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Primary effusion lymphomas (PELs) are specifically associated with Kaposi’s sarcoma-associated herpes-
virus (KSHYV) infection and most frequently occur in human immunodeficiency virus (HIV)-positive individ-
uals as lymphomatous effusions in the serous cavities without a detectable solid tumor mass. Most PELs have
concomitant Epstein-Barr virus (EBV) infection, suggesting that EBV is an important pathogenetic cofactor,
although other as yet unidentified cofactors, such as cellular genetic alterations, are also likely to play a role.
Lymphomatous effusions that lack KSHYV also occur; these are frequently EBV associated in the setting of HIV
infection. Here we used gene expression profile analysis to determine the viral impact on cellular gene
expression and the pathogenesis of these lymphomatous effusions. Our results show that many genes, including
cell cycle and signal transduction regulators, are differentially expressed between KSHV-positive PELs and
KSHV-negative lymphomatous effusions and also between KSHV-positive, EBV-positive and KSHV-positive,
EBV-negative PELs. Our results confirm that KSHV plays an important role in the pathogenesis of PELs, as
its presence selects for a very distinct cellular gene expression category and a clearly different lymphoma type.
Within the KSHV-positive PELs, the effect of EBV is more subtle but nevertheless clear.

Primary effusion lymphoma (PEL) is a rare and distinct
subtype of non-Hodgkin’s lymphoma which is preferentially
associated with infection by Kaposi’s sarcoma-associated her-
pesvirus (KSHV) (3-5). It most frequently occurs in human
immunodeficiency virus (HIV)-positive patients as lymphoma-
tous effusions in the serous cavities without a detectable solid
tumor. The majority of PELs exhibit indeterminate immuno-
phenotypes, i.e., express CD45, CD138, and activation-associ-
ated antigens (CD30, CD38, and HLA-DR), lack surface ex-
pression of B-cell markers (CD19, CD20, CD79a, and
immunoglobulin), but exhibit clonal rearrangements and so-
matic hypermutation of the immunoglobulin genes, suggesting
that they originate from postgerminal center B cells (9, 17).
While the term PEL is currently employed for the above-
described distinct clinicopathologic category of lymphoma,
other lymphomatous effusions, including Burkitt’s lymphoma
and diffuse large B-cell lymphomas, which are frequently Ep-
stein-Barr virus (EBV) positive but KSHV negative (13), may
involve the body cavities.

KSHYV is a member of the Gammaherpesvirinae family,
which includes Epstein-Barr virus (6). KSHV does not trans-
form B cells in vitro (18) and therefore, although it appears to
be essential, probably is not sufficient by itself for the devel-
opment of PEL. In addition, most PELs exhibit concomitant
EBYV infection, suggesting that EBV is an important cofactor
in PEL development, although little or no expression of EBV
transforming genes is found in PEL (10, 21). Other cofactors,
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such as unidentified cellular genetic alterations, are likely to
play a role in PEL development as well.

Gene expression profiling has made it possible to simulta-
neously analyze the expression of thousands of genes pertinent
to various biologic functions (14). With this method, Klein et
al. (12) and more recently Jenner et al. (11) have demonstrated
that gene expression patterns can distinguish KSHV-positive
PELs from KSHV-negative malignant lymphomas and have
documented that PELs are more closely related to neoplastic
plasma cells and EBV-positive immunoblasts than to other
malignant B cells. However, this comparison did not include
KSHV-negative lymphomatous effusions and did not address
the difference between KSHV-positive, EBV-positive PELs
and KSHV-positive, EBV-negative PELs. The present study is
aimed at understanding whether the viral status confers bio-
logical differences among lymphomatous effusions and to iden-
tify transforming cofactors or other cellular pathways involved
in the development of PEL.

We used the Affymetrix HG-U133A microarray that con-
tains approximately 33,000 genes to analyze the gene expres-
sion profile of nine cell lines (three from each virologic group)
and three PEL patient samples. Our results suggest that
KSHV-positive PELs are very different from other lymphoma-
tous effusions and that the genes that are differentially ex-
pressed include apoptosis regulators, cell cycle regulators,
transcriptional factors, and signal transduction regulators.
KSHYV clearly plays a dominant role in the phenotype of PEL.
Within the KSHV-positive PELs, two subgroups can be iden-
tified, which were correlated with their EBV status. Among
these genes, four were regulators of the mitogen-activated
protein kinase pathway that were upregulated in the KSHV-
positive, EBV-negative PELs, suggesting that in the absence of
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EBYV, events that lead to activation of the mitogen-activated
protein kinase pathway may act as a cofactor for the develop-
ment of PEL.

