion of KSHV and other viruses.

MATERIALS AND METHODS

Cell culture and transfection. 293T, BJAB, and BCBL-1 cells were grown in
Dulbecco’s modified Eagle’s medium or RPMI 1640 medium supplemented with
10% fetal calf serum. EBV-infected B95 and AGS cells were induced with
phorbol-12-tetradecanoate-13-acetate (TPA) (20 ng/ml) (Sigma, St. Louis, Mo.).

RNA extraction and reverse transcriptase PCR (RT-PCR). Total RNA (10
ng) was used for the synthesis of first strand cDNA according to the manufac-
turer’s instructions. Aliquots of cDNA samples were then PCR amplified with a
combination of forward and reverse gene-specific primers. The amplified PCR
products were separated on 2% agarose gels, visualized by ethidium bromide
staining, and photographed.

Microarray analysis. Total RNA was isolated from TREXBJAB-cDNAS and
TREXBJAB-RTA cells (stimulated and unstimulated) with the use of Trizol
(Invitrogen). For each microarray, 20 ug of a RNA sample was processed
according to the manufacturer’s standard protocol (Affymetrix, Santa Clara,
Calif.) and hybridized to an Affymetrix HGU95A chip. The data from two
independent experiments were analyzed by using the Affymetrix Mass 5.0 soft-
ware and Genespring software (Silicon Genetics, Redwood City, Calif.).

Quantitative real-time RT-PCR. Real-time PCR was performed by the fol-
lowing thermocycling protocol: (i) 1 cycle of 2 min at 50°C and 10 min at 95°C;
and (ii) 40 cycles, with 1 cycle consisting of 15 s at 95°C and 1 min at 60°C. The
primer pairs against CD21 (forward primer, GCCGACACGACTACCAACC;
backward primer, AGCAAGTAACCAGATTCACAGC), CD23 (forward
primer, GGAATTGAACGAGAGGAACGAAG; backward primer, AAAGCC
GCTGGACACCTG), and B-actin (forward primer, AGGTGACAGCAGTCG
GTTG; backward primer, TGGGGTGGCTTTTAGGATGG) were synthesized
by Gene Link. Real-time PCR was completed with SYBR green PCR Master
Mix and analyzed with MyQ software according to the manufacturer’s instruc-
tions (Bio-Rad Instrument). For each primer pair, amplification efficiencies were
determined by creating a standard curve; the log of the relative target quantity
was plotted versus the cycle threshold value. The standard curves demonstrated
various amplification efficiencies between primer pairs with slopes ranging from
—3.6 to —3.3 representing amplification efficiencies between 90 and 100%, re-
spectively. A dissociation curve was generated for each primer pair and demon-
strated the amplification of a single product. The sizes of the amplified products
were confirmed by agarose gel electrophoresis. Reactions were completed in
duplicate, and no-template controls were included for each primer pair. The
induction level of CD21 and CD23 expression in RTA-expressing cells was
normalized to the B-actin transcript level and presented as fold induction com-
pared with that in control cells.

Luciferase assay. Cells were transfected with pCD21-Luc and pCD21-Luc-
Intron (kindly provided by J. H. Weis, University of Utah School of Medicine)
(46) or CD23-AC-Luc and CD23-ACP-Luc (kindly provided by H. P. Tony,
University of Wurzburg, Wurzburg, Germany) (41), B-galactosidase plasmid, and
the indicated amount of empty vector, RTA expression vector, or NIC expression
vector (kindly provided by P. Ling, Baylor College of Medicine) (7). At 48 h
posttransfection, cells were washed twice with phosphate-buffered saline (PBS),
lysed, and analyzed by luciferase assay (Promega, Madison, Wis.). Luciferase
levels were normalized to B-galactosidase activity and presented as fold induc-
tion compared with the control.

EBYV infection. EBVfaV-GFP and EBV-ATK-GFP were obtained after 5 days
of stimulation of B95-EBVfaV-GFP cells (kindly provided by Rich Longnecker,
Northwestern Medical School) (36) with TPA (20 ng/ml) or after stimulation of
AGS-EBV-ATK-GFP cells (1) with butyric acid (3 mM). Viral suspensions were
used to infect doxycycline (DOXY)-treated or untreated TRExBJAB-cDNAS
and TREXBJAB-RTA cells by incubating the virus suspension with 10° cells in
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a volume of 1 ml of complete RPMI 1640 medium containing TPA and butyric
acid for 1 h at 37°C with vigorous agitation. At 48 h postinfection, BJAB cells
were fixed and immunostained with anti-CD21, anti-CD23, anti-MHC-I (anti-
major histocompatibility complex class I), or anti-MHC-II antibodies.

Flow cytometry. Cells (5 X 10°) were washed with RPMI 1640 medium con-
taining 10% fetal calf serum and incubated for 30 min with antibodies. Cells were
then incubated for 20 min at 4°C with secondary anti-mouse antibodies (Pharm-
ingen, San Diego, Calif.). After the cells were washed, each cell sample was fixed
with 2% paraformaldehyde, and fluorescence-activated cell sorting analysis was
performed with a FACScan (Becton Dickinson, Mountain View, Calif.).

