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Epstein-Barr virus (EBV) nuclear antigen 2 (EBNA-2) is a key determinant in the EBV-driven B-cell growth
transformation process. By activating an array of viral and cellular target genes, EBNA-2 initiates a cascade
of events which ultimately cause cell cycle entry and the proliferation of the infected B cell. In order to identify
cellular target genes that respond to EBNA-2 in the absence of other viral factors, we have performed a
comprehensive search for EBNA-2 target genes in two EBV-negative B-cell lines. This screen identified 311
EBNA-2-induced and 239 EBNA-2-repressed genes that were significantly regulated in either one or both cell
lines. The activation of most of these genes had not previously been attributed to EBNA-2 function and will be
relevant for the identification of EBNA-2-specific contributions to EBV-associated malignancies. The diverse
spectrum of EBNA-2 target genes described in this study reflects the broad spectrum of EBNA-2 functions
involved in virus-host interactions, including cell signaling molecules, adapters, genes involved in cell cycle

regulation, and chemokines.

Epstein-Barr virus (EBV) is a DNA tumor virus that is
associated with the pathogenesis of endemic Burkitt’s lym-
phoma, Hodgkin’s lymphoma, and posttransplant lymphoma.
In vitro EBV infects and growth transforms primary B cells,
leading to the continuous proliferation of lymphoblastoid cell
lines (LCLs) in culture. EBV nuclear antigen 2 (EBNA-2) is
one of the first genes expressed upon EBV infection and es-
sential for the growth transformation process. By activating an
array of primary viral and cellular target genes, EBNA-2 ini-
tiates the transcription of a cascade of secondary events that
cause B-cell activation, cell cycle entry, and maintenance of
LCLs (9, 16, 28, 59). In LCLs, EBNA-2 is typically coexpressed
with other viral factors (EBV-associated latent membrane pro-
teins [LMP1, -2A, and -2B], EBNA-1, -3A, -3B, -3C, and -LP,
and the BamHIA rightward transcripts) that are collectively
called latent antigens. This expression pattern of EBV tran-
scription, accompanied by a specific cellular gene expression
pattern, is called latency III. Important primary targets of
EBNA-2 in LCLs are the proto-oncogene c-myc and the viral
LMP1 gene, which contribute to the initiation of the secondary
target gene cascade (6, 12, 24, 47, 57, 60). The mechanism by
which EBNA-2 activates viral target genes has been intensively
studied. All viral promoters that are activated by EBNA-2
share a binding site for the C-promoter binding protein CBF1.
CBF1, also named RBP-J and RBP-Jk in mice or Suppressor
of Hairless in Drosophila melanogaster, is a ubiquitously ex-
pressed, sequence-specific cellular DNA binding protein that
serves as a DNA adaptor protein for cellular and viral factors
(17, 37). The recruitment of corepressor complexes by CBF1
can result in target gene repression, while the recruitment of
transactivators like the viral EBNA-2 protein causes gene
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activation (17). The cellular equivalent of EBNA-2 is the
activated Notch receptor. Notch proteins are transmem-
brane receptors that are activated upon ligand binding by
proteolytic cleavage. This multistep process generates an
intracellular Notch fragment that binds to CBF1 and acti-
vates the transcription of CBF1-dependent target genes
(42). The constitutively active nuclear protein EBNA-2
shortcuts this pathway and might thus execute Notch-like
functions. The extent to which Notch and EBNA-2 functions
overlap is still an open question. Well-known targets of
Notch are the basic helix-loop-helix (bHLH) proteins
HES-1, -5, and -7 and HERP1/Hey2/Hesr2/HRT2/CHF1/
Gridlock, HERP2/Hey1/Hesr1/HRT1/CHF2, and HERP3/
HeyL/HesR3/HRT3 (3, 20, 21, 39, 43, 44). CD21, CD23,
CCR?7, BATF, tumor necrosis factor alpha (TNF-a), c-myc,
RUNX3, and interleukin-18 receptor are activated by
EBNA-2 (4, 5, 10, 23, 24, 49, 60, 66). Target genes that have
been shown to be shared by both transactivators are CD21,
CD23, BATF, TNF-a and c-myc (14, 19, 62). Both EBNA-2
and activated Notch can also repress immunoglobulin M
(IgM) transcription (22, 62). The mechanism by which
EBNA-2 represses IgM transcription is partially indepen-
dent of CBF1 (40). Compared to the broad list of target
genes described for Notch, the panel of EBNA-2 target
genes is still limited. In this report, we describe the results of
a comprehensive screen for EBNA-2 target genes based on
two EBV-negative cell lines that express a conditional es-
trogen-responsive  EBNA-2 protein. The results of this
screen were confirmed for a selected group of target genes
by real-time reverse transcription-PCR (RT-PCR) in the
initial cell lines as well as additional EBNA-2 conditional
systems and in the context of infected B cells. CBF1-depen-
dent gene expression patterns were defined by analyzing
target gene expression in CBF1-negative, somatic knockout
B-cell lines.
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MATERIALS AND METHODS