MATERIALS AND METHODS

Cell collection and RNA preparation. Four KSHV-positive, EBV-positive PEL
cell lines (BC-1, BC-2, BC-5, BCS-6, and JCS-1), five KSHV-positive, EBV-
negative PEL cell lines (BC-3, PEL-5, BCBL-1, BCP-1, and VG-1), and three
KSHV-negative, EBV-positive cell lines (BCKN-1, IBL-4, and SM-1) were de-
rived from lymphomatous effusions and grown in RPMI plus 20% heat-inacti-
vated fetal calf serum, penicillin, streptomycin, and glutamine. Of these cell lines,
three from each virology category were used for microarray analysis, and all were
used for reverse transcription-PCR and protein analysis. The VG-1, BCP-1, and
JSC-1 cell lines were kindly provided by Christian Brander, Shou-Jiang Gao, and
Richard Ambinder, respectively.

The three PEL cases were received for diagnostic evaluation at the New
York-Presbyterian Hospital/Weill Medical College of Cornell University. The
diagnosis of PEL was made based on infection by KSHV and on the specific
morphological, immunophenotypic, and molecular features. All three primary
cases were from HIV-positive patients. Two of the three primary cases are EBV
positive (patients 1 and 2) and one is EBV negative (patient 3). Mononuclear
cells were isolated from the serous fluids by Ficoll-Hypaque (Pharmacia, Pisca-
taway, N.J.) density gradient centrifugation and cryopreserved with standard
techniques. Total RNA was isolated with RNeasy mini kit (Qiagen, Valencia,
Calif.). Microarray analysis of the same three PEL cases with a smaller chip array
(U95A) has been reported previously (72).

Immunohistochemistry and in situ hybridization. Immunohistochemical
staining was performed on formalin-fixed, paraffin-embedded cell blocks from
PEL patients 1 to 3. Staining was performed with a TechMate 500 automated
immunostainer (Ventana Medical Systems Inc., Tucson, Ariz.) and ChemMate
ABC peroxidase secondary detection kit (Ventana Medical Systems Inc.). For
demonstration of KSHV antigens, we used a rat monoclonal antibody to latent
nuclear antigen (LANA; ORF-73) and a rabbit polyclonal antibody to viral
interleukin-6 (IL-6) made in our laboratory against the PDVTPDVHDK peptide
as described (19). Immunostaining was performed according to a modified
monoimmunoperoxidase (MIP) protocol (Ventana Medical Systems Inc.). For
demonstration of KSHV LANA, biotinylated polyclonal goat anti-rat immuno-
globulin (multiple adsorption) (BD Biosciences Pharmingen, San Diego, Calif.)
was added to secondary antibodies. Prior to staining, paraffin tissue sections were
pretreated for 40 min in a water bath at 95°C with antigen retrieval Citra Plus
(BioGenex, San Ramon, Calif.). The peroxidase reaction was developed with
liquid diaminobenzidine (DAB) substrate chromogen included in the detection
kit. Negative controls with rat, mouse, or rabbit immunoglobulin G were run in
parallel. Sections were counterstained with hematoxylin and mounted in Per-
mount (Fisher Scientific).

In situ hybridization for EBV-encoded RNA (EBER) transcripts was per-
formed with the Epstein-Barr probe in situ hybridization kit (Novocastra, New-
castle upon Tyne, United Kingdom) according to the manufacturer’s protocol.

Preparation of labeled cRNA and hybridization to high-density oligonucleo-
tide microarray. Double-stranded cDNA was synthesized from 10 mg of total
RNA with oligo(dT),, T7 primer with the SuperScript Choice system kit (In-
vitrogen). Biotinylated cRNA was synthesized with a high yield transcription kit
(Affymetrix, Santa Clara, Calif.); 20 pg of fragmented cRNA was hybridized to
the HG-U133A microarray (Affymetrix) according to the manufacturer’s instruc-
tions. After scanning, the expression data were obtained with Affymetrix soft-
ware. The expression data were then analyzed by Genespring 6.0 software (Sil-
icon Genetics, Redwood City, Calif.). The results have been submitted to NCBI
Gene Expression Omnibus.

