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To elucidate the mechanisms by which Epstein-Barr virus (EBV) latency III gene expression transforms
primary B lymphocytes to lymphoblastoid cell lines (LCLs), the associated alterations in cell gene expression
were assessed by using 4,146 cellular cDNAs arrayed on nitrocellulose filters and real-time reverse transcrip-
tion-PCR (RT-PCR). A total of 1,405 of the 4,146 cDNAs were detected using cDNA probes from poly(A)* RNA
of IB4 LCLs, a non-EBV-infected Burkitt’s lymphoma (BL) cell line, BL41, or EBV latency III-converted BL41
cells (BL41EBYV). Thirty-eight RNAs were consistently twofold more abundant in the IB4 LCL and BL41EBV
than in BL41 by microarray analysis. Ten of these are known to be EBV induced. A total of 23 of 28 newly
identified EBV-induced genes were confirmed by real-time RT-PCR. In addition, nine newly identified genes
and CD10 were EBV repressed. These EBV-regulated genes encode proteins involved in signal transduction,
transcription, protein biosynthesis and degradation, and cell motility, shape, or adhesion. Seven of seven newly
identified EBV-induced RNAs were more abundant in newly established LCLs than in resting B lymphocytes.
Surveys of eight promoters of newly identified genes implicate NF-kB or PU.1 as potentially important
mediators of EBV-induced effects through LMP1 or EBNA2, respectively. Thus, examination of the transcrip-
tional effects of EBV infection can elucidate the molecular mechanisms by which EBV latency III alters B

lymphocytes.

In primary Epstein-Barr virus (EBV) infection, a substantial
fraction of peripheral blood B lymphocytes are latently in-
fected and express virus-encoded proteins that are capable of
causing continuous B-cell proliferation. The EBV-encoded
proteins engender an unusually vigorous and large T-cell im-
mune response which eliminates most of the virus-infected
cells. In severely T-cell immune-compromised or otherwise
susceptible people, the EBV-infected B lymphocytes can ma-
lignantly proliferate (reviewed in reference 90).

The EBV gene products that are expressed in primary lym-
phocyte infection and that stimulate cell proliferation include
six nuclear antigen proteins (EBNAs), two latent infection
integral membrane proteins (LMPs), two small RNAs
(EBERS), and BamA rightward transcripts (BARTSs) of uncer-
tain function (reviewed in reference 59). This complex infec-
tion, termed latency I11, is characteristic of EBV gene expres-
sion in EBV-transformed lymphoblastoid cell lines (LCLs) and
many lymphoproliferations that occur in immune-deficient hu-
mans (23, 95).

Many of the EBV effects on cell growth and survival are
likely to be mediated by EBV-induced changes in cell gene
transcription. Five of the EBNAs can alter cell gene transcrip-
tion through their direct or indirect interaction with the cellu-
lar DNA sequence-specific transcription factors RBP-jk/CBF1,
PU.1, and AUF1 (35, 42, 52, 53, 65, 72, 91, 113, 119, 123).
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Furthermore, EBV LMP1 is similar to a constitutively acti-
vated CD40 receptor and activates NF-kB, Jun/Fos, and AP1
cellular transcription factors (27, 28, 30, 33, 36, 40, 45, 50, 60,
66, 81, 83). Moreover, EBV LMP2 is similar to a constitutively
activated B-cell antigen receptor (BCR) in causing a stable
small increase in BCR tyrosine kinase signaling and in desen-
sitizing the cell to BCR-type signal transduction (12, 80). Four
of the EBNAs that interact with cellular transcription factors
and LMP1 are critical for EBV effects on cell growth and
survival, while EBNA3B, LMP2, EBERs, and BARTS are not
(19, 37, 49, 56, 68, 73, 76, 92, 102, 108, 109).

In the experiments reported here, cDNA arrays were used to
investigate the effects of EBV latency III infection on cell gene
transcription. cDNA arrays are particularly useful in charac-
terizing changes in expression of large numbers of cellular
genes (3, 4, 48, 51, 57, 74, 97, 100). We compared gene expres-
sion in BL41, an EBV-negative Burkitt’s lymphoma (BL) cell
line, with gene expression in two latency III-expressing cell
lines—BL41 infected in vitro with EBV (BL41EBV) and an
LCL (IB4) (18, 62). In contrast to a comparison of LCLs with
resting B lymphocytes, which would identify a large number of
cell genes whose expression is up-regulated at various points in
the cell cycle, comparison with a non-EBV-infected BL cell
line will identify genes that are specifically up-regulated by
EBV latency III proteins. However, EBV-regulated genes
whose transcription is inherent to the BL phenotype, such as
c-myc, may escape detection.

MATERIALS AND METHODS

Cell lines. BL41 and BL30 are EBV-negative B-lymphoma cell lines with
c-myc translocations and p53 point mutations (18, 28a). BL41EBV and
BL30EBYV are the respective BL lines infected in vitro with the prototypic EBV
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strain B95-8 (13, 29). The LCL used, IB4, is an EBV-transformed B-lympho-
blastoid cell line with four integrated copies of the genome (41, 46). All cell lines
were maintained in RPMI (Gibco) plus 10% fetal calf serum (HyClone).