Plasmids. The plasmid probe for HES-5 was a gift from R. Kageyama
(Kyoto, Japan). All other plasmids (for HES-1 [HU3_p983D0695D2], HES-7
[IMAGp998C1511261Q1], HERP1 [IMAGp998H221275Q], HERP2 [IMAG-
p956A2118Q], and HERP3 [HU_p983C07119D2]) are distributed by the
RZPD, Berlin, Germany.

Cell lines and B cells. DG75, BL41K3, BJABK3, SM295 (clone D6), SM296
(clone D3), SM224.9, and ER/EB2-5 have been described previously (2, 27, 28,
40). AH276.1 is a stable transfectant of SM224.9 expressing tandem affinity
purification-tagged CBF1. BL41 is an EBV-negative Burkitt’s lymphoma cell line
carrying a t(8;14) translocation (38). BJAB is an EBV-negative lymphoblastoid
B-cell line (31). All cell lines were cultivated in RPMI 1640 medium supple-
mented with 10% fetal calf serum, 100 U/ml penicillin, and 100 pg/ml strepto-
mycin. The hormone binding domain of the estrogen receptor (ER/EBNA-2)
was induced by the addition of 1 uM B-estradiol to the cell culture medium. The
medium for ER/EB2-5 was constantly supplemented with B-estradiol (1 uM) for
the expansion of cell cultures. Human primary B cells were purified from ade-
noids by T-cell rosetting and infected with culture supernatants of B95.8 cells.

Microarray analysis of gene expression. Total cellular RNA (10 pg) was
labeled and hybridized to Affymetrix HG-U133A 2.0 GeneChip according to the
manufacturer’s instructions. Affymetrix CEL files were processed for global
normalization and the generation of expression values by using the robust mul-
tiarray average algorithm in the R affy package (www.bioconductor.org). Absent,
marginally expressed, and present calls were defined by Affymetrix MAS 5.0
software.

Scaling factors ranged from 0.67 to 1, and the average background was below
70. The list of significantly regulated genes was achieved by applying the signif-
icance analysis of microarrays two-class algorithm (65) of the samr package for
R between uninduced and B-estradiol-induced cells for each cell line individually
(three replicates for BIABK3 and two for BL41K3). The 1% false discovery rate
level for differentially regulated genes exceeded 784 and 1,150 probe sets for
BJABKS3 and BL41K3, respectively. Further filtering and data preparation were
performed with Spotfire DecisionSite software (Spotfire, Sommerville, MA). The
analysis of overrepresented genes was performed using the program EASE,
version 2.0 (18).

Primers for PCR. Primer pairs for RT-PCR were selected by Primer3 software
(http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). All pairs were cho-
sen to support amplification across intron borders, with a single exception, which
was CDKS5R1. Primers were AATCGGATCACCAATGGAAC and CAGCTG
GCTGGGTTGTATG for CD21, ATGCAGGTCTCCACTGCTG and TTCTG
GACCCACTCCTCAC for CCL3, TTGCCACCAATACCATGAAG and ACC
ACAAAGTTGCGAGGAAG for CCL4, ATGCACAGAACAAGCCACAG
and ACCCACAGTTTGGTCAAAGA for CDK5R1, GATCCCACAAATGGA
AGTGG and ATCGTCATCCAGTCGAAAGC for SAMSN1, CGTGACCGA
GTTCATGTGTC and TTATTCATGCCTGGGTAGGG for FGR, ACATTTC
TTCGGCATTCTGC and CAACACGCACTTGATGGAAC for RHOH, GTT
AATCAACTGGCCCATGC and TCTTTCCATGTGCTGTCTGC for MