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Primary effusion lymphoma (PEL) is a distinct type of B-cell non-Hodgkin lymphoma characterized by the
presence of Kaposi’s sarcoma-associated herpesvirus (KSHV/human herpesvirus 8). Despite having a genotype
and gene expression signature of highly differentiated B cells, PEL does not usually express surface or
cytoplasmic immunoglobulin (Ig). We show the lack of Oct-2 and OCA-B transcription factors to be respon-
sible, at least in part, for this defect in Ig production. Like Ig genes, ORF50, the key regulator of the switch from
latency to lytic reactivation, contains an octamer motif within its promoter. We therefore examined the impact
of Oct-2 and OCA-B on ORF50 activation. The binding of Oct-1 to the ORF50 promoter has been shown to
significantly enhance ORF50 transactivation. We found that Oct-2, on the other hand, inhibited ORF50
expression and consequently lytic reactivation by competing with Oct-1 for the octamer motif in the ORF50
promoter. Our data suggest that Oct-2 downregulation in infected cells would be favorable to KSHV in allowing

for efficient viral reactivation.

Primary effusion lymphoma (PEL) is a distinct type of B-cell
non-Hodgkin lymphoma that presents most frequently in body
cavities as lymphomatous effusions. Kaposi’s sarcoma-associ-
ated herpesvirus (KSHV) is considered to be the etiologic
agent responsible for PEL as well as for Kaposi’s sarcoma and
plasmablastic variants of multicentric Castleman’s disease (11,
13, 62). The identification of clonal immunoglobulin (Ig) gene
rearrangements and somatic hypermutation of Ig genes sug-
gests that PEL arises from post-germinal-center B cells (2, 9,
11, 19, 27, 32, 35, 43, 48, 70). Consistent with this notion is the
expression of plasma cell markers such as CD138/Syndecan-1
and somatic hypermutation of the noncoding region of the
BCL-6 gene (22, 23). Recently, analysis of PEL gene expres-
sion led to its classification as immunoplasmacytoid, since it
showed features most similar to AIDS immunoblastic lym-
phoma and multiple myeloma (30, 34). Despite the clear B-cell
derivation, PEL cells lack expression of many B-cell markers,
including CD19, CD20, and CD22 (2, 11, 27, 32, 35, 48, 70).
Moreover, they lack surface Ig (sIg) expression despite having
rearranged Ig genes without crippling mutations (2, 11, 27, 32,
35, 48, 70). Given their pre-plasma-cell derivation, PEL cells
may express cytoplasmic Ig (cIg) rather than slg. In this study
we found only very low levels of clg, and therefore, we inves-
tigated the underlying cause of this deficiency.

A cis-regulatory octamer motif, ATGCAAAT, found in vir-
tually all Ig variable-region promoters (20, 50) and heavy-chain
intronic enhancers (Ew) (5, 24, 25), as well as in some 3’ Ig(H)
locus enhancers (16, 36, 41, 44, 52), plays an important role in
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Ig gene transcription (1, 7, 18, 24, 31, 42, 46, 75). POU family
transcription factors, the ubiquitously expressed Oct-1 and B-
cell-restricted Oct-2, bind this motif (15, 47, 60, 65) and recruit
the coactivator OCA-B/Bob-1/OBF-1 (28, 40, 64). The B-cell
specificity of Oct-2 and OCA-B suggest that these factors play
a role in Ig gene expression. Recent studies support a crucial
role for these factors in sustaining Ig gene expression in plas-
macytoma—T-cell-lymphoma fusion hybrids (59). Furthermore,
they show that Oct-1 cannot substitute for Oct-2 in this context
(59). Moreover, abnormal Ig gene expression in Hodgkin and
Reed-Sternberg (HRS) cells of classical Hodgkin disease has
been attributed to Oct-2 and OCA-B downregulation (56, 68).
Therefore, we examined whether the deficiency in Oct-2 and
OCA-B expression accounts for the lack of Ig transcription in
PEL. Here we show that both Oct-2 and OCA-B play impor-
tant roles in Ig gene transcription in PEL and that their ab-
sence explains the defective PEL Ig gene expression profile.