Statistical analysis. Unsupervised hierarchical clustering of all nine effusion
lymphoma cell lines was performed with Pearson correlation, based on 11,024
genes that had raw data greater than 150 in at least one of the 18 samples. To
identify genes that are differentially expressed between lymphomatous effusions
according to viral status, parametric Welch ¢ test and Benjamini and Hochberg
false discovery rate for multiple testing correction were used, where the P value
was <0.01 between KSHV-positive PELs and KSHV-negative lymphomatous
effusions, and =0.05 between KSHV-positive, EBV-positive and KSHV-positive,
EBV-negative PELS. All the gene trees and condition trees for supervised
hierarchical clustering were done with Pearson and Spearman correlation. The
analysis was done with Genespring 6.0 software (Silicon Genetic, Redwood city,
Calif.).
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Western blotting. Whole-cell extracts were prepared from 5 X 10° cells. The
cells were washed in phosphate-buffered saline and lysed in 500 pl of radioim-
munoprecipitation assay (RIPA) lysis buffer (50 mmol of Tris-HClper liter, 1%
NP-40, 0.25% sodium deoxycholate, 150 mmol of NaCl per liter, 1 mmol of
EDTA per liter, 1 mmol of phenylmethylsulfonyl fluoride per liter, 0.5 pg of
aprotinin per liter, 0.5 pg of leupeptin per liter, 1 mmol of Na;VO, per liter, 1
mmol of NaF per liter) for 15 min at 4°C. The extracted proteins were quantified
with a protein bioassay (Bio-Rad, Hercules, Calif.) with a bovine serum albumin
standard; 40 pg of protein was resolved on a 10% acrylamide gel and transferred
to nitrocellulose. The membranes were blocked, incubated with p38delta anti-
body (Santa Cruz Biotechnology, Santa Cruz, Calif.), washed and incubated with
horseradish peroxidase-conjugated rabbit immunoglobulin (Amersham, Piscat-
away, N.J.). Detection was performed with chemiluminescence (Amersham).
The membranes were stripped and reprobed with actin antibody (Sigma, St.
Louis, Mo.). Detection was performed as for p38delta antibody.

Real-time quantitative PCR analysis. Real-time quantitative reverse transcrip-
tion-PCR analysis was performed on an ABI Prism 7000 sequence detection
system with the SYBR Green dye. DNase-treated total RNA (1.0 pg) was
reverse transcribed with the reverse transcription system (Promega) and resus-
pended in 100 pl of sterile distilled H,O. The real-time PCR contained 1 pl of
c¢DNA, 5 pmol of both the forward and reverse primers, and 12.5 pl of SYBR
Green dye master mix (Applied Biosystems, San Francisco, Calif.). Sequence-
specific primers were designed by means of Primer Express 2.0 software (Applied
Biosystems, San Francisco, Calif.). The primers used were GADD458 forward,
5'-TTGCAACATGACGCTGGAA-3', and reverse,5'-GGTCACCGTCTGCAT
CTTCTG-3'; caspasel forward, 5'-CCGCAAGGTTCGATTTTCA-3’, and re-
verse, 5’ ACTCTTTCAGTGGTGGGCATCT 3'; SCAP 2 forward, 5'-TCTGAT
GGAGCCCAGTTTCC, and reverse, 5-CAAGGTAGCCAGCCTTTAGA
ACA; follicular lymphoma translocation variant 1 (FVT1) forward, 5'-GGGCG
CATGTGGTGGTTA-3', and reverse, 5'-ATAGCACTCGATAGCAATGCAC
TT-3’; and B-actin forward, 5'-CCTGGCACCCAGCACAA-3', and reverse, 5'-
GCCGATCCACACGGAGTACT-3'. No amplification was observed in the no-
template controls for each primer set.

PCR conditions were as follows: one cycle at 50°C for 2 min, one cycle at 95°C
for 10 min, and 40 cycles at 95°C for 15 s and 60°C for 1 min. All reactions were
done in triplicate, and C value, the threshold cycle number, for each cell line or
primary sample was calculated. A C value is a quantitative measurement of the
mRNA levels of the genes tested. The higher the value, the lower the mRNA
content (16). C; values for B-actin were used for normalization purposes. The
averages of the normalized C; values from KSHV-positive, EBV-positive and
KSHV-positive, EBV-negative cell lines and primary samples were used in order
to determine the increases in gene expression of the KSHV-positive, EBV-
negative group by the AAC; method (16).

RESULTS

Presence of KSHV determines the distinct cellular gene
expression profile of lymphomatous effusions. To confirm the
impact of KSHV in lymphomatous effusions, we first compared
the gene expression profile of KSHV-positive PELs and
KSHV-negative, EBV-positive lymphomatous effusions with
an unsupervised clustering method. All cell lines used were
derived from patients with lymphomatous effusions. The EBV-
positive but KSHV-negative cell lines were classified by mor-
phology and immunophenotype as large B-cell lymphoma
(BCKN-1), immunoblastic large B-cell lymphoma (IBL-4), and
small noncleaved cell lymphoma (SM-1). Cell line SM-1 had an
8;14 balanced translocation, and IBL-4 had a 2;8 translocation,
both involving the c-myc locus and cytogenetically consistent
with Burkitt’s lymphoma. While these three cases are hetero-
geneous with respect to their morphological and molecular
classification, they all presented as primary lymphomatous ef-
fusions.