Preparation of RNA. RNAs were extracted from cells maintained in log-phase
growth. Cells were seeded at 200,000 cells per ml, 24 h prior to RNA preparation.
RNA was prepared using RNAzol (Tel-test) according to the manufacturer’s
instructions. RNA was resuspended in diethyl pyrocarbonate-treated water, ali-
quoted, and stored at —80°C. Poly(A)* RNA was purified using Oligotex (Qia-
gen) according to the manufacturer’s directions.

Filter hybridizations. Probes were generated by labeling first-strand cDNA
from 5 pg of poly(A)* RNA. Probes were primed with oligo(dT) and extended
at 42°C with 1 mM concentrations of deoxynucleoside triphosphates minus dCTP
(Gibco), 60 pCi of [**P]JdCTP (NEN), 10 mM dithiothreitol (DTT), 1 U of
RNasin (Promega), and first-strand buffer (50 mM Tris-HCI [pH 8.3], 75 mM
KCl, 3 mM MgCI2 [Gibco]), and 800 U of Superscript II reverse transcriptase
(Gibco). RNA was digested from the probes with RNase H (Gibco) followed by
250 mM NaOH (Sigma) at 65°C. Probes were separated from unincorporated
nucleotides by using ProbeQuant G-50 Micro columns (Amersham Pharmacia).
All probes were analyzed by polyacrylamide gel electrophoresis and autoradiog-
raphy to ensure that probes of greater than 300 bp had been generated. Probes
were heated to 95°C for 5 min and then hybridized with Human Named Gene-
Filters (Research Genetics) in Microhyb hybridization solution (Research Ge-
netics) plus 25 pg of poly(dA) (Research Genetics) and 5 ug of heat-denatured
Cot-1 DNA (Gibco). Hybridizations were carried out at 42°C for 16 to 24 h.
Filters were washed twice with 2X SSC (1X SSC is 0.15 M NaCl plus 0.015 M
sodium citrate) and 1% sodium dodecyl sulfate (SDS) and once with 0.5X SSC
and 1% SDS at 55°C. Filters were exposed to phosphorimager cassettes and
analyzed with a Phosphorimager SI (Molecular Dynamics).

Analysis of filter data. Scanned phosphorimages were analyzed using P-scan
1.1 software from the National Institutes of Health (http://abs.cit.nih.gov/pscan).
Cluster analysis and profile images were generated using the software Cluster
and Treeview from the Eisen lab (http://rana.lbl.gov/EisenSoftware.htm) (26).