ORF50, regarded as the molecular switch between KSHV
latency and lytic reactivation (26, 38, 39, 66, 76), contains an
octamer motif within its promoter to which Oct-1 binds, facil-
itating ORF50 binding and thereby enhancing its autoactiva-
tion (58). With that in mind, we were interested in examining
whether Oct-2 and OCA-B exert any influence on ORF50
activation. We provide evidence that Oct-2 can bind the octa-
mer element in the ORF50 promoter, resulting in the suppres-
sion of ORF50 transactivation, lytic gene expression, and
virion production. While KSHV establishes a persistent latent
infection in B cells, it will switch to lytic-phase growth upon
some form of cellular stress or immune suppression. Our find-
ings indicate that the presence of Oct-2 in PEL would impede
the ability of KSHV to undergo lytic reactivation under these
circumstances and that this may explain the downregulation of
Oct-2 in infected cells.
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MATERIALS AND METHODS

Cell lines. The PEL cell lines BC1, BC2, BC3, BC5, BCBLI, JCS1, and
BC1/Tet-on/Oct-2, the Burkitt lymphoma cell lines BJAB and Namalwa, and the
lymphoblastoid cell line LCL9001 were cultured in RPMI 1640 (Invitrogen,
Carlsbad, CA) containing 10% fetal bovine serum (Atlanta Biologicals, Law-
renceville, GA) and 40 pg/ml gentamicin (Sigma-Aldrich, St. Louis, MO) at 37°C
under 5% CO,. 293T cells were cultured in Dulbecco’s modified Eagle medium
containing 10% fetal bovine serum and 40 wg/ml gentamicin. The BC1/Tet-on/
Oct-2 stable cell line was created by transfecting BC1 cells with linearized
MS4A-Oct-2. Oct-2-expressing colonies were selected 24 h after transfection by
addition of hygromycin (100 pg/ml; Sigma-Aldrich) to the culture medium. Oct-2
expression was induced by addition of doxycycline (2 pg/ml; Sigma-Aldrich) and
was verified by immunoblotting and flow cytometry.

Plasmids. The Ig(H) reporter plasmids Vi luc Ep and Vi luc 3A 1,2 3B 4
were kindly provided by R. Roeder (63). pCGN-Octl, pCGN-Oct2, pCGN-
OCA-B, and their parent plasmid, pCGN, were generous gifts from W. Herr (4,
67). Plasmids pcDNA3/Rta and pRpluc have been described previously (17, 66).
MS4A-IkBa was a generous gift from G. W. Bornkamm (21). To create MS4A-
Oct-2, pCGN-Oct2 was digested with Xbal and BamHI while MS4A-IkBa was
digested with Sfil to release the IkBa insert. Oct-2 was then inserted into MS4A
by blunt-end ligation. The pmax-GFP plasmid was obtained from Amaxa (Gaith-
ersburg, MD).

Antibodies. Anti-Oct-1 (YL15) was purchased from Upstate. Anti-Oct-2 (C-
20) and anti-Bob-1 (C-20) were obtained from Santa Cruz (Santa Cruz, CA).
Antiactin was obtained from Sigma-Aldrich. Anti-k light chains (A8B5) and
anti-\ light chains (N10/2) were obtained from DakoCytomation (Carpinteria,
CA). Anti-ORF59 was purchased from Advanced Biotechnologies Inc. (Colum-
bia, MD). An Alexa Fluor 488-conjugated F(ab'), fragment of goat anti-rabbit
1gG (H+L) (A11070) and an Alexa Fluor 594-conjugated F(ab'), fragment of
goat anti-mouse IgG (H+L) were purchased from Invitrogen.

Immunohistochemistry. Immunostaining of cytospins of cell lines was per-
formed with a two-step polymer-based immunoperoxidase staining technique
using EnVision+ System-HRP (DakoCytomation) and Liquid DAB+ Substrate-
Chromogen (DakoCytomation) as a substrate. Briefly, cytospins were air dried
for 1 h, fixed in absolute acetone for 10 min, and again air dried for 5 min. A
monoclonal anti-\ antibody at a dilution of 1:100 or anti-k antibody at a dilution
of 1:100 in Tris-buffered saline, pH.7.4, with 0.05% Tween 20 (TTBS) (Sigma-
Aldrich), was applied for 30 min. Slides were then washed three times in 0.05%
TTBS and incubated with anti-mouse EnVision-HRP for 30 min. Slides were
then washed (three times, for 5 min each time) in TTBS buffer, and the perox-
idase reaction was developed using Liquid DAB+ for 5 min. Cytospins were then
counterstained with Mayer’s hematoxylin (DakoCytomation), dehydrated in
alcohol, and mounted in Permount medium (Fisher Scientific, Hampton, NH).
The Namalwa (\ light chain-expressing Burkitt’s lymphoma) and BJAB (x light
chain-expressing Burkitt’s lymphoma) cell lines were used as controls and stained
in parallel. Immunohistochemical staining of clinical samples was performed on
a TechMate 500 automated immunostainer (Ventana Medical Systems, Inc.,
Tucson, AZ) using a ChemMate ABC peroxidase secondary detection system
and employing diaminobenzidine as a chromogen (Ventana Medical Systems,
Inc.) to detect Ig expression. Anti-k and anti-\ antibodies were used at a dilution
of 1:10,000/ml. Prior to immunostaining, sections were retrieved for 40 min in a
water bath at 95°C using Dako Target Retrieval Solution (DakoCytomation).