Previous studies have compared larger numbers of well-
defined categories of HIV-associated lymphomas, including
Burkitt’s lymphoma, with PELs (11, 12), but such studies have
not specifically evaluated Burkitt’s and other KSHV-negative
lymphomas presenting as effusions. Six cell lines were KSHV
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FIG. 1. Clustering of gene expression in all PELs and lymphomatous
effusions. (A) Unsupervised hierarchical clustering of gene expression
analysis was performed on 11,024 genes when raw expression data were
greater than 150 in at least one of the 18 samples with Pearson correlation.
The number above each line indicates the vertical length of each line as
the correlation of relatedness. The sample dendrogram shows that all six
KSHV-positive PEL cell lines (BC-1, BC-2, BC-5, PEL-5, BC-3, and
BCBL) are clustered under one branch, showing the high degree of
similarity in gene expression pattern. Three KSHV-negative cell lines
obtained from lymphomatous effusions (BCKN-1, IBL-4, and SM-1) clus-
tered under the other branch. This figure shows that KSHV-positive PEL
are clearly different from KSHV-negative lymphomatous effusions. (B)
Hierarchical clustering of statistically differentially expressed genes among
KSHV-positive, EBV-positive PELs, KSHV-positive, EBV-negative
PELs, and KSHV-negative, EBV-positive lymphomatous effusions is
shown. Each column represents an individual sample. Those with the
most similar gene expression patterns are clustered under one branch.
Each row represents an individual gene. The color of each cell represents
the relative gene expression level according to the color scale shown at the
right side. KSHV-positive PELs have a distinct gene expression profile
compared to KSHV-negative, EBV-positive lymphomatous effusions.
Half of the genes are upregulated and the other half are downregulated in
the PEL group compared to the KSHV-negative, EBV-positive lympho-
matous effusions. Among 514 differentially expressed genes are apoptosis
regulators, cell cycle regulators, transcriptional factors, and signal trans-
duction regulators.

J. VIROL.

positive. They were further divided into two subtypes accord-
ing to their EBV status. RNA extracted from these cell lines
was converted into labeled cRNA and hybridized to HG-
U133A Affymetrix Gene Chips containing approximately
33,000 genes. To show the reproducibility of the technique, all
extractions and analyses were done in duplicate. Samples from
the same cell line were found to cluster under the smallest
branches, indicating reproducibility.

Two-dimensional unsupervised hierarchical clustering was
performed on 11,024 genes whose expression levels were
greater than 150 on raw data in at least 1 of 18 samples with
Pearson correlation as the similarity measure. As shown in Fig.
1A, the sample dendrogram derived two major branches. One
branch contained all three KSHV-negative cell lines, whereas
the second branch contained all six KSHV-positive PEL cell
lines. Clearly, PEL displays a profile that is distinguishable
from that of KSHV-negative, EBV-positive lymphomatous ef-
fusions.

To determine the genes with significant differential expres-
sion between these two groups, parametric Welch ¢ test with P
value (<0.01) and Benjamini and Hochberg false discovery
rate for multiple testing correction were used. About 500 genes
are differentially expressed. Pearson correlation analyses of
these genes was used for hierarchical clustering, which is
shown in Fig. 1B. About half of the genes are upregulated and
the other half are downregulated in the PEL group compared
to the KSHV-negative, EBV-positive lymphomatous effusions.
Among these genes are transcriptional factors and cell cycle
signal transduction and apoptosis regulators. The gene expres-
sion profiles demonstrate that PEL has a characteristic gene
expression profile that is clearly distinguishable from that of
KSHV-negative, EBV-positive lymphomatous effusions. These
results also confirms previous studies (11, 12) indicating that
PELs have a homogeneous phenotype independent of the
presence of EBV. This phenotype is defined by the common
pattern of expression of approximately 500 genes.