Real-time RT-PCR. Reverse transcription (RT) was carried out using 400 ng
of total RNA and the TaqMan reverse transcription reagents (PE Applied
Biosystems) in a 50-ul reaction mixture. Four microliters of the RT reaction
mixture was used for real-time PCR using the SYBR green PCR core reagents
(PE Applied Biosystems) and sequence-specific primers. The primers used were
interferon-inducible 9-27 forward 5" TCAACATCCACAGCGAGACC3' and re-
verse 5'GAAGAGGGTGTTGAACAGGGAC3/, cystatin B forward 5'GAGCG
TGCACTTGTGATCCTAA3' and reverse 5'GCCCCTTCCACCCCAA3', eno-
lase 2 forward 5" TAGTTCACCCCCTGAGATCCC3' and reverse 5'CAGCGG
AGCAGGTCAATCA3', YMP forward 5'CTATGCCACCGGCCTCTG3' and
reverse 5’ AGATCAAGGCGCCAGTAAACA3', BASP1 (NAP-22) forward 5'C
CCAAGCCGGTGGAGG3' and reverse 5 TGTCCTTGTCACTCTTTCACGG
3’, NK4 forward 5’AGAAAGAGATGGATTACGGTGCC3' and reverse 5'TC
GGTTGCGGGATCCTC3', PAC-1 forward 5’AGGCTTCATTGACTGGGTG
AA3" and reverse 5'AGATACCCGCCTGGCAGTG3’, phosphoglycerate
kinase forward 5’GCTGGCTGGATGGGCTT3' and reverse 5S'TTAGCCCGA
GTGACAGCCTC3', TRAP delta forward 5’ ATTTCCATCATCCCGCCTCT3’
and reverse 5’ AGGGCCCGTTCCAAGTG3', interferon-inducible IP30 forward
5'CGGAGTGTTTGCTTCGAGTGT3' and reverse 5’AGTTCCCACTCGCCT
TCCAT3’, ATPase subunit M9.2 forward 5’TACCATGTTGGTGACCTGTTC
AG3' and reverse 5'GGGTTGAGTTGGGCCAGAA3', BRF1 forward 5'TCC
GGCCCATGTCCG3' and reverse 5'CGAGAGAGAATCCTGAGGGCT3',
DNASIL3 forward 5'CCCCAAGAAGGCCTGGAA3' and reverse 5'TTGGTC
CCCGATCAGCC3’, HCK forward 5'"AGCGCCAACTGCTGGCT3' and re-
verse 5'TCTCGCTATCCCGGATCATG3', HPK1 forward 5'GGGATCCCAG
ATGCAGACTG3' and reverse 5'TCTCCATTCCTCGGAGCTTC3', heat
shock factor 1 forward 5’AACAGAAAGTCGTCAACAAGCTCAT3' and re-
verse 5'CTTTCTCTTCACCCCCAGGAT3’, human transcription factor for-
ward 5'GGAGGGCAACTTATCAGGCATG3' and reverse 5'TCGGACACTT
CCCTTTCTGC3', initiation factor 4B forward 5'CCAATTGACCGTTCCATC
CT3’ and reverse 5'GGTCGATATTGGGTTCCCG3', interferon-inducible
1-8U forward 5’ ATCCACATCCGCAGCGAG3' and reverse 5’AGGGTGTTG
AACAGGGACCA3’, galectin 9 forward 5’TTACCCAGACAGTCATCCACA
CA3’ and reverse 5'GGGATGGCGGGAGTAGAGAA3', interferon-inducible
1-8D forward 5’ACCGCCAAGTGCCTGAAC3' and reverse 5'GGATGATGA
CGAGCAGAATGG3', aldolase A forward 5’"CACATCTACCTGGAAGGCA
CC3' and reverse 5'CTTCTGAGTGCAAGCATGGC3', cathepsin C forward
S'TTTCTATGGAGGCTGCAATGAA3' and reverse 5’AGCAACTGCCATG
GGCC3', FYN forward 5’ACAAGGTGCAAAGTTCCCCA3' and reverse 5'T
GAACCTCCCGTACAGGGC3', interferon-induced microtubule aggregating
protein forward 5’CGTTACAGCCCTGCATTTGA3' and reverse 5’ATTGCG
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GCACACACCAGTACAG?Z', 40S ribosomal protein S8 forward 5'CATCTCT
CGGGACAACTGGC3' and reverse 5'TCTTGTGGTAGGGCTTTCTCTTG
3’, hepatocyte nuclear factor dimerization factor forward 5S'TTGCTGTGGGA
TGTGCCA3' and reverse 5" GAAGAGAGTGGTGCAGGGAAAA3', alpha 1
interferon forward 5'CCGAACTCTACCAGCAGCTGA3' and reverse 5'GGA
GTTTCTCCCACCCTCTCC3', beta interferon forward 5'CTCCGAAACTGA
AGATCTCCTAGC3' and reverse 5'TGCTGGTTGAAGAATGCTTGA3’, and
gamma interferon forward 5'GCAGCTAAAACAGGGAAGCG3’ and reverse
5'GGACAACCATTACTGGGATGCT3'. PCRs were cycled in a GeneAmp
5700 sequence detection system and analyzed with GeneAmp 5700 SDS software
(version 1.1; PE Applied Biosystems). Cycle times were analyzed at a reading of
0.2 fluorescence units. All reactions were done in duplicate. Cycle times that
varied by more than 1.0 between the duplicates were discarded. The duplicate
cycle times were then averaged and the cycle time of p100 was subtracted from
them for a normalized value. The normalized values for BLA1EBV or IB4 were
subtracted from values for BL to determine a normalized cycle time difference
for the appearance of the transcript. For the comparisons of resting B lympho-
cytes to LCLs and BL30 to BL30EBV, no normalization to p100 was performed
because p100 mRNA levels varied substantially in these comparisons, whereas it
does not vary in BL41, BL41EBV, and IB4. Rather, equal masses of total RNA
from multiple RNA preparations were used, yielding consistent results.

Promoter analysis. Five hundred base pairs 5" of the transcriptional start site
were identified using TRASER (http://genome-wwwo6.stanford.edu/cgi-bin/
Traser/traser) and analyzed using AliBaba2.1 and the Transfac database (http:/
www.gene-regulation.com).

Establishment of LCLs and purification of resting B cells. Peripheral blood
mononuclear cells (PBMC) from normal donors were infected with the B95-8
strain of EBV in the presence of 0.5 ng of cyclosporine A/ml. Total RNA was
extracted from bulk cultures at 3 months (LCL1) and 2 months (LCL2) postin-
fection. Resting B cells were purified from 10° PBMC by negative selection using
a human B-lymphocyte prep column (Caltag) according to the manufacturer’s
instructions.

RESULTS

Effect of EBV latency III infection on cell gene expression.
Research Genetics gf211 filters that have 4,146 partially redun-
dant IMAGE cDNA array elements, 178 total genomic control
spots, and 1,436 no-DNA control spots were successively hy-
bridized to poly(A)" RNA-directed first-strand cDNA probes
from EBV-negative BL41 cells, from BL41 stably converted to
latency III by EBV infection (BL4A1EBV), and from IB4 LCLs.
BLA1EBYV and IB4 cells express EBNAs and LMP1 that are
characteristic of latency III EBV infection. Poly (A)* RNA
was used in these experiments because on average 1,352
cDNAs were detectable at twofold over background with
poly(A)" RNA-directed probes, whereas only 930 cDNAs
were detected with total RNA-directed probes (data not
shown). Signal intensities were analyzed by P-SCAN 1.1 soft-
ware, which normalizes each cDNA signal to the average signal
intensity for all array elements on the filter. Normalized inten-
sities were then used to compare hybridizations of different
probes to the same filter.