Immunoblot analysis. Whole-cell lysates were prepared in radioimmunopre-
cipitation assay buffer supplemented with 5 wl/ml protease inhibitor cocktail III
(Calbiochem, San Diego, CA), 0.5 mM phenylmethylsulfonyl fluoride, and 1 mM
Na;VO, (Sigma-Aldrich). Protein concentrations were determined using the
Bio-Rad protein assay (Bio-Rad, Hercules, CA). Proteins were then separated by
sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis and trans-
ferred to polyvinylidene fluoride membranes (Millipore, Billerica, MA) by semi-
dry transfer. Blots were probed with primary antibodies overnight at 4°C and
were incubated with horseradish peroxidase-conjugated secondary antibodies for
1 h at room temperature. The Immobilon Western chemiluminescent HRP
substrate (Millipore) was used for signal detection. Blots were reprobed for actin
after exposure to stripping buffer (100 mM B-mercaptoethanol, 2% SDS, 62.5
mM Tris [pH 6.8]) for 30 min at 50°C.

Electrophoretic mobility shift assay. Nuclear proteins were isolated as previ-
ously described (33). Briefly, the OCT1 consensus oligonucleotide (Promega,
Madison, WI) was end labeled with T4 kinase and [y->*P]ATP. Unincorporated
ATP was removed using G-25 Sephadex columns (Roche, Indianapolis, IN).
Four micrograms of nuclear protein was incubated with DNA binding mixture [2
pg poly(dI-dC), 0.25% NP-40, 5% glycerol, 10 mM Tris-HCI, 50 mM KCI, 1 mM
dithiothreitol, and 1 mM EDTA] for 10 min at room temperature prior to the
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addition of the probe. The radiolabeled oligonucleotide (2 X 10* cpm) was
incubated with the reaction mixture for 15 min at room temperature. A 50-fold
molar excess of unlabeled oligonucleotide was added before the addition of the
labeled probe for cold competition experiments. For supershift experiments,
nuclear proteins were incubated with human antibodies to Oct-1, Oct-2, and
OCA-B for 30 min on ice prior to the addition of the radiolabeled oligonucle-
otide. Samples were separated on 7% acrylamide gels and assessed by autora-
diography.

Reverse transcriptase PCR (RT-PCR). RNA was isolated with an RNeasy kit
(Qiagen, Germantown, MD). One microgram of RNA was transcribed into
c¢DNA using a reverse transcription system (Promega) and random primers
(Promega) in a final volume of 20 wl according to the manufacturer’s instruc-
tions.

Seminested PCR. The VDJ joining region of Ig(H) was amplified by a previ-
ously described seminested PCR procedure (55, 71). Briefly, the primers used
were as follows: Ig-FR3 (third framework region), 5'-ACACGGC(C/T)(G/C)T
GTATTACTGT-3'; Ig-JH(out) (joining region), 5'-TGAGGAGACGGTGAC
C-3'; Ig-JH(in) (joining region), 5'-GTGACCAGGGT(A/G/C/T)CCTTGGCC
CCAG-3'. The initial PCR mixture contained 50 ng of template cDNA, 20 pmol
each of primers Ig-FR3 and Ig-JH(out), 200 mM deoxynucleoside triphosphate,
10 mM Tris-HCI (pH 8.3), 50 mM KCI, and 4.5 mM MgCl, in a final reaction
volume of 25 pl. Initial denaturation was held at 94°C for 5 min while 0.25 U of
Taq polymerase (Roche) was added, followed by 25 cycles at 93°C for 40 s, 50°C
for 45 s, and 72°C for 90 s. For the second reaction, 1 pl of the first reaction
product was used along with primers Ig-FR3 and Ig-JH(in). The second reaction
consisted of 20 cycles of 93°C for 40 s, 55°C for 45 s, and 72°C for 90 s, followed
by a final primer extension at 72°C for 7 min. The final PCR product was
separated by electrophoresis on a 10% polyacrylamide gel and visualized by
ethidium bromide staining.