ELISA of soluble CD23 (sCD23). Purified anti-CD23 antibody was diluted to
1 pg/ml in PBS (pH 7.5). Each well of a 96-well enzyme-linked immunosorbent
assay (ELISA) plate (Dynex) was coated with 100 pl of the anti-CD23 solution
in coating buffer (0.2 M sodium phosphate, pH 6.5) overnight at 4°C. The wells
were blocked for 1 h with PBS supplemented with 1% bovine serum albumin.
After the wells were blocked, they were washed with PBS containing 0.05%
Tween 20 and incubated with the supernatants of DOXY-treated TRExBJAB-
c¢DNAS or TREXBJAB-RTA cells. The wells were washed with PBS containing
0.05% Tween 20 and incubated with alkaline phosphatase-conjugated goat anti-
mouse Ig (diluted 1:4,000; Jackson Laboratory) for 1 h at room temperature.
After the wells were washed, they were developed by the addition of p-nitrophe-
nyl phosphate (Sigma) in diethanolamine substrate buffer (Pierce, Rockford,
1IL).

RESULTS

KSHYV RTA activates CD21 and CD23a gene expression. To
identify cellular genes activated by KSHV RTA, we compared
the cellular transcriptional profiles of parental cells and cells
expressing RTA. For this assay, we used KSHV- and EBV-neg-
ative BJAB cell lines (TREXBJAB-cDNAS5 and TRExXBJAB-
RTA cells) in which the Myc epitope-tagged wild-type RTA gene
was integrated into the chromosomal DNA under the control of
a tetracycline-inducible promoter (27). Treating these cells with
DOXY rapidly and strongly induced RTA expression. After
DOXY treatment of TREXBJAB-cDNAS cells and TRExBJAB-
RTA cells for 0, 24, and 48 h, total RNAs were isolated and
analyzed by using an Affymetrix microarray. Comparing the tran-
scriptional profiles of TREXBJAB-cDNAS cells and TRExBJAB-
RTA cells to the profile of parental cells indicated that approxi-
mately 100 of 12,000 cellular genes were induced by at least
threefold, and approximately 13 genes were repressed by at
least twofold (Table 1). Of these cellular genes, the expression
levels of CD21 and CD23a genes were consistently induced in
TREXBJAB-RTA cells by 7- and 10-fold, respectively, after 24 h
of DOXY treatment, and by 11- and 20-fold, respectively, after
48 h of DOXY treatment.

To confirm the induction of CD21 and CD23a gene expres-
sion by RTA, TRExBJAB-cDNAS and TREXBJAB-RTA cells
and KSHV-positive TRExBCBL1-cDNAS5 and TRExBCBLI1-
RTA cells were treated with DOXY. After 0, 24, and 48 h of
treatment, total RNAs were isolated and analyzed by RT-PCR
to measure the expression of CD21 and CD23a genes. In
addition, cellular actin, c-myc, and Igu genes were included as
controls. CD21 and CD23a mRNAs in TREXxBJAB-RTA and
TRExBCBLI-RTA cells were induced and remained at ele-
vated levels after 48 h of treatment with DOXY (Fig. 1). In
contrast, CD21 and CD23a mRNAs in TRExBJAB-cDNAS5
and TREXBCBLI1-cDNAS cells stayed at low levels through-
out the DOXY treatment (Fig. 1). Densitometry analysis indi-
cated a twofold induction of CD21 and a three- to fivefold
induction of CD23a mRNA in TREXBJAB-RTA and TREx
BCBLI1-RTA cells after 48 h of DOXY treatment.

Because of the weak sensitivity of RT-PCR analysis in quan-
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TABLE 1. Summary of results of microarray analysis®

Gene

Accession no.

Fold change”

sparc/osteonectin, cwev and kazal-like domains proteoglycan (testican)

Plasma glutamate carboxypeptidase

Junctional adhesion molecule 2

Flavin-containing monooxygenase 3

Hypothetical protein DKFZp434P2235

Zinc finger protein 278

Fragile X mental retardation, autosomal homolog 1
Transient receptor potential channel 1

Caspase 6, apoptosis-related cysteine protease
Hypothetical protein FLJ20059

CGI-127 protein

Lymphocyte antigen 95 (activating NK receptor; NK-p44)
MD-1, RP105-associated

CD53 antigen

Purinergic receptor P2X, ligand-gated ion channel 1
Pellino homolog 2 (Drosophila)

Hypothetical protein FLJ22344

Cystathionase (cystathionine +y-lyase)

KIAAO0740 gene product

Vascular endothelial growth factor

RAB-8b protein

Glutathione S-transferase M2 (muscle)

Ryanodine receptor 3

B-cell translocation gene 1, antiproliferative

Chemokine (C-C motif) receptor 7

Acid phosphatase, prostate

Programmed cell death 4 (neoplastic transformation inhibitor)
FK506 binding protein 5

ADP-ribosylation factor 1

Programmed cell death 4 (neoplastic transformation inhibitor)
Microtubule-associated protein tau

Polymerase (RNA) II (DNA-directed) polypeptide E (25 kDa)
Solute carrier family 21 (organic anion transporter), member 11
H3 histone family, member K

RagD protein

KIAA0620 protein

Sialic acid binding Ig-like lectin 8

Poly(A) polymerase gamma

LPS-induced TNF-a¢

Hairy/enhancer-of-split related with YRPW motif 1
Growth arrest and DNA-damage-inducible, alpha
Glutathione S-transferase M1

Villin 2 (ezrin)

Basigin (OK blood group)