Array elements were considered to have detected RNA if
their hybridized radioactivity was at least twice the mean back-
ground with probes from BL41, BL41EBV, or IB4 RNAs. Of
the 1,436 no-DNA control spots, only 2 to 3% were greater
than two times the mean on any filter, whereas of 4,146 cDNA
array elements, 34% (1,405) gave a signal that was at least
twice the background with repeat hybridizations using probes
from BL41, BL41EBYV, or IB4 poly(A)* RNA.

In Fig. 1A, each column represents an individual filter and
each row represents a particular array element. The data are
presented as the ratio of normalized intensities for each
gene with BL4A1EBV or IB4 cells divided by the normalized
intensities with non-EBV-infected BL41 cells on the identi-
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FIG. 1. (A) Effect of latency IIT EBV infection on cellular gene expression. Vertical columns represent hybridization to a single filter; a row represents
a single cDNA array element. Values are displayed as fold changes (normalized counts detected from **P-labeled first-strand cDNAs generated from
BLAIEBYV or IB4 divided by those from BLA1). Red bar, genes highly expressed in both BLA1IEBV and IB4. Green bar, genes suppressed by EBV in
BLA1EBYV and IB4. Group a genes are highly expressed in IB4 but unaffected by EBV in BLA1; group b genes are highly induced by EBV in BLAIEBV
but not highly expressed in IB4; and group c genes are unaffected by EBV in BL41 but expressed at a low level in IB4; group d genes are repressed by
EBYV in BLA1EBV and are unaffected in IB4. (B) Intersection of genes induced by EBV twofold or greater in both BLAIEBV and IB4, including known
and newly identified genes. (C) Intersection of genes repressed by EBV twofold or greater in both BLAIEBV and IB4. Scales are indicated.

cal filter. The ratios for BL41EBV to BL41 and IB4 to BL41
were ordered simultaneously using the Cluster self-organiz-
ing map (SOM) function (26). A strong red or green signal
indicates fourfold higher or lower abundance, respectively,

than in BL41. Black is indicative of no difference from the
level in uninfected BL41 cells. Many genes were affected by
EBYV infection, as evidenced by the red or green.

The bars labeled a or b at the right of the SOM in Fig. 1A
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demarcate RNAs that are expressed at a higher level in IB4
(group a) or BL41EBV (group b) relative to BL41 but not in
both BL41EBV and IB4, whereas the bars labeled ¢ or d
demarcate RNAs that are expressed at a lower level in 1B4
(group c) or BL41EBV (group d) relative to BL41 but not in
both BL41EBV and IB4. These seeming inconsistencies may
be due to constitutive c-myc expression or some other domi-
nant transcription factor effect in the BL cells that may obscure
the effect of EBV on these genes in the BL41 background or
may alter expression in BL41 relative to IB4. Less likely, some
RNAs may be differentially expressed in BLAIEBV or 1B4
because BLA1EBV lacks EBER expression and IB4 lacks
EBNAZ3B expression. However, EBERS and EBNA3B are not
critical for B-lymphocyte conversion to LCLs (102, 108). In-
terestingly, a number of genes in group a have related func-
tions, such as cyclophilin C, cyclophilin B, and FKBP-associ-
ated protein 48 or coronin-1 and p40phox.

The red bar to the left of the SOM in Fig. 1A demarcates
195 RNAs that are expressed at least twofold higher in at least
two of three hybridizations with BL41EBV and IB4 cDNAs,
whereas the green bar indicates 344 RNAs that are expressed
at least twofold lower in at least two of three hybridizations
with BLA1EBV and IB4 cDNAs. The former are likely to be
EBYV latency III-induced genes, whereas the latter are likely to
be EBV latency IlI-repressed genes. These genes were further
investigated.

EBV-induced genes. Of the 195 putative RNAs indicated
with a red bar, 151 in BL41EBV and 58 in IB4 were at least
twofold more abundant than in BL41 in three of three hybrid-
izations. Thirty-eight unique genes encoded the RNAs that
were twofold more abundant in all experiments with both
BL41EBYV and IB4 cDNAs (Fig. 1B). Included in the 38 are 10
previously known EBV-induced genes, such as major histo-
compatibility antigens, vimentin, A20, TRAF1, CD48, and
FAS, all of which are LMP1 induced and NF-«kB up-regulated
(6, 8, 24, 63, 66, 120). Neither A1/Bfll nor IkBa were among
the 38 because they were more than twofold induced in only
five of six filters. ICAM1 was not among the 38 because it was
not detected. Of the 28 new candidate EBV-induced genes,
NK4 and PAC-1 may have been anticipated to be EBV in-
duced because they were known to be NF-«kB regulated (70,
99), and EBV LMP1 strongly up-regulates NF-«B.

Of the genes newly identified as EBV induced, four are
known to be interferon (IFN) induced and one, Tyk2, is im-
portant in IFN signaling (5, 69, 112). Since IFNs are not among
the arrayed cDNAs, real-time RT-PCR was used to quantify
steady-state IFN mRNA levels. Although IFN-al, -B, and -y
were two- to fourfold more abundant in LCLs than in BL41
cells, IFN-y was unaffected by EBV infection in BL41EBV,
and IFN-a and IFN-B were suppressed two- to fourfold. Thus,
increased expression of IFN-regulated genes in BL41EBV is
not likely to be due to IFN induction (data not shown).