qRT-PCR. Quantitative real-time RT-PCR (qRT-PCR) was performed with
the ABI Prism 7000 sequence detection system (Applied Biosystems, Foster City,
CA) with Sybr green PCR master mix (Applied Biosystems) by using 6 wl of
diluted cDNA in a 20-pl final reaction mixture. The following primer sets were
used: VIL6 (5'-CGTTGATGGCTGGTAGTTCAG-3' and 5'-GCAAGTTGCC
GGACGC-3"), K8.1 (5'-TTCCACACAGATTCGCACAGA-3" and 5'-GGCAC
GCCACCAGACAA-3"), ORF59 (5'-CGTCGGTAGCGGCTTCA-3" and 5'-G
GCTATGCCAGCGTCGAGTA-3'), LANA (5'-GGTGATGTTCTGAGTACA
TAGCGG-3" and 5'-CCGAGGACGAAATGGAAGTG-3"), and GAPDH (5'-
GGAGTCAACGGATTTGGTCGTA-3" and 5'-GGCAACAATATCCACTTT
ACCAGAGT-3"). For analysis of KSHV replication, the following genome-
specific primers within ORF73/72 were used: 5'-CGTCGTCGATGGGAGAAC
C-3' and 5'-CGAGGGCGGGTTATTGG-3'. Melting curve analysis was
performed to verify the specificity of the products. Data were analyzed using the
AC; method (except in the case of KSHV viral replication analysis). The expres-
sion of each target gene was normalized to glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) expression by taking the difference between threshold
cycle (Cp) values for target genes and GAPDH (AC; value). These values were
then calibrated to that of the control sample to give the AAC; value. The relative
target gene expression is given by the formula 2724¢7,

Transfections and reporter gene assays. For luciferase reporter assays,
BCBLI, BC3, and BC1/Tet-on/Oct-2 cells were plated at a density of 6 X 10°/ml,
and 293T cells were plated at 60% confluence 24 h before transfection. Cells
were transfected with TransFectin (Bio-Rad) according to the manufacturer’s
instructions. The pRL-RSV vector (Promega) was used as an internal control.
Cells were collected 48 h posttransfection and were lysed in passive lysis buffer
(Promega). Luciferase assays were performed using the Dual Luciferase assay
system (Promega) according to the manufacturer’s instructions. Firefly and
Renilla luciferase activities were measured with an MLX microplate luminometer
(Dynex Technologies, Inc., Chantilly, VA). The ratio of firefly to Renilla lucif-
erase activity was calculated to normalize for transfection efficiency. For studies
of Iytic replication, 2.5 X 10° cells were resuspended in 100 pl of Nucleofector
solution (Solution V; Amaxa Biosystems, Germany) with 2 pg of DNA and were
pulsed using the Amaxa Nucleofector apparatus program T-001. Immediately
after nucleofection, prewarmed RPMI was added to each cuvette, and cells were
then transferred to a 24-well plate.

Flow cytometry. Forty-eight hours posttransfection, BC3 and BC1/Tet-on/
Oct-2 cells were washed in phosphate-buffered saline (PBS) and fixed in 4%
paraformaldehyde. Cells were washed in PBS containing 0.5% bovine serum
albumin, washed with staining buffer (PBS containing 1% bovine serum albumin,
0.01 M HEPES, and 0.1% saponin), and stained with an anti-ORF59 or anti-
Oct-2 antibody in staining buffer at room temperature for 30 min. Cells were
then washed, incubated with a corresponding secondary antibody at room tem-
perature for 30 min, washed again, and analyzed with a FACSCalibur flow
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FIG. 1. PEL cells express low levels of clg. Cytospins of PEL cell
lines were analyzed for expression of k (A) and A (B) light chains by
immunohistochemistry. BC1 showed very faint k expression. BC3 was
negative for k light chains but showed rare A-positive cells. A few
BCBLI cells were positive for X light chains. BJAB and Namalwa cells
were used as positive controls for k and N light chain expression,
respectively. Experiments were performed at least three independent
times.

cytometer (BD Pharmingen, San Diego, CA). Transfected populations were
gated according to the expression of green fluorescent protein (GFP), and 4 X
10* cells were analyzed for ORF59 to measure lytic induction and for Oct-2 to
confirm its expression.