Crystallin, mu

Putative UDP-GalNAc:polypeptide N-acetylgalactosaminyltransferase T9

Thioredoxin-interacting protein

UDP-GIcNAc:B-Gal B-1,3-N-acetylglucosaminyltransferase 1
Basement membrane-induced gene

Hydroxyacyl-coenzyme A dehydrogenase/3-ketoacyl-coenzyme A
Thiolase/enoyl-coenzyme A hydratase, alpha subunit
SH3-domain, GRB2-like, endophilin B2

Secreted protein, acidic, cysteine-rich (osteonectin)

Zinc finger homeobox 1B

Tropomodulin

Lysophosphatidic acid phosphatase

Syntrophin, gamma 2

Phorbolin-like protein MDS019

Guanine nucleotide binding protein (G protein), gamma 7
Scaffold attachment factor B

Tropomodulin

Interleukin 1 receptor, type 11

BCL2-like 1

Mpyeloid or lymphoid or mixed-lineage leukemia; translocated to 2
ATP-binding cassette, subfamily B (MDR/TAP), member 4
RNase 6 precursor

Insulin-like growth factor binding protein 6

Hemopoietic cell kinase

Stress-induced-phosphoprotein 1 (Hsp70/Hsp90-organizing protein)
CD22 antigen

Hypothetical protein FLJ20607

Integrin, beta 7

AF231124
NM_016134
NM_021219
NM_006894
ALT36860
AF254087
AI990766
NM_003304
BCO00305
AW006750
NM_016061
NM_004828
NM_004271
NM_000560
U45448
NM_021255
NM_024717
NM_001902
AB(18283
AF022375
NM_016530
NM_000848
NM_001036
AL535380
NM_001838
NM_001099
NM_014456
NM_004117
AA580004
NM_014456
J03778
AI554759
BC00585
NM_003536
AF272036
AL575403
NM_014442
NM_022894
AB(34747
NM_012258
NM_001924
X08020
AF199015
AL550657
NM_001888
BEJ06572
AA812232
NM_006577
NM_004848
BG472176

NM_020145
NM_003118
NM_014795
BCO02660
NM_016361
NM_018968
NM_021822
NM_005145
AI769566
NM_003275
U64094
U72398
NM_005935
NM_000443
NM_003730
NM_002178
NM_002110
ALS53320
X52785
NM_017899
NM_000889
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3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
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TABLE 1—Continued

Gene

Accession no. Fold change”

OLF-1/EBF-associated zinc finger gene

H2A histone family, member O

Kinesin-like 4

Anaphase-promoting complex subunit 5

Translocase of inner mitochondrial membrane 10 homolog (yeast)
Myosin binding protein C, slow type

Glutathione S-transferase M4

Palladin

Lymphocyte cytosolic protein 2

Small inducible cytokine A3

Transcription factor 3

Myosin, light polypeptide 3, alkali; ventricular, skeletal, slow
Neurturin

Nuclear factor I/B

Inhibitor of DNA binding 1, dominant-negative helix-loop-helix protein
Neutrophil cytosolic factor 2

Chitinase 3-like 2

Inactive progesterone receptor, 23 kDa

Solute carrier family 1, member 1

Mitogen-activated protein kinase kinase 2

Natural killer cell receptor 2B4

Eukaryotic translation initiation factor SA

C-type lectin, superfamily member 6

CD21 (complement component 3d or EBV) receptor 2
Enolase 1, (alpha)

CD23a (Fc fragment of IgE, low-affinity II, receptor for CD23a receptor for CD23a)

Sjogren syndrome antigen B (autoantigen La)

Origin recognition complex, subunit 5-like (yeast)
UDP-Gal:BGIcNAc B-1,3-3-galactosyltransferase, polypeptide 3
Fyn-related kinase

Aldehyde dehydrogenase 1 family, member Al

C-terminal binding protein 1

Novel putative protein similar to YILO91C yeast hypothetical 84-kDa protein

Tumor necrosis factor receptor superfamily, member 17
Caldesmon 1

Bromodomain adjacent to zinc finger domain, 1A
Pre-B-lymphocyte gene 3

v-myb myeloblastosis viral oncogene homolog (avian)-like 1
KIAA0974 protein

AW149417 49
Al313324 52
AC002301 55
BF967271 55
AT082078 5.9
BF593509 6.1
M99422 6.1
AU157932 6.2
NM_005565 6.4
NM_002983 6.5
AAT68906 6.6
NM_000258 6.9
ALI161995 7

BC001283 7.1
D13889 7.6
BC001606 7.6
U58515 7.8
BE903880 8.1
AW235061 8.5
AI762811 8.7
NM_016382 9.2
NM_001970 9.3
AF200738 9.5
NM_001877 1

U88968 143
NM_002002 20

BG532929 -37
AF081459 -3.1
AB050855 -3.1
NM_002031 -3.0
NM_000689 -29
BF984434 ~27
AI770084 -27
NM_001192 ~26
NM_004342 ~25
AAT102574 -25
NM_013378 —24
AW592266 -22
AW241779 -2.1

“The CD21 and CD23a entries are shown in bold type, as they gave the highest fold changes compared to the values from parental cells.