Two subtypes of PELs can be identified by unsupervised
clustering according to their EBV status. Although PELs dis-
play a more homogenous expression profile regardless of their
EBV status compared to other lymphomatous effusions, we
wanted to know if there are subtle differences in the gene
expression profile between EBV-positive and EBV-negative
PELs. The unsupervised hierarchical clustering analysis shown
in Fig. 1A revealed that among the KSHV-positive cell lines,
two subtypes can be identified based on EBV status. The sam-
ple dendrogram (Fig. 1A) shows that all three KSHV-positive,
EBV-positive cell lines (BC-1, BC-2, and BC-5) are clustered
under one branch (the correlation of relatedness is 0.895, in-
dicated by the vertical length of the line), thus showing a high
degree of similarity in their gene expression patterns. Two
KSHV-positive, EBV-negative cell lines (BCBL-1 and BC-3)
were clustered under one branch (the correlation of related-
ness is 0.826), and a third one, PEL-5, appeared distinct. This
shows that among KSHV-positive PELs, two main subtypes
can be distinguished, those containing and those lacking EBV
coinfection.

To determine which genes are differentially expressed be-
tween these two PEL subtypes, we compared three KSHV-
positive, EBV-negative PEL cell lines with three KSHV-posi-
tive, EBV-negative PEL cell lines. The parametric Welch ¢ test
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FIG. 2. Hierarchical clustering of 40 statistically differentially expressed genes between KSHV-positive, EBV-positive PELs (three cell lines),
KSHV-positive, EBV-negative PELs (three cell lines), and KSHV-negative, EBV-positive lymphomatous effusions (3 cell lines). Of 45 probes
representing 40 different genes, SKAPSSR (Src family-associated phosphoprotein 2 or SKAP55-related protein), p388 (mitogen-activated protein
kinase 13, SAPK4), GADD45p, and caspase 1 (ICE) are involved in the mitogen-activated protein kinase pathway. All these genes are upregulated
in the KSHV-positive, EBV-negative PEL group. MKK4 is also a component of the JNK/p38 mitogen-activated protein kinase pathway and is

upregulated in the KSHV-positive, EBV-positive PELs.

with P value (< = 0.05) and Benjamini and Hochberg false
discovery rate for multiple testing correction were used for
statistical analysis. About 45 probes showed differences be-
tween the two subtypes representing a total of 40 different
genes, as several probes contained sequences from the same
gene. Although the KSHV-negative, EBV-positive group was
not included in the statistical analysis, we evaluated the expres-
sion levels of these 40 genes in this group, which was included
for hierarchical clustering. Figure 2 shows hierarchical cluster-
ing of these 45 probes among nine cell lines with Spearman
correlation. These results show that although PELs have a
common phenotype defined by the expression of 500 genes,
two subtypes of PELs can still be identified with 40 genes being
differentially expressed. Interestingly, the KSHV-negative,
EBV-positive group had an expression pattern most similar to
that of the KSHV-single-positive PELs.

Differential gene expression between EBV-positive and EBV-
negative PELs can be confirmed in additional cell lines and by
different methodology. Of the 40 genes, SKAP55R (Src family-
associated phosphoprotein 2 or SCAP2), p38delta (p388, mi-
togen-activated protein kinase 13, SAPK4), GADD458, MKK4

(MEK4, mitogen-activated protein kinase 4), and caspase I
(ICE) are directly or indirectly involved in the JNK/p38 mito-
gen-activated protein kinase pathway (7, 8, 15, 22). MKK4 is
upregulated in the KSHV-positive, EBV-positive PEL cell
lines. The other four genes (SKAP55R, p383, GADD458, and
caspase I) are upregulated in the KSHV-positive, EBV-nega-
tive PEL group. The sixth gene, follicular lymphoma variant
translocation 1 (FVT1) (20), is also upregulated in the KSHV-
positive, EBV-negative PELs.

The expression of these molecules on PEL cell lines and
patient samples was confirmed by real-time PCR (Table 1).
Expression is presented as the AC;, which is the value that
represents the normalized measure of the number of PCR
cycles that it takes to see an amplified PCR product (normal-
ized threshold cycle number). The lower the AC,, the higher
the transcript copy number for a particular gene. We also
included additional cell lines, two EBV-positive (BCS-6 and
JSC-1) and two EBV-negative (BCP-1 and VG-1), that had not
been tested in the microarray analysis. As shown in Table 1,
the expression level of mRNAs for p383, GADD458, caspase
1, SKAPS5SR, and FVT-1 is higher in all KSHV-positive PEL
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TABLE 1. Quantitative RT-PCR analysis for selected genes that are differentially expressed in EBV-positive and EBV-negative categories of
KSHV-positive PELs?