EBV-repressed genes. Although 344 array elements clus-
tered as EBV repressed (Fig. 1A), most changed less than
twofold. Only 29 array elements were less abundant in all three
BLAIEBV RNA hybridizations, 38 were less abundant in all
three IB4, and 10 genes were less abundant in both BLAIEBV
and IB4 cells (Fig. 1C). The 10 less abundant genes included
the gene for CD10; CD10 is known to be repressed by latency
IIT EBV infection in BL cells (25, 115). For the remaining
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genes, there is no indication of a common pathway that may
impact their promoters. However, 14-3-3 epsilon and protein
kinase A (PKA) regulatory subunit 2 beta may be functionally
related since 14-3-3 proteins can affect the subcellular local-
ization of PKA-phosphorylated proteins (84).

RT-PCR validation of EBV-induced genes. Expression of
EBV-induced genes was validated by real-time RT-PCR with
p100 RNA as an internal control; p100 RNA abundance was
the same in BL41, BL41EBV, and IB4 by Northern blotting
(data not shown). Titration of either first-strand cDNA or
plasmid DNA for p100 showed that one cycle change corre-
lates with an approximate twofold difference in RNA abun-
dance (data not shown). For most genes the fold change on
profiling correlated with the cycle time change on real-time
RT-PCR, but the magnitude of change by real-time RT-PCR
was generally greater. GS3686, for example, was 68-fold more
abundant in BL41EBV profiling, and the RT-PCR signal ap-
peared 10 cycles earlier with BL4AIEBV RNA, indicative of a
1,000-fold change. Of 26 genes tested, 13 had replicated
changes of at least one cycle for both BL41EBV and IB4
compared to BL, indicating a more than twofold induction
(Table 1). Eleven others had positive changes in most experi-
ments, confirming EBV induction. ENO?2 failed to confirm in
BLA1EBYV but was 12-fold more abundant in IB4 than in BL
cells. IFI30 and ALDOA were four- and threefold increased by
array analysis but were minimally increased by RT-PCR. One
gene, hUBC12, was incorrectly annotated as HSP1. Real time
RT-PCR failed to show EBV induction of HSP1 (data not
shown), and hUBC12 has not yet been tested.

EBV-induced genes in LCLs versus primary B lymphocytes.
To investigate the relevance of the newly identified EBV-in-
duced gene set to EBV latency III effects in primary B-lym-
phocyte conversion to LCLs, the abundances of seven induced
RNAs were compared by real time RT-PCR using RNAs from
recently established LCLs and from primary B lymphocytes.
GS3686, ENO2, DNASEIL3, TYK2, HCK, FYN, and
MAP4K1(HPK) RNAs were greater than sixfold more abun-
dant in LCLs than in resting B lymphocytes (Table 2). Thus,
most of the newly identified EBV-induced genes are likely to
be relevant to the effects of latency III EBV infection of pri-
mary B lymphocytes.

EBV-induced genes in BL30EBV versus BL30. Various BL
cell lines differ in their response to EBV latency III infection;
similarities and some differences have been previously noted
between BL41 and BL30 (13, 14). In real-time RT-PCR assays,
GS3686, ENO2, DNASEI1L3, and TYK2 were at least 1.7-fold
more abundant in BL30EBV than in BL30, whereas HCK,
FYN, or MAP4K1 were not more abundant in BL30EBV
versus BL30 (Table 2). BL30EBV and BL41EBYV cell lines are
similar in EBV latency III protein expression; however, the
EBER status of BL30EBV is unknown (data not shown).
Likely, differences between BL41 and BL30 cells result in dis-
parate effects of EBV latency III on cellular gene expression.