® Fold change compared to the value for parental cells.
¢ LPS, lipopolysaccharide; TNF-a, tumor necrosis factor alpha.

titation, real-time RT-PCR was performed on RNAs from
DOXY-treated or untreated TREXBJAB-cDNAS and TREx
BJAB-RTA cells with the primers for cellular CD21, CD23a,
and PB-actin transcripts. It showed that CD21 and CD23a
mRNA levels remained low in control TREXBJAB-cDNAS
cells for both DOXY-treated cells and untreated cells (Fig.
1B). In striking contrast, the levels of CD21 and CD23a mRNA
were greatly increased in TREXBJAB-RTA cells upon DOXY
treatment: the mRNA levels of CD21 and CD23a genes were
induced by 160- and 23-fold, respectively, after 24 h of DOXY
treatment, and by 40- and 20-fold, respectively, after 48 h of
DOXY treatment (Fig. 1B). Interestingly, the level of CD21
mRNA peaked at 24 h of DOXY treatment and declined to
the basal level at 48 h of DOXY treatment, whereas CD23a
mRNA remained at elevated levels after 48 h of DOXY treat-
ment, showing the different kinetics between RTA-mediated
CD21 and CD23a mRNA induction. It should be noted that
CD21 and CD23a expression was detected at a high level in
untreated TREXxBJAB-RTA cells because of the leakiness of

DOXY-induced RTA expression (Fig. 1B). Finally, cellular
c-myc and Igp expression that is altered by EBV EBNA2 and
cellular NIC (37) was examined by RT-PCR and immunoblot
analyses. These analyses showed that unlike EBV EBNA2 and
cellular NIC, KSHV RTA did not induce a detectable level of
alteration in c-myc or Igp gene expression (Fig. 1A and data
not shown). Cellular actin and tubulin controls were also un-
changed by DOXY treatment (Fig. 1A).

To further demonstrate the RTA-mediated induction of
CD21 and CD23a, their level of surface expression was mea-
sured by flow cytometry. KSHV-negative TREXBJAB-cDNAS
and TRExBJAB-RTA cells and KSHV-positive TRExBCBLI-
c¢DNAS and TRExBCBLI1-RTA cells were treated with DOXY
for 0, 24, and 48 h, fixed with paraformaldehyde, and allowed
to react with anti-CD21 and anti-CD23a antibodies. Anti-
MHC-I, anti-MHC-II, anti-Igp, and anti-ICAM1 antibodies
were included as controls. The levels of CD21 and CD23a
expressed on the cell surfaces of TREXxBJAB-RTA cells in-
creased by 10- and 1,000-fold after 48 h of DOXY treatment,
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FIG. 1. Induction of CD21 and CD23a gene expression. (A) RT-PCR and immunoblot analyses of cellular gene expression induced by RTA.
(Top) TREXxBJAB-cDNAS, TREXxBJAB-RTA, TREXBCBL1-cDNAS, and TRExBCBL1-RTA cells were stimulated with DOXY (1 pg/ml) for 0,
24, or 48 h or left alone. Total RNA was purified from each sample and used for RT-PCR analysis of the indicated genes. PCR mixtures were
analyzed by agarose gel electrophoresis. TRExXBCBL1-cDNAS5 and TRExBCBL1-RTA cells showed no Igw expression (data not shown). Total
RNA purification and RT-PCR were repeated at least three times independently with similar results. (Bottom) Cells were stimulated with DOXY
(1 pg/ml) or left alone as described above and analyzed by immunoblotting with anti-c-myc and antitubulin antibodies. (B) Quantitative real-time
RT-PCR analysis. TREXxBJAB-cDNAS and TREXBJAB-RTA cells were stimulated with DOXY (1 pg/ml) for 0, 24, or 48 h or left alone.
Quantitative real-time RT-PCR of CD21, CD23a, and B-actin mRNA was performed with RNA isolated as described in Materials and Methods.
The results are presented as the fold induction of the value obtained for the RNA sample from TREXBJAB-RTA cells to the value obtained from
RNA from TREx-BJAB-cDNAS cells. The ratios were also normalized to the B-actin transcript level.

respectively (Fig. 2). In contrast, their surface expression was
not altered on TRExBJAB-cDNAS control cells (Fig. 2A). In
addition, the surface expression of MHC-I, MHC-II, Igw, and
ICAM1 were not altered on either cell type with or without
DOXY treatment, indicating that RTA specifically induced the
surface expression of CD21 and CD23a (Fig. 2A and data not

shown). When KSHV-positive TREXxBCBL1-cDNAS5 and
TRExXBCBLI1-RTA cells were tested in the same assay, the
surface expression of CD21 and CD23a increased only on
TRExBCBL1-RTA cells, but not on TRExBCBL1-cDNAS5
cells (Fig. 2B). However, we noticed that the levels of CD21
and CD23a expressed on the cell surface induced by RTA were
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FIG. 2. Upregulation of CD21 and CD23 surface expression induced by RTA. TRExBJAB-cDNA5 and TRExXBJAB-RTA cells (A), TREx
BCBL1-cDNAS5 and TREXBCBL1-RTA cells (B), and TREXBJAB-cDNAS5 and TREXBJAB-NIC cells (C), were treated with 1 pg of DOXY per
ml for 0, 12, and 48 h, fixed, and then reacted with the indicated antibodies for flow cytometry. The values for control TREXBJAB-cDNAS5 and
TREXBCBL1-cDNAS cells (dark gray histograms) and TREXBJAB-RTA, TREXxBCBL1-RTA, and TRExXBJAB-NIC cells (light gray lines) are
indicated.
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FIG. 3. Activation of CD21 promoter activity by RTA. 293T and BJAB cells were transfected with pCD21-Luc (CD21) or pCD21-Luc-Intron
(CD21-Intron) reporter together with empty vector or RTA expression vector. Cotransfection with pGK-B-Gal provided a control reporter for
transfection efficiency. At 48 h posttransfection, cell lysates were used for luciferase and B-galactosidase assays. Luciferase activity is presented as
the average * standard deviation (error bar) of three independent experiments.