Cell lines
Patient specimens
Gene Value EBV* EBV~ EBV*
BC-1 BC2 BC:5 BCS6  BC-3  BCBL-1 PEL5S BCP-1 VGl JSC-1 Pl P2 Pt3
P38% AC, 12.3 175 17.8 178 11.0 10.28 9.69 11.1 11.0 944 1539 1045 9.22
Avg AC; = SD 16.38 = 2.70 10.61 = 0.61
Fold increase in EBV-PEL 54.6
GADD458 AC, 10.0 10.6 11.7 9.12 7.57 8.62 779 873 9.66 8.78 6.63 6.01 6.95
Avg AC; = SD 10.38 = 1.1 8.47 + 0.83
Fold increase in EBV-PEL 3.8
Caspase 1 ACr 5.19 5.53 5.15 9.84 4.88 3.79 1.74 389 1.82 3.68 3.53 296 3.36
Avg AC; = SD 6.43 = 2.28 322 = 1.39
Fold increase in EBV-PEL 9.3
SKAP55R  AC, 15.3 184 115 105 7.66 949 838 868 795 7.7 729 4.69 5.26
Avg AC; = SD 13.92 = 3.63 8.43 + 0.71
Fold increase in EBV-PEL 45
FVT-1 AC, 12.5 13.2 109 12.16 9.48 1139 859 895 8.65 860 11.78 7.07 7.28
Avg AC; = SD 12.17 = 0.97 941 = 1.16

Fold increase in EBV-PEL 6.8

“ For each cell line and primary sample, a real-time quantitative RT-PCR was performed in triplicate for the genes shown. The standard deviation (SD) for the
triplicates was <0.5. The mean C; values for each cell line and primary sample were calculated (avg C;), and the normalized values (AC;) were determined from
average B-actin C;values. The average AC; values were calculated for the KSHV" EBV™ cell line group (BC-1, BC-2, BC-5, and BCS-6) and for the KSHV* EBV ™~
cell line group (BC-3, BCBL-1, PEL-5, BCP-1, and VG-1). The difference between the two groups for each gene (AAC;) was used to determine the increase in gene
expression of the KSHV* EBV ™ group. Although data for the JCS-1 cell line are presented, they were not included in the calculations because the C;-values for all

four genes were consistently atypical for the KSHV" EBV™" group and more similar to those of the KSHV" EBV ™ group.
® In this case a small proportion of cells were positive for EBV but the majority of KSHV-infected cells were negative (Fig. 4).

cell lines lacking EBV than in those containing the two viruses,
with the notable exception of the JSC-1 cell line, which had
lower expression of all these genes. As the JSC-1 cell line
behaves more like those lacking EBV, it was excluded from the
general comparison. When the overall difference in expression
levels was calculated, we found that expression was increased
54.6-fold (p38%), 3.8-fold (GADDA458), 9.3-fold (caspase 1),
45-fold (SKAP55R), and 6.8-fold (FVT-1) more in single-pos-
itive cell lines (KSHV only) than in double-positive cell lines
(with EBV and KSHV).

The expression levels of mRNAs for p383, caspase 1,
SKAP55R, and FVT-1 were higher in a single-positive patient
sample (patient 3) than the double-positive patient 1, so these
two primary samples behaved like the cell lines for these four
genes. However, patient 2 had an expression pattern for these
specific genes that most closely resembled an EBV-negative
specimen. Notably, only approximately 10% of the cells in this
specimen were positive for EBER (see Fig. 4), suggesting in

fact an intermediate pattern and perhaps an in vivo situation
reminiscent of the JSC-1 cell line.

An antibody for P383 antibody is available for Western blot
analysis. Figure 3 shows that the KSHV-positive, EBV-positive
cell lines BC-1, BC-2, BC-5, and BCS-6 have no expression of
p3838, while the KSHV-positive, EBV-negative cell lines BC-3,
BCBL-1, PEL-5, BCP-1, and VG-1 have very high levels of
p383. Except for JSC-1, which is a KSHV-positive, EBV-pos-
itive cell line, the newly included cell lines showed an expres-
sion pattern similar to those used for microarray analysis.

Cellular gene expression in primary PEL cases. To validate
the data obtained from cell lines, we evaluated three PEL
primary specimens that had not been cultured prior to RNA
extraction. By PCR analysis, the specimens from patients 1 and
2 were positive for EBV, while that from patient 3 was nega-
tive. However, by in situ hybridization for EBERs, we found
that EBV was only identifiable in a small proportion of the
cells in patient 2 (Fig. 4). In contrast, all the cells from patient
1 were clearly EBER positive, and those from patient 3 were
all negative. This illustrates that EBV positivity may be heter-
ogeneous in vivo. In contrast to EBV, the vast majority of the
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FIG. 3. Western blot confirming the expression of p388/mitogen-
activated protein kinase 13/SAPK4 in KSHV-positive PEL cell lines.
Expression of p383 protein in all PEL cell lines is shown in the upper
row. Expression of actin protein is shown in the lower row. All KSHV-
positive, EBV-negative PEL cell lines have high expression of p383. All
KSHV-positive, EBV-positive PEL cell lines except JSC-1 have low or
no expression of p383.

onstrated by detection of LANA, and a significant proportion
of the cells also expressed viral IL-6.