DISCUSSION

EBV infects resting B lymphocytes and growth transforms
them by altering cellular gene expression through the expres-
sion of the essential viral proteins EBNA2, EBNALP,
EBNA3A, EBNA3C, EBNALI, and LMP1 (reviewed in refer-
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TABLE 1. Assay of EBV-induced genes by real-time RT-PCR
BL41EBV 1B4
Gene symbol/name Proposed function
Profiling RT® Profiling RT®
Interferon induced
GS3686/mRNA expressed in osteoblasts Homology to an interferon-induced, 68 10/10 6.2 7.6/6.8
microtubule aggregating protein
IFITM2/interferon-inducible protein (1-8D)  Transmembrane protein 13 3.7/4.9 15 5.9/5.5
IFITM3/interferon-inducible protein (1-8U)  Transmembrane protein 7.3 3.2/52 9.9 3.8/4.5
IFITM1/interferon-inducible protein (9-27)  Growth suppression, homotypic adhesion 5.0 2.2/0.72 5.4 2.3/2.4
Adhesion and cytoskeleton
NK4/natural killer cell protein 4 Induced by antigen receptors, RGD seq. 3.4 6.7/5.6 13 9/10
suggest role in ECM/adhesion
PSCDBP/pleckstrin homology, Sec7 and Binds to cytohesin 1 6.5 0.96/1.5 35 0.56/4.0
coiled/coil domains, binding protein
BASP1/brain-abundant, membrane-attached ~ Found in rafts, Ca*/CaM binding protein, 13 3.5/3.2 6.7 10/2.3
signal protein 1 (NAP-22) actin binding protein
LGALSY/lectin, galactoside-binding, soluble ~ Eosinophil chemoattractant, causes 6.9 0.6/5.3 3.0 1.47/4.2
9 (galectin 9, ecalectin) apoptosis of thymocytes
Metabolism
PCBD/6-pyruvoyl-tetrahydropterin synthase  Synthesis of (BH(4), a cofactor for amino 42 7.5/7 7.8 9/3.5
(TCF1) acid hydroxylases
ATP6H/ATPase, H" transporting, 9 kDa Vacuolar proton pump 4.8 1.2/2.3 2.7 4.4/1.2
PGKI1/phosphoglycerate kinase 1 Glycolysis, PGK 3.0 0.89/0.71 32 8.63/.89
DNASEI1L3/DNase I-like 3 DNA metabolism 4.1 5.1/5.7 13 7.7/8.3
Signaling
UBE2M/ubiquitin-conjugating enzyme NEDDS8-specific conjugating enzyme 3.0 ND“ 4.3 ND*
E2M, homologous to yeast UBC12
TYK2/TYK2 tyrosine kinase Cytokine-JAK/STAT signaling 5.7 3.05/1.4 2.13 ND
HCK/hemopoietic cell kinase Src-family kinase, FCyR signaling 4.4 3.02.3 3.7 3.3/2.5
FYN/FYN Src-family kinase, TCR signaling 3.6 2.3/6.1 3.4 3.1/2.8
MAP4K1/mitogen-activated protein kinase Activator of the stress-activated protein 3.0 0.52/1.0 32 1.92/-0.6
kinase kinase kinase 1 (HPK1) kinase pathway
DUSP2/dual-specificity (PO,)ase PAC-1 MAP kinase (ERK1/ERK2) phosphatase 5.6 2.6/2.6 6.7 3.8/7.8
BRF1/butyrate response factor 1 Immediate-early response transcription 5.7 3.3/3.6 6.0 2.3/3.1
factor (Tis11 D family)
EMP3/epithelial membrane protein 3 MP20/PMP22 tetraspanin superfamily 32 0.34/1.6 2.9 0.67/5.8
Protein biosynthesis and degradation
EIF4B/elongation initiation factor 4B Aids unwinding of 5" UTR 32 0.22/3.6 4.0 1.67/—0.08
RPS8/ribosomal protein S8 Component of the ribosome 4.8 0.52/1.4 3.1 1/0.48
SSR4/signal sequence receptor 4 Cotranslation membrane targeting 38 1.21/0.82 3.1 1.33/0.79
CTSC/cathepsin C Papain family thiol-protease 3.6 1.6/5.6 35 3.2/2.5
Confirmed in IB4 and not BL41EBV
CSTB/cystatin B Cathepsin L, H, and B inhibitor 3.9 1.8/-1.9 4.6 5.12/1.5
ENO2/enolase 2 vy Glycolysis, phosphopyruvate hydrate 8.7 0.22/-0.37 10 4.6/4.7
Less than twofold by real-time PCR
IFI30/IFN-y-inducible protein IP-30 Lysosomal thiol reductase 4.5 0.89/—0.51 34 0.43/0.68
ALDOA/aldolase A Glycolysis, fructose-biphosphate aldolase 2.7 0.47/-0.59 2.8 0.75/0.7

4 ND, not done due to errors in annotation of the RG filters.

b Profiling results are fold changes as in Fig. 1. RT results are the change in cycle number at which a given gene reaches the threshold fluorescence in BL41EBV
or IB4 minus that for BL in two independent experiments. One cycle change is approximately twofold.

ence 59). Since most of the latency III proteins that are re-
quired for LCL outgrowth impact transcriptional pathways,
changes in cell gene transcription are likely to be critical to
EBYV effects on cell growth and survival. Indeed, EBV reverse
genetic analyses identify the transcriptional effector domains of
EBNAZ2 and LMP1 as critical domains for B-lymphocyte con-
version to LCLs (49, 50, 119). EBNA2, EBNA3A, EBNA3B,
and EBNA3C regulate transcription at least in part through
interactions with RBP-Jk/CBF1, a transcription factor that me-
diates Notch receptor effects (35, 42, 52, 53, 65, 72, 91, 113,

119, 123). LMP1 is a tumor necrosis factor receptor analogue
which constitutively activates NF-kB, JNK, and p38 signaling
pathways, thereby altering cell gene transcription (27, 28, 30,
33, 36, 40, 45, 50, 60, 66, 81, 83).