ChIP. Chromatin immunoprecipitations (ChIPs) were performed according to
Upstate Biotechnology protocols. Briefly, 107 cells were resuspended in SDS lysis
buffer, cross-linked with formaldehyde, sonicated to produce DNA fragments of
approximately 500 bp, and immunoprecipitated (IP) with anti-Oct-1, anti-Oct-2,
or a corresponding control IgG. Genomic DNA was isolated from the IP com-
plex by phenol-chloroform extraction and was used as a template for PCR with
primers specific for the ORF50 promoter (5'-GGTACCGAATGCCACAATCT
GTGCCCT-3'" and 5'-CATTTTTGTGGCTGCCTGGACAGTATTC-3").

Examination of KSHV replication. BC1/Tet-on/Oct-2 cells were lysed 48 h
posttreatment and analyzed for both episomal DNA and encapsidated genomic
DNA. To measure the level of episomal DNA, the cell lysate was subjected to
phenol-chloroform extraction, and DNA was precipitated with ethanol. Two
microliters was used for qRT-PCR, as described above. To assess the amount of
encapsidated DNA, the cell lysate was treated with DNase I (New England
Biolabs, Ipswich, MA) at 37°C for 10 min to remove viral episomal and host cell
DNA. DNase I was then heat inactivated at 75°C for 10 min, and proteinase K
(New England Biolabs) was added for 1 h at 56°C. The enzyme was then
inactivated at 95°C for 30 min. DNA was purified by phenol-chloroform extrac-
tion and ethanol precipitation, and 2 wl was used for real-time PCR.

RESULTS

PEL tumor cells express low levels of cIg. No expression of
clg light or heavy chains was identified by using standard meth-
odology for clg detection in plasma cells and multiple myeloma
specimens (data not shown). When the sensitivity was in-
creased to levels that detect light chains in nonplasma B cells,
such as the Burkitt lymphoma cell lines Namalwa and BJAB,
we found that only a small percentage of PEL cells were weakly
positive for either \ or k light chains (Fig. 1; Table 1). The level
of clg expression detected in PEL cell lines is summarized in
Table 1. Little to no light-chain expression was found by im-
munohistochemistry and RT-PCR in all PEL cell lines. In a
previous study, we found that only 4 out of 26 PEL clinical
samples expressed low levels of N light-chain-restricted Ig de-
spite having clonal Ig gene rearrangements in 84% of cases
(12). Our data, taken together with previous reports demon-
strating the absence of crippling mutations in Ig genes, indicate
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that the defect in Ig expression in PEL lies at the transcrip-
tional level.

PEL cells lack expression of Oct-2 and OCA-B. The octamer
motif ATTTGCAT is the only conserved regulatory element in
virtually all heavy- and light-chain variable (V) promoters and
Ep and in several Ig(H) locus 3" enhancers (Fig. 2A), and it is
essential for efficient Ig promoter activity both in vivo and in
vitro (1, 7, 18, 24, 31, 42, 46, 75). We examined the ability of
POU transcription factors Oct-1 and Oct-2 and the coactivator
OCA-B to bind an octamer motif in PEL cells by an electro-
phoretic mobility shift assay. While two complexes were ob-
served in the B-cell lymphoma control cell lines Namalwa,
LCL9001, and BJAB, only the upper complex was seen in PEL
cell lines (Fig. 2B). Supershift analysis revealed that Oct-1 was
present in the upper complex (Fig. 2C, second and seventh
lanes) and Oct-2 was part of the lower complex (Fig. 2C, third
and eighth lanes). OCA-B is likely to be present in both com-
plexes; however, we were unable to detect a shift in either
complex with an anti-OCA-B antibody (Fig. 2C, fourth and
ninth lanes). In all PEL cell lines, a band was observed whose
makeup was not determined, but it is unlikely to contain Oct-1
or Oct-2, since it migrated further than the lower complex in
Namalwa cells and was not supershifted with either the anti-
Oct-1 or the anti-Oct-2 antibody. Immunoblot analysis of
Oct-1, Oct-2, and OCA-B showed normal expression of Oct-1,
while levels of Oct-2 and OCA-B were undetectable (Fig. 2D),
confirming a previous report (3).