lower on TREXBCBL1-RTA cells than on TRExBJAB-RTA
cells (Fig. 2). Furthermore, unlike TREXBJAB-RTA cells on
which MHC-I and ICAM1 were not affected by RTA expres-
sion, TRExBCBL1-RTA cells displayed a considerable reduc-
tion of MHC-I and ICAM1 surface expression upon DOXY
treatment (Fig. 2B). The reduction of MHC-I and ICAM1
surface expression was likely mediated by KSHV K3 and K5
proteins, and the levels of expression of K3 and K5 proteins
were induced by RTA-initiated lytic replication (5, 16).

To compare RTA with cellular NIC in the regulation of
CD21 and CD23 surface expression, cellular NIC was also
placed under the control of the DOXY-inducible promoter in
TRExXBJAB cells. Immunoblotting analysis showed that NIC
expression was strongly induced upon DOXY treatment of the
TREXBJAB-NIC cells (data not shown). These cells were
treated with DOXY for 0, 24, and 48 h, fixed with paraformal-
dehyde, and allowed to react with ant-CD21, anti-CD23a, anti-
MHC-I, and anti-MHC-II antibodies. Flow cytometry showed
that NIC expression strongly induced CD21 surface expression
in a tetracycline-inducible manner, whereas it did not induce
CD23a surface expression under the same conditions (Fig.
2C). Furthermore, TREXxBJAB-NIC cells showed no alteration
of MHC-I surface expression and a slight reduction of MHC-II
surface expression after 48 h of DOXY treatment (Fig. 2C). In
summary, KSHV RTA and EBV EBNA2 induce cellular CD21
and CD23a gene expression, whereas cellular NIC induces only
CD21 gene expression. Both EBV EBNA2 and cellular NIC
alter c-myc and Igu expression (37), whereas RTA does not
affect Ign and c-myc gene expression. These results collectively
indicate that KSHV RTA targets the Notch-mediated signal
transduction pathway in a manner similar to but distinct from
those of EBV EBNA2 and cellular NIC.

RTA activates CD21 promoter activity through its intronic
silencer. While EBV EBNA2 activates cellular CD21 gene
expression (47), the detailed mechanism has not been eluci-
dated. Recent studies have indicated that cell- and stage-spe-
cific expression of CD21 is regulated by an intronic transcrip-
tional silencer sequence (24) and that this intronic
transcriptional silencer sequence contains a binding site for the

transcriptional repressor RBP-Jk (14). To identify the RTA-
mediated elements responsible for the activation of human
CD21 expression, reporter constructs pCD21-Luc and pCD21-
Luc-Intron were used to measure the transcription activity of
CD21. pCD21-Luc contained the 5'-proximal promoter region
of the CD21 gene (1,272 bp 5’ of the initiating ATG codon),
and pCD21-Luc-Intron contained the additional 1.6 kb of in-
tron 1 (14).

To determine the effect of RTA activity on the CD21 pro-
moter, 293T and BJAB cells were transfected with pCD21-Luc
or pCD21-Luc-Intron reporter together with vector alone or
RTA expression vector. The pGK-B-Gal reporter was also
included as a control for transfection efficiency. At 48 h post-
transfection, cell lysates were used for luciferase and B-galac-
tosidase assays. RTA was not able to activate the promoter
activity of pCD21-Luc in either 293T or BJAB cells, whereas it
efficiently activated the promoter activity of pCD21-Luc-Intron
under the same conditions (Fig. 3). Note that a low level of
CD21-Luc-Intron promoter activation was detected in BJAB
cells. This was probably because of the presence of a B-cell-
type-specific repressor element, the E-box motif, in the CD21
proximal promoter region; cellular E2A repressor binds to this
motif and inhibits CD21 gene expression in a B-cell-specific
manner (40). Nevertheless, these results indicate that RTA is
recruited to the RBP-Jk binding site in the first intron of CD21
to activate its transcription.

RTA-mediated activation of CD21 surface expression en-
hances EBV infection. Most cell lines derived from PEL are
coinfected with EBV and KSHYV, suggesting a potential coop-
eration between EBV and KSHV in their infection and/or
pathogenesis (26). The initial event required for EBV entry
into B cells is the interaction of the major viral envelope
gp350/220 glycoprotein with its primary receptor, CD21, while
this interaction is not necessary for epithelial infection (6, 29).
Since RTA efficiently activated CD21 gene expression, we ex-
amined whether the activation of CD21 gene expression by
RTA facilitates EBV infection. To test this hypothesis, we used
three pairs of EBV-producing cells: B95 B lymphoma cells in
which the LMP2A gene had been replaced with the green
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FIG. 4. Upregulation of RTA-induced CD21 expression facilitates EBV infection. EBVfaV-GFP from B95 B cells (B95-EBV-GFP), EBV-
ATK-GFP from AGS epithelial cells (AGS-EBV-GFP), and EBV-ATK-GFP from Akata B cells (Akata-EBV-GFP) were obtained after 5 days of
TPA or immunoglobulin stimulation and used to infect DOXY-induced or uninduced TREXBJAB-cDNAS and TREXBJAB-RTA cells. At 48 h
postinfection, EBV infectivity was determined with flow cytometry by measuring the GFP positivity of BJAB cells. The percentage of EBV-infected

cells is shown in bold type in the top right-hand corner of each graph.