We determined whether we could predict the viral status of
the three primary cases of PEL based on the 45 gene probes
that were differentially expressed in the KSHV-positive cells
lines according to EBV status. Hierarchical clustering of six
cell lines and three primary patient samples was performed
with Pearson correlation (Fig. 5). The dendrogram shows that
patient 1 (KSHV-positive, EBV-positive) was correctly clus-
tered under a branch with the KSHV-positive, EBV-positive
PELs, patient 2 (intermediate between the two classes, perhaps
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FIG. 4. Pattern of EBV and KSHYV positivity in PEL in vivo. In situ hybridization for EBER was performed in three cases of PEL without
previous culture. Patient 1 showed strung positivity in all the cells, mostly nuclear but also spilling into the cytoplasm. Patient 2 showed only a small
proportion of EBER-positive cells. Patient 3 was negative. Immunohistochemistry for KSHV in the specimens from the three patients showed that
the vast majority of cells were positive for LANA, and a proportion also expressed viral IL-6. Magnification, 400X.

due to a low proportion of EBER-positive cells), and patient 3
(KSHV-positive, EBV-negative) were clustered under the
other branch with the KSHV-positive, EBV-negative PELs.
Thus, the 45 gene probes differentially expressed in KSHV-
positive, EBV-positive PELs versus KSHV-positive, EBV-neg-
ative PELs represent a consistent phenotypic difference be-
tween the two subtypes.

DISCUSSION

Previous studies have shown that the gene expression profile
of PEL is distinct from that of other non-Hodgkin’s B-cell
lymphomas, confirming their unique phenotype (11, 12). These
studies have included larger panels of AIDS lymphomas, but
they did not focus specifically on lymphomatous effusions. In
this study we confirmed that KSHV positivity is associated with
a very distinct gene expression pattern also among lymphoma-
tous effusions. About 500 genes, including apoptosis regula-
tors, cell cycle regulators, transcriptional factors, and signal
transduction regulators, are differentially expressed between
KSHV-positive PEL and KSHV-negative lymphomatous effu-
sions.

We also found that among PELs, two subgroups correspond-
ing to viral status (KSHV-positive, EBV-positive versus

KSHV-positive, EBV-negative) can be identified by unsuper-
vised hierarchical clustering methods. Subsequently, we iden-
tified 40 genes that are differentially expressed between these
two subgroups. Among these 40 genes, expression of four
genes (p383, GADD45, caspase 1, and SKAP55R), which are
regulators of the mitogen-activated protein kinase pathway, is
significantly higher in the KSHV-positive, EBV-negative PELs.
MKKH4 is a regulator of the JNK/p38 mitogen-activated protein
kinase pathway but is lower in the KSHV-positive, EBV-neg-
ative PELs. A negative feedback loop by p38a has been re-
ported for MKK6 (1), so our findings could be explained by
hypothesizing that expression of active p383 similarly leads to
downregulation of MKK4. While total p383 protein is clearly
more abundant in EBV-negative than in double positive PELs,
it is unclear if it is phosphorylated and active (at the time of
this writing there is no available antibody to the phosphory-
lated form of this protein), and its natural substrate in these
cells is not yet known. Nevertheless, the apparent overrepre-
sentation of proteins related to mitogen-activated protein ki-
nase signaling in the genes that were identified as being dif-
ferentially expressed between the two categories of PEL
suggests the involvement of this pathway.

KSHV and EBV are gammaherpesviruses, and they are
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FIG. 5. Viral status of three primary patient samples can be predicted with the 45 gene probes generated from supervised clustering.
Hierarchical clustering of nine cell lines and three primary patient samples was based on 45 gene probes. The number above or below each
horizontal line indicates the vertical distance of each line as the correlation of relatedness. The dendrogram shows that patient 1 was correctly
clustered under one branch with the KSHV-positive, EBV-positive PELs, and patients 2 and 3 was correctly clustered under one branch with the

KSHV-positive, EBV-negative PELs.