IgV,; gene expression increases upon the introduction of
Oct-2 and OCA-B. To determine whether the defect in Ig
transcription was due to the lack of Oct-2 and OCA-B, we
examined whether restoring their expression could induce
IgVy gene transcription. BC3 and BCBL1 cells were trans-
fected with Oct-2 and OCA-B in addition to either the V; luc
Ep reporter plasmid, containing Ig(H) promoter and Ep ele-
ments, or the Vi luc 3A 1,2 3B 4 reporter plasmid, containing
Ig(H) promoter and 3’ enhancer elements (described by
Stevens et al., 2000 [63]). The addition of OCA-B increased
reporter activity in both cell lines, and transfection of Oct-2
caused an even greater increase. Moreover, cotransfection of
OCA-B and Oct-2 synergistically enhanced the expression of
both reporters (Fig. 3A and B). We then examined whether
addition of these factors could induce endogenous Ig expres-

TABLE 1. Immunohistochemical analysis of N and « light
chains in PEL

% of cells” with the following

Cell line® light chain:

BC1 10 -
BC2 — -
BC3 - <10
BC5 — -
BCBL1 - 10
BCP1 — 10
JCS1 - -
BJAB + —
Namalwa - +

“PEL cell lines are BC1, BC2, BC3, BC5, BCBLI1, BCP1, and JCS1. Burkitt
lymphoma cell lines, used as positive controls, are BJAB and Namalwa.
b —_ no light chain detected; +, light chain detected.
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FIG. 2. PEL cells lack expression of Oct-2 and OCA-B. (A) Sche-
matic representation of octamer motifs found in the Ig(H) locus. S is
the switch p region and Cp. is the constant p region of Ig(H). (B) Elec-
trophoretic mobility shift assay analysis of the PEL cell lines BC1, BC2,
BC3, BCBL1, and JSC1 and the control B-cell lymphoma cell lines
Namalwa, LCL9001, and BJAB using an oligonucleotide probe specific
for octamer binding proteins. (C) Supershift analysis revealing the
makeup of each protein complex. Antibodies to Oct-1, Oct-2, and
OCA-B were used. The Oct-1- and Oct-2-containing complexes are
labeled; the asterisk indicates a nonspecific complex. (D) Immunoblot
analysis of Oct-1, Oct-2, and OCA-B in PEL cells. The Burkitt lym-
phoma cell lines BJAB and Namalwa were used as positive controls.
Data are representative of triplicate experiments.

sion. By seminested PCR we detected low levels of IgV, tran-
script that corresponded to the low levels of Oct-2 and OCA-B
transcripts (Fig. 3C and D, first lanes). As in our reporter gene
assays, transfection of either Oct-2 or, to a lesser extent,
OCA-B resulted in elevated IgVy, transcription, while cotrans-
fection further enhanced IgVy; gene expression. This increase,
however, was not detectable at the protein level by immuno-
histochemistry or flow cytometry (data not shown).

Oct-2 represses ORF50 transactivation. The binding of
Oct-1 to an octamer element in the ORF50 promoter has been
reported to enhance its transactivation (58). Since Oct-2 also
associates with octamer motifs, we were interested in whether
it could affect ORF50 activation. In contrast to Oct-1, which
enhanced ORF50 promoter activity when cotransfected with
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ORF50, Oct-2 inhibited ORF50 reporter activation in both
293T and BC3 cells (Fig. 4A and B). The increase in ORF50
reporter activity after cotransfection of ORF50 with Oct-1,
compared to transfection of ORF50 alone, was much larger in
293T cells than in BC3 cells, most likely because the latter
express Oct-1 constitutively. Ectopic expression of OCA-B
alone or in conjunction with ORF50, Oct-1, or Oct-2 had no
additive effect on reporter activity (data not shown).

Next we examined the interactions of Oct-1 and Oct-2 with
the endogenous ORF50 promoter by ChIP analysis. For this
purpose, we used a stable Oct-2-inducible cell line (BC1/Tet-
on/Oct-2). In uninduced cells, endogenous Oct-1 associated
with the ORF50 promoter (Fig. S5A, first lane); transfection of
ORF50 further enhanced its binding (Fig. SA, second lane).
Induction of Oct-2 resulted in its association with the ORF50
promoter and a decrease in the binding of Oct-1 and of ORF50
(Fig. 5A, third lane). Our data suggest that Oct-2 can compete
with Oct-1 for the octamer site within the ORF50 promoter
and can consequently affect the ability of ORF50 to bind its
own promoter.