fluorescent protein (GFP) gene (36), AGS epithelial cells in
which the thymidine kinase (TK) gene had been replaced with
the GFP gene (1), and Akata B cells in which the thymidine
kinase (TK) gene had been replaced with the GFP gene (1).
EBVfaV-GFP from B95 B cells (B-EBV-GFP), EBV-ATK-
GFP from AGS epithelial cells (E-EBV-GFP), and EBV-ATK-
GFP from Akata B cells (Akata-EBV-GFP) were obtained
after 5 days of TPA or Ig stimulation and used to infect
DOXY-treated or untreated TREXBJAB-cDNAS5 and TREx
BJAB-RTA cells. At 48 h postinfection, EBV infectivity was
assessed by measuring GFP fluorescence by flow cytometry. No
significant difference in the infectivity of B95-EBV-GFP, AGS-
EBV-GFP, and Akata-EBV-GFP viruses in TRExBJAB-
c¢DNAS5 and TREXBJAB-RTA cells was detected in cells that
were not treated with DOXY (Fig. 4). In contrast, DOXY-
treated TREXBJAB-RTA cells displayed considerably higher
levels of EBV infection than DOXY-treated TRxBJAB-
cDNADS cells did; the levels of infection of B95-EBV-GFP and
AGS-EBV-GFP viruses in DOXY-treated TRExXBJAB-RTA
cells were approximately threefold higher than that in DOXY-
treated TRxBJAB-cDNAS cells, and the level of infection of
Akata-EBV-GFP virus in DOXY-treated TREXBJAB-RTA
cells was twofold higher than that in DOXY-treated TRExBJAB-

cDNAS cells (Fig. 4). These results demonstrate that RTA-
mediated upregulation of CD21 surface expression effectively fa-
cilitates EBV infection.

RTA activates CD23 gene expression through its RBP-Jk
binding site. Human CD23a is a B-cell differentiation marker
involved in inflammatory responses. Analysis of the CD23a
core promoter sequence reveals several binding sites for vari-
ous cellular transcription factors, such as RBP-Jk, Pax-5, and
NF-kB (15). To identify the RTA-responsive sites in the
CD23a promoter, we first used two CD23a promoter-luciferase
reporter constructs CD23-ACP-Luc and CD23-AP-Luc.
CD23-AP-Luc contains 1.2 kb of the CD23a promoter se-
quence, and CD23-ACP-Luc contains 283 bp of the CD23a
core promoter sequence (41). TREx293-cDNAS, TREx293-
RTA, TRExBJAB-cDNAS, and TREXBJAB-RTA cells were
transfected with CD23-AP-Luc or CD23-ACP-Luc together
with pGK-B-Gal and then treated with DOXY (1 wg/ml) or left
alone. At 48 h posttransfection, cell lysates were used for
reporter assays. RTA expression strongly activated promoter
activities of both CD23-AP and CD23-ACP, indicating that the
CD23a core promoter sequence is sufficient for RTA-induced
activation (Fig. 5A). Precise inspection revealed five potential
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FIG. 5. Activation of CD23a gene expression induced by RTA. (A) CD23a core promoter sequence is sufficient for RTA-induced gene
expression. TREx293-cDNAS, TREx293-RTA, TREXxBJAB-cDNAS, and TREXBJAB-RTA cells were transfected with CD23-AP-Luc (CD23-AP)
or CD23-ACP-Luc (CD23-ACP) together with pGK-B-Gal and then treated with DOXY (1 pg/ml) or left alone. At 48 h posttransfection, cell
lysates were used for reporter assays. (B) Schematic diagram of the potential RBP-Jk binding sites within the CD23a core. The five putative
RBP-Jk binding (GTGG/AGAA) sequences are shown in boxes. Numbers indicate the position relative to the transcription start site (+1). Arrows
indicate the positions of each deletion mutation described in the text. (C) The first RBP-Jk binding site of the CD23a core promoter sequence is
primarily responsible for RTA-mediated activation. Wild-type or mutant CD23a promoter luciferase reporter (CD23-ACP or CD23-ACPAL1 to
CD23-ACPA4, respectively) together with the pGK-B-Gal construct was transfected into TREx293-cDNAS, TREx293-RTA, TRExBJAB-cDNAS,
and TREXBJAB-RTA cells. The cells were then treated with DOXY (1 pg/ml) or left alone. At 48 h posttransfection, cell lysates were used for
reporter assays. Luciferase activity is presented as the average * standard deviation (error bar) of three independent experiments.

RBP-Jk binding sites in the CD23a core promoter sequence

(Fig. 5B).

To identify the RBP-Jk elements in the CD23a core pro-
moter region that are responsible for RTA activity, we gener-

ated luciferase reporter constructs containing serial deletion

mutations at the CD23a core promoter sequence (Fig. 5B).