more closely related to each other than to other known human
viruses. It is interesting that lymphomas containing KSHYV,
regardless of EBV coinfection, form a distinct cluster, i.e., that
lymphomas containing both viruses have a gene expression
profile that more closely resembles that of KSHV alone than
that of EBV alone, suggesting that KSHV infection plays a
dominant role in their phenotype. This can be partially ex-
plained by the previous observations that in the presence of
both viruses, the expression of latent EBV genes is restricted
(10, 21). In contrast, in all KSHV-infected cells, at least four
viral proteins are produced that can affect proliferation and/or
survival of the infected cells. A recent study showed that in
vitro infection of KSHV-positive PEL cells with EBV results in
cell lines that express a limited number of EBV-encoded genes
but that EBV confers higher tumorigenicity in nude mice to
these cell lines (23).

Since EBV immortalizes B cells in vitro but KSHV does not,
and the majority of PELs are infected by both viruses, EBV

must play an important role as a cofactor in PEL development,
but once these lymphomas develop, KSHV appears to be the
driving force. It is also interesting that the KSHV-negative,
EBV-positive cell lines appear to more closely resemble the
KSHV-positive, EBV-negative cell lines with respect to the 40
genes that are differentially expressed in the two KSHV-posi-
tive subgroups. Some of these genes appear to distinguish the
cases infected by both viruses from those infected by a single
virus, regardless of whether it is EBV or KSHV.

To validate the differences found in the microarray analysis,
we tested four additional KSHV-positive cell lines by quanti-
tative reverse transcription-PCR for a subset of genes. The
overexpression of these genes was consistently higher in all cell
lines lacking EBV with one exception. The JSC-1 cell line,
which contains both EBV and KSHV genomic sequences, has
a pattern for all of the differentially expressed genes that is
most consistent with the EBV-negative cases. We confirmed
the genomic positivity for EBV (not shown), so loss of this
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virus did not explain the gene expression pattern. Data recently
published by Jenner et al. are consistent with our findings (11).
This study used a cDNA microarray of ~5,700 genes to exam-
ine gene expression. While not described in their text, the
cluster analysis shows that the KSHV-positive cell lines exam-
ined could be separated according to EBV status with the
notable exception of JSC-1. PEL-SY and HBL-6 are double
positive, and they clustered together, while the single-positive
cell lines included, BCP-1, BC-3, and BCBL-1, clustered more
tightly together. JSC-1 had a gene expression profile like that
of the EBV-negative lines examined. Consistent with the hy-
pothesis that EBV is defective in the JSC-1 cell line, Cannon et
al. have reported that this cell line produces KSHV viral par-
ticles but not EBV when induced to undergo lytic reactivation,
and only low levels of EBV latent gene expression were de-
tected (2). The argument can be made that as yet uncharac-
terized defects in the EBV genome or more restricted latency
account for the finding that this particular cell line has the gene
expression profile of a KSHV-positive, EBV-negative cell line.

The number of primary patient samples was too small to
draw firm conclusions. Another study showing gene expression
profiling has been published, which included the same three
primary cases reported here and six additional primary PEL
specimens (12). However, a different array was used, so direct
comparison was not possible. Nevertheless, an important ob-
servation emerged from evaluating these three cases. One of
the cases had less than 10% EBER-positive cells (patient 2)
and it clustered more closely with the EBV-negative samples.
This case also had a pattern of expression of selected genes
examined by quantitative reverse transcription-PCR that more
closely resembled the EBV-negative case. Thus, EBV can be
heterogeneous in vivo, and cases exist in which EBV is present
in only a small proportion of cells. It is also possible that in
patient 2 all the neoplastic cells are positive for EBV but that
these EBV-positive cells have little or no EBV gene transcrip-
tion (including of EBERSs). Regardless, lack of EBER expres-
sion in the majority of cells appears to correlate with a cellular
gene expression profile most similar to that of the EBV-neg-
ative PELs.

In summary, our results demonstrate that lymphomatous
effusions containing KSHV have a unique gene expression
profile distinct from that of those lacking this virus, further
confirming the distinct immunophenotype of this disease. We
show for the first time that among the KSHV-associated pri-
mary effusion lymphomas, the presence of EBV is associated
with a gene expression signature that is different from that of
EBV-negative cases. Finally, we demonstrate that a set of
genes are more highly expressed in KSHV-positive PELs lack-
ing EBV and that four of these genes are either directly or
indirectly involved in the mitogen-activated protein kinase
pathway, suggesting that alterations in this pathway may com-
pensate for the lack of this virus. Based on these data we
hypothesize that in the absence of EBV infection, alterations
of the mitogen-activated protein kinase pathway may act as a
cofactor for PEL development.
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