Oct-2 inhibits lytic reactivation. Given that Oct-2 inhibits
ORF50 transactivation, we examined the impact of Oct-2 on
KSHYV lytic replication. For this purpose, BC3 and BCl1/Tet-
on/Oct-2 cells were transfected with ORF50, and the level of
ORF59, an early-lytic-phase protein, was measured by flow
cytometry. Cells were cotransfected with a plasmid encoding
GFP to indicate transfected cells. BC3 cells were also trans-
fected with Oct-2, whereas BC1/Tet-on/Oct-2 cells were in-
duced to express Oct-2 with doxycycline. Forty-eight hours
after transfection or induction of Oct-2, cells were fixed, per-
meabilized, and stained for ORF59 or Oct-2. In both cell lines,
expression of Oct-2 was confirmed (Fig. 6B). GFP-positive
cells were gated, and ORF59 expression was measured (Fig.
6A). On average, 40 to 45% of cells expressed GFP (data not
shown). Among BC3 and BC1/Tet-on/Oct-2 cells, 1.65% and
1.52%, respectively, were positive for ORF59, in accordance
with previous reports of less than 2% of PEL cells undergoing
lytic replication (Fig. 6A, left). Upon ORF50 transfection, the
percentage of ORF59-positive cells increased to 7.31% for
BC3 and 7.07% for BC1/Tet-on/Oct-2 cells (Fig. 6A, center).
Upon expression of Oct-2, the proportion of ORF59-positive
cells decreased to 4.69% for BC3 and 3.92% for BC1/Tet-on/
Oct-2 cells (Fig. 6A, right), corresponding to decreases in
ORF59 expression of 37% and 46% in BC3 and BCl1/Tet-on/
Oct-2 cells, respectively (Fig. 6C). The somewhat larger de-
crease in ORF59 expression in BC1/Tet-on/Oct-2 cells can be
explained by the higher expression of Oct-2 in these cells.

We further examined the ability of Oct-2 to inhibit lytic
reactivation by looking at the transcription of Iytically ex-
pressed genes. BC1/Tet-on/Oct-2 cells were transfected with
ORF50, and the expression of vIL6, K8.1, and ORF59 was
assessed 48 h posttransfection by real-time PCR. The expres-
sion of LANA, a latent transcript, was also assessed. Oct-2
induction reduced the level of each of the lytic transcripts by
roughly 50% (Fig. 7A), while LANA expression remained un-
changed.

Finally, we analyzed the effect of Oct-2 expression on KSHV
virion production in PEL. BC1/Tet-on/Oct-2 cells were trans-
fected with ORF50. After 48 h they were lysed, and episomal
and virion DNA was harvested. Expression of Oct-2 and
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ORF50 was confirmed by qRT-PCR (Fig. 7B). Unlike other
PEL cell lines, BC1 cells are defective in their ability to release
encapsidated KSHV genomes (45); therefore, upon lytic reac-
tivation, virions accumulate within BC1 cells. Nevertheless, the
protected viral DNA in virions can be distinguished from un-
encapsidated (episomal) DNA by digestion of the lysates with
DNase prior to capsid digestion. The level of DNA was as-
sessed by real-time PCR using KSHV genome-specific primers
within ORF73/72. Transfection of ORF50 enhanced the level
of episomal and virion DNA, while induction of Oct-2 opposed
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cells. (C) Graph showing reduction in ORF59 expression in ORF50-
transfected cells upon Oct-2 expression. All experiments were per-
formed three independent times. P values of =0.01, according to
Student’s ¢ test, were considered significant ().

this ORF50-mediated increase in both forms of KSHV
genomic DNA (Fig. 7C).

DISCUSSION

PEL cells are defective in their ability to produce Ig. Our
results indicate that this is due, in large part, to a lack of Oct-2
and OCA-B expression. Ectopic expression of both proteins
led to increased Ig heavy-chain reporter activity and in-
creased endogenous Ig heavy-chain transcription. These re-
sults are supported by previous reports that these transcrip-
tion factors are necessary for proper Ig gene expression to
occur (1, 7, 18, 75).