These mutant reporters were Al, A2, A3, and A4, containing
the sequences of the CD23a core promoter region from posi-
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FIG. 6. sCD23 production by RTA and its effects on lymphocyte activation. (A) sCD23 production. TREXxBJAB-cDNAS5 and TREXBJAB-RTA
cells and KSHV-infected TRExBCBL1-cDNAS and TREXBLBL1-RTA cells were treated with DOXY (1 pg/ml) for 0, 24, and 48 h or left alone.
Supernatants were collected and analyzed by ELISAs to measure the amount of sCD23. (B) sCD23 induces lymphocyte activation. Human PBMCs
were treated with the supernatants from DOXY-stimulated TREXBJAB-cDNAS or TREXBJAB-RTA cells. At 48 h, these cells were immuno-
stained with an anti-CD21 antibody to identify B lymphocytes and with an anti-CD2 antibody to identify T lymphocytes. CD21-positive B
lymphocytes were then further tested for the surface expression of CD80 and CD86, and CD2-postive T lymphocytes were tested for the surface
expression of CD38. The black bars indicate the populations positive for CD80, CD86, or CD38 surface expression.

tions —161 to +83, —129 to +83, —101 to +83, and —68 to
+83, respectively (positions relative to the transcription start
site [+1]) (Fig. 5B). Wild-type or mutant CD23a promoter
reporter constructs together with the pGK-B-Gal construct
were transfected into TREx293-cDNAS5, TREx293-RTA,
TREXBJAB-cDNAS, and TREXBJAB-RTA cells, and these
cells were then treated with DOXY (1 pg/ml) or left alone. At
48 h posttransfection, cell lysates were used for reporter assays.
Deletion of the first RBP-Jk binding site abolished RTA-me-
diated activation of CD23a promoter activity in both 293 and
BJAB cells, indicating that the first RBP-Jk binding site is
principally responsible for the ability of RTA to induce CD23a
gene expression (Fig. 5C).

sCD23 production by RTA. One of the hallmarks of B-cell
chronic lymphocytic leukemia (B-CLL) cells is the overexpres-
sion of the transmembrane glycoprotein CD23, which under-
goes proteolysis, giving rise to sCD23 molecules (15). In fact,
the concentration of sCD23 in sera of B-CLL patients can be
several hundredfold higher than in healthy individuals and is
closely correlated with the clinical stage of the disease (15, 31,
33, 34). To determine whether RTA induced the production of
sCD23, TRExBJAB-cDNAS and TRExXBJAB-RTA cells and
KSHV-infected TRExBCBL1-cDNAS and TREXxBCBL1-RTA
cells were treated with DOXY (1 pg/ml) for 24 and 48 h or left
alone, and their supernatants were collected and analyzed by
ELISAs to measure the amount of sCD23. Large amounts of
sCD23 were detected in the supernatants of DOXY-treated
TRExXBJAB-RTA and TREXBCBL1-RTA cells, whereas almost

no sCD23 was detected in the supernatants of TRExBJAB-
c¢DNAS and TREXBCBLI1-cDNAS5 cells with or without DOXY
treatment (Fig. 6A). These results demonstrate that RTA expres-
sion in B cells and KSHV-infected PEL cells markedly induces
sCD23 production.

Although CD23a was initially characterized as the low-affin-
ity IgE receptor, it is involved in a variety of biological pro-
cesses, such as IgE-dependent inflammatory processes and an-
tigen presentation on B cells, and it is particularly important in
homotypic or heterotypic interactions of T and B cells (41, 45).
Furthermore, a recent study has demonstrated that sCD23
induced from macrophages by human immunodeficiency virus
(HIV) Nef contributes to the induction of CD80 and CD86
surface expression on B cells and the HIV permissivity of
resting T lymphocytes (39).

To investigate the potential biological effect of sCD23 on the
activation of primary B and T lymphocytes, human peripheral
blood mononuclear cells (PBMCs) were treated with the su-
pernatants from DOXY-stimulated TREXxBJAB-cDNAS or
TRExXBJAB-RTA cells. At 48 h, the PBMCs were immuno-
stained with an anti-CD21 antibody to identify B lymphocytes
and an anti-CD2 antibody to identify T lymphocytes. CD21-
positive B lymphocytes were then further tested for the expres-
sion of CD80 and CD86 costimulating molecules on the cell
surface, and CD2-positive T lymphocytes were tested for the
expression of the early T-lymphocyte activation marker CD38
on the cell surface. Flow cytometry showed that the levels of
CD80 and CD86 expressed on the surfaces of primary B lym-
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phocytes increased after treatment with the supernatants of
TRExBJAB-RTA cells, whereas they were not affected by
treatment with the supernatants of TRExBJAB-cDNAS cells
(Fig. 6B). Furthermore, expression of CD38 on the surfaces of
primary T lymphocytes markedly increased after treatment with
supernatants from TRExXBJAB-RTA cells, whereas it was not
altered after treatment with supernatants from TRExXBJAB-
cDNAS cells (Fig. 6B). These results indicated that sCD23 pro-
duced by RTA expression induces the stimulation of primary B
and T lymphocytes through the potential paracrine and autocrine
pathways, which may facilitate homotypic or heterotypic interac-
tions of T and B lymphocytes as seen in HIV-infected macro-
phages (39).

DISCUSSION

The KSHV RTA protein is responsible for the switch from
latency to lytic replication, and this RTA activity requires its
interaction with the RBP-Jk transcription factor (18). Here, we
demonstrate that RTA strongly induced CD21 and CD23a
gene expression through the RBP-Jk binding sites at the first
intron region of CD21 and CD23a core promoter region, re-
spectively. Furthermore, RTA-induced expression of CD21
surface glycoprotein effectively facilitated EBV infection, and
RTA-induced expression of sCD23 glycoprotein activated pri-
mary human B and T lymphocytes. These results demonstrate
that KSHV RTA regulates RBP-Jk-mediated cellular gene
expression, which ultimately provides a favorable milieu for
viral reproduction in the infected host.