These experiments are the first broad survey of the potential
effects of latency III EBV infection on 4,146 cDNAs of known
or imputed function. Thus, we were able to identify EBV-
regulated genes and compare the transcriptional profile of
latency Ill-infected cells to those profiles established for other
B-cell malignancies.
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TABLE 2. Quantitation of EBV-induced genes in resting B
lymphocytes, LCLs, BL30, and BL30EBV by real time RT-PCR

C, in . a Avg A
Gene symbol | (i Mpe GnLCLY & eV prsgy
GS3686 28.59, 28.18  21.89, 22.75 6.06 8.80
ENO2 29.69, 28.58 24.28,24.62 4.69 0.83
DNASEIL3 27.51,28.19 25.05,25.14 275 1.82
TYK2 32.30, 32.36 28.49, 28.50 3.83 0.73
HCK 31.16,29.74 26.94,27.13 3.42 0.22
FYN 29.48, 29.48 27.02, 26.14 2.90 —0.815
MAP4K1  33.14,3147 28.55,2836 3.85 ~0.17

“ Results (mean cycle at threshold [C,]) from two experiments, performed in
triplicate, with two different B-lymphocyte preparations and LCLs, respectively.

b LCL average — resting B average.

¢ Average of three experiments performed in duplicate.

Of the 38 RNAs that are up-regulated by latency 111 EBV
infection in BL41EBYV, 11 were known to be up-regulated by
EBV. Except for B-actin, all are induced by LMP1 through
NF-kB activation (6, 8, 24, 63, 66, 120). Based on the key role
of LMP1 activation of NF-«B in 10 of the 11 previously known
EBV-induced genes, many of the 24 newly identified EBV-
induced genes are likely to be up-regulated by LMP1. Indeed,
NK4 and PAC-1 are known to be NF-kB responsive and are
therefore likely to be LMP1 induced (70, 99). Aside from
NF-«kB, LMP1 can effect transcription through AP-1 and SP1
activation (60, 104). EBNAZ2 is also a strong activator of cell
gene expression, and its effects are potentiated by EBNALP
and EBNA3C (38, 72, 85). EBNA2 can up-regulate CD21 and
CD23 with LMP1, and it also up-regulates c-myc and c-fgr (2,
20, 54, 64, 115, 116).

HCK and FYN, two other Src family tyrosine kinases (89,
98, 125), have now been found to be induced by latency III
EBYV infection (Table 1) and may also be EBNA2 up-regu-
lated. HCK and FYN are up-regulated fourfold in BLA1EBV
and IB4 cells compared to BL41 cells and were induced ap-
proximately eightfold in newly established LCLs relative to
resting B cells. Up-regulation of specific Src family kinases may
affect signal transduction from receptor tyrosine kinases, from
receptors which bind Src family tyrosine kinases through their
SH2 or SH3 domains, and from GPCRs that stimulate Gas
and Gal (1, 9, 96). The Src family kinases can further alter cell
transcription, growth, or survival through multiple signal cas-
cades, including the mitogen-activated protein (MAP) kinase
pathway. We also identified two regulators of the MAP kinase
cascade that are EBV induced. MAP4K1 is expressed at three-
fold higher levels in BL4A1EBV and in IB4 cells relative to
BLAL, and PAC-1 is expressed at sixfold higher levels.
MAP4K1 interacts with BLNK and a novel SLP-76-related
molecule, CLNK/MIST, to couple BCR signaling to NF-«B
activation, interleukin-2 promoter activity, and MAP kinase
activation (44, 58, 118, 121). PAC-1 dephosphorylates ERK1
and ERK2, and this may prevent desensitization as a conse-
quence of continuous signaling from latency III EBV infection
(94, 117).

Four of the identified EBV-induced genes are also IFN
inducible. Latency IIT EBV infection has been associated with
direct IFN-B induction as well as with cytokine-mediated IFN
induction (5, 55, 105). However, IFN-al, -B1, and -yl RNAs
were not up-regulated in BL41EBV. IFN-y alpha receptor and
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Tyk2 were up-regulated in BL41EBV and IB4 and could in-
crease IFN signaling. Latency III EBV infection may up-reg-
ulate an IFN that would not have been detected with the
probes for IFN-al, -B1, or -y1, or the IFN effects may be
augmented by signaling from another EBV-inducible cytokine
and receptor pathway. Cytomegalovirus, another human her-
pesvirus, is known to induce IFN response genes immediately
following infection of cells in the absence of IFN induction
(124).

Five EBV-induced genes, including the IFN-induced gene
GS3686, encode proteins that are involved in cell adhesion or
structure. LMP1 up-regulates expression of vimentin interme-
diate filaments, a p55 actin bundling protein, MARCKS,
LFA-1, LFA-3, and ICAM-1 (10, 13, 47, 101, 106, 107, 114—
116). GS3686, the most highly EBV-induced mRNA, encodes
a putative microtubule aggregating protein (43, 103). PSCDBP
binds to cytoadhesin 1 (61), and BASP1 is an N-terminally
myristolated, Ca™ and calmodulin binding protein found in
plasma membrane microdomains. BASP1 colocalizes with
MARCKS, another EBV-induced protein (7), and is also a
PKC substrate (82, 88). Natural killer cell protein 4 may have
a role in cell adhesion (21), whereas galectin 9 has been im-
plicated in eosinophil chemotaxis (77).