Although Oct-2 and OCA-B play a large role in the produc-
tion of Ig, other factors are also involved in Ig gene regulation.
The control of Ig expression is rather complex and involves a
diversity of interactions between B-cell-specific factors and
regulatory elements (reviewed by Singh, 1994 [61]; Reya and
Grosschedl, 1998 [57]; and Henderson and Calame, 1998 [29]).
Another of these tissue-restricted factors involved in Ig tran-
scription is PU.1, which is also absent in PEL cells (3). PU.1 is
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regulated through an octamer motif in its promoter, and its
downregulation results from a lack of Oct-2 (3). Oct-2 and
OCA-B deficiency in PEL can, therefore, impact Ig expression
both directly, by not binding octamer elements within Ig genes,
and indirectly, through their inability to regulate PU.1 expres-
sion.

Although Ig transcripts were detectable by seminested PCR
upon addition of Oct-2 and OCA-B, the level of expression was
low compared to that in B-cell lines, such as Namalwa and
BJAB, and expression was undetectable at the protein level.
Ushmorov et al. found that treatment of HRS cells with the
demethylating agent 5-aza-2-deoxycytidine potentiated the ef-
fects of Oct-2 and OCA-B on Ig expression, although expres-
sion still did not reach levels comparable to those of normal
Ig-producing B cells (69). DNA methylation may similarly con-
tribute to the Ig gene expression profile in PEL; however, as in
HRS cells, the full complement of tissue-specific factors is
likely to be necessary for normal Ig transcription to be fully
restored. Studies are currently under way to examine the im-
pact of DNA methylation on Ig expression.

ORF50 orchestrates the switch from viral latency to lytic
reactivation by activating a number of lytic gene promoters,
including its own. It is both necessary and sufficient to induce
the complete lytic cycle (26, 38, 39, 66, 76). The binding of
Oct-1 to the ORF50 promoter enhances ORF50 autoactivation
(58). Our data show that the presence of ORF50 protein fa-
cilitates Oct-1 promoter binding. In addition, we found that
induction of Oct-2 reduced Oct-1 and ORF50 binding, sug-
gesting that it competes with Oct-1 for the octamer element
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within the ORF50 promoter and that this competition reduces
the ability of ORF50 to associate with the promoter. Further-
more, we show that Oct-2 repressed ORF50-mediated activa-
tion of several lytic genes, resulting in a reduction in lytic
replication and virion production.

Oct-2 expression consistently resulted in a roughly 40 to 45%
decrease in ORF50-mediated lytic reactivation by the various
methods used. This is impressive, considering that ORF50
expression is not solely regulated by the octamer element
within its promoter; other cellular transcription factors and
regulatory elements in the ORF50 and lytic gene promoters
have also been shown to be involved. For example, the CAAT/
enhancer binding protein alpha (C/EBPa) can stimulate
ORF50, ORF57, and K8 expression (72, 73), and the recom-
bination signal binding protein (RBP-Jk) promotes the activa-
tion of ORF50, ORF57, ORF6, K-bZIP, and vGPCR (10, 74).
The presence of these factors may account for the level of lytic
reactivation that persists despite the inhibitory influence of
Oct-2.

The herpes simplex virus (HSV) VP16 protein is essential
for lytic replication (6, 8, 51, 53). Like the KSHV ORF50
protein, VP16 forms a complex with Oct-1 on octamer ele-
ments within immediate-early (IE) promoters, leading to effi-
cient lytic gene activation (49, 54). HSV is unable to undergo
lytic reactivation in neuronal cells due to the presence of Oct-2
(37). Oct-2 binds octamer motifs in HSV IE gene promoters;
however, unlike Oct-1, it is unable to associate with VP16. This
inability to form a complex with VP16 has been attributed to a
1-amino-acid difference between Oct-1 and Oct-2 (14). Our
data suggest that, in analogy to the observations for HSV, the
negative influence of Oct-2 on ORF50 transactivation stems
from its inability to form a complex with the ORF50 protein on
the ORF50 promoter. Future studies will examine more closely
the structural differences between Oct-1 and Oct-2 that are
responsible for the discrepancy in binding ORF50 protein. The
consistent absence of Oct-2 in PEL leads us to speculate that
this deficiency is selected for in order for ORF50 autoactiva-
tion to take place unimpeded and for lytic reactivation to
follow.
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