EBV EBNA2 contributes to B-cell immortalization, most
likely by its ability to act as a transcriptional modulator of
cellular and viral gene expression. It activates the transcription
of B-cell activation markers CD21, CD23, and c-myc (42) and
tyrosine kinase Fgr (43) and downregulates the expression of
Igp (37). EBNA2 does not bind to DNA directly but is re-
cruited to EBNAZ2-responsive elements by interaction with
RBP-Jk transcription factor, indicating that EBNAZ2 is a func-
tional homolog of the activated Notch protein (47). Indeed,
cellular NIC has been shown to functionally substitute for
EBNAZ2 in the context of EBV for primary B-cell transforma-
tion (7). However, the cellular targets of cellular NIC do not
completely overlap with those of EBNA2: NIC and EBNA2
both activate CD21 gene expression and repress Igu expres-
sion, whereas EBNA2, but not NIC, activates CD23a gene
expression (37). We demonstrate that, like EBNA2, RTA ac-
tivates CD21 and CD23a transcription. Interestingly, the first
intronic sequence of CD21 has been shown to control appro-
priate B-cell-specific expression and also contain binding sites
for RBP-Jk and other transcription factors (25). In concor-
dance with these findings, RTA-induced activation of CD21
promoter activity required the first intronic sequence. This was
further confirmed by the requirement of the first intronic se-
quence of CD21 for NIC-mediated activation (unpublished
results). Besides the previously characterized RBP-Jk binding
site of the CD23a core promoter region that EBV EBNA2
primarily targets (22), four additional sequences have also
been shown to bind to RBP-Jk (15). Our serial deletion mu-
tational analysis showed that, as seen with EBNA2, the first
RBP-Jk binding sequence of the CD23 core promoter region
was primarily responsible for RTA-induced activation. Despite
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this similarity between KSHV RTA and EBV EBNA2 for the
activation of CD21 and CD23a gene expression, RTA does not
affect Igw and c-myc expression, which are strongly regulated
by EBNAZ2. These results collectively indicate that KSHV RTA
targets Notch signal transduction in a manner that is similar to
but distinct from that of EBV EBNA2.

CD21 (also known as CR2, C3d, and EBV receptor) is a
member of the regulators of complement activation gene fam-
ily. CD21 is a B-cell receptor for CD23 and possibly for gamma
interferon and also serves as the receptor for EBV gp350/220
(28). We demonstrate that the upregulation of CD21 surface
expression induced by RTA facilitates EBV infection. Since
most PEL cells are coinfected with KSHV and EBV, our re-
sults suggest the possibility of hierarchically ordered infection:
KSHYV infection, followed by EBV infection. This hypothesis is
under active investigation.

CD23 (also known as low-affinity IgE receptor and FceRII)
is expressed as a type II extracellular protein on a variety of
cells, such as B cells, monocytes, and macrophages, and is
cleaved from the cell surface to generate several distinct frag-
ments. This cleavage is mediated by a metalloprotease. This
sCD23 then acts as a B-cell growth factor and is associated with
EBYV infection (15). In fact, since the level of sSCD23 in serum
is higher in patients with autoimmune diseases and B-CLL, it
has been used as an indicator of the progression of disease (15,
31, 34). This suggests the intriguing possibility that KSHV-
infected PEL patients may also have high levels of sCD23 in
serum. Unfortunately, the limited availability of sera from PEL
patients did not allow us to determine the levels of sCD23 in
sera from PEL patients. Nevertheless, it will be interesting to
pursue whether KSHYV infection is associated with a high level
of sCD23 in serum, which may provide a marker for KSHV
infection and progression.

A recent study has demonstrated that sCD23 and soluble
ICAMI1, which are induced from macrophages by HIV Nef,
contribute to the induction of the expression of CD80 and
CD86 on the surfaces of B cells and the HIV permissivity of
resting T lymphocytes (39). We also showed that the expres-
sion of CD80 and CD86 costimulating molecules on the sur-
faces of primary B lymphocytes and the CD38 activation
marker on primary T lymphocytes increased after treatment
with the supernatants of TREXxBJAB-RTA cells, whereas it
was not affected after treatment with the supernatants of
TREXBJAB-cDNAS cells. These results suggest that sCD23
produced by RTA expression induces the stimulation of pri-
mary B and T cells through the potential paracrine and auto-
crine pathways, which may ultimately facilitate homotypic or
heterotypic interactions of T and B cells. This also suggests
that KSHV RTA potentially influences the activation state of
infected B cells, thereby enhancing the ability of neighboring T
cells to support the replication of HIV type 1. This activity may
require the upregulation of CD80 and CD86 B-cell costimu-
lating receptors involved in the alternative pathway of T-lym-
phocyte stimulation. Thus, although the full significance of
RTA-mediated effects on the other coexisting viruses in KS and
PEL patients needs to be studied further, our study may provide
insight into the comprehensive mechanism by which KSHV RTA
not only activates lytic reactivation by targeting KSHV gene ex-
pression but also creates a favorable milieu for viral infection and
replication by activating cellular gene expression.
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