Ten other EBV-induced genes are constituents of metabolic
pathways, including protein biosynthesis and degradation,
PCBD/6-pyruvoly-tetrahydropterin synthase, vacuolar ATPase
subunit H, phosphoglycerate kinase 1 (PGKI1), enolase 2,
DNase I-like elongation and initiation factor 4B, ribosomal
protein S8, signal sequence receptor 4, cystatin B, and cathep-
sin C (11, 17, 22, 31, 39, 67, 75, 78, 79, 86, 93, 111, 122).
Up-regulation of these RNAs may enhance the ability of la-
tency Ill-infected cells to rapidly alter location, metabolism, or
proliferation.

Analysis of potential transcriptional regulatory sites near
promoters of these new EBV-induced genes may identify new
signaling pathways impacted by latency III EBV infection. Pro-
grams associated with the Transcription Factor database and
the completed human genomic sequences were used to identify
putative transcription factor binding sites 500 bases upstream
of the Tyk2, PGK1, PCBD, MAP4K1, hUBC12, GS3686, and
ENO2 promoters. All except for Tyk2 have predicted NF-«B
sites and are therefore likely to be LMP1 responsive. The
Tyk2, PGK1, GS3686, and ENO2 promoters have predicted
PU.1 sites that may enable EBNAZ2 responsiveness. These pro-
moters also have predicted AP-1, AP-2, and SP1 binding sites
that can be affected by LMP1 (28, 104). Thus, most of the
genes identified in this study are likely to be impacted by
pathways already known to be EBV induced.

Of the 10 RNAs that were down-regulated twofold or more
in BL41EBV and IB4, CD10 is known to be down-regulated by
LMP1 (34, 71, 115). CD10 is a neutral endopeptidase that is
down-regulated in Alzheimer’s disease patients. Potentially of
interest is the recent observation that B cells of Alzheimer’s
disease patients transform more rapidly to LCLs following in
vitro infection with EBV than do cells from age-matched con-
trols (87).

BLA41EBYV and IB4 are good model cell lines for the iden-
tification of EBV-induced genes, since EBV has robust effects
in BL41. Furthermore, IB4 cell growth is still dependent on
EBNA?Z? interactions with RBP-Jk (A. Cooper, submitted for
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in the legend for Fig. 1.

publication). In fact, of the genes tested, all showed EBV
induction in the newly established LCLs compared to resting B
cells, validating our model. HCK, FYN, and MAP4K1, was not
confirmed as being EBV induced in the comparison of
BL30EBYV to BL30, whereas GS3686, ENO2, DNASE1L3, and
TYK?2 were. This likely reflects a difference in the basal gene
expression between BL41 and BL30, possibly due to variations
in accumulated mutations. BL41 and BL30 have c-myc trans-
locations and p53 mutations; their BCL-6 status is unknown.

In studies of diffuse large B-cell lymphomas, some genes are
abundant in activated antigen receptor-stimulated B cells and
scarce in germinal center (tonsil) B cells. These genes consti-
tute an activated B-cell signature. In contrast, genes that are
expressed at a high level in tonsils and at a low level in acti-
vated B cells constitute a germinal center signature (4). Five
activated and 15 germinal center B-cell signature cDNAs were
detected on the Research Genetics gf211 filters (Fig. 2). Two
of five activation signature genes, CD44 and c-FLIP, were
up-regulated in at least five of six hybridizations with
BL41EBV and IB4 RNAs. Three of five activated signature
genes, c-myc, phorbol myristate acetate (PMA)-induced 1, and
dCMP deaminase, were unaffected by EBV infection. c-myc is
constitutively expressed at a high level in BL cells and would
not be expected to change in these studies (110). PMA-induced
1 and dCMP deaminase are transiently induced by antigen
receptor signaling, with expression returning to resting levels at
48 h (4). Thus, the effect of EBV infection on activated and
germinal center genes is difficult to predict.

EBV did not consistently up-regulate any germinal center
signature gene. Rather, the only significant effect of EBV in-
fection on germinal center signature genes was down-regula-
tion. RGS13, Spi-B, and CD10 were expressed at a low level in
BL41EBYV and in IB4 cells, consistent with active inhibition by
latency III EBV infection. BCL-6 was less abundant in LCLs
compared to BL, as was expected since LMP1 expression can
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down-regulate BCL-6 (15, 16). However, BCL-6 levels were
unaffected in BL41EBV, probably due to BL-associated mu-
tations in the BCL-6 promoter (32). Overall, latency III EBV-
infected BL4A1EBV and IB4 cells have increased expression of
the activation markers CD44 and c-FLIP and decreased ex-
pression of the germinal center markers RGS13, Spi-B, and
CD10 (Fig. 2).

In this study, we have focused on genes that are robustly
induced and highly expressed in latency III EBV-infected cells.
Relaxation of these criteria to include genes that are up-reg-
ulated twofold in more than half of the repeated hybridizations
expands the set of EBV-induced genes to 80 cDNAs, which
include almost all previously identified EBV-induced genes.
Further studies are necessary to characterize gene expression
in EBV-associated malignancies that express latency I or la-
tency II. These future studies, and our present one, may enable
the identification of EBV signatures associated with different
types of latency that can lead to therapeutic targets for the
treatment of EBV-associated diseases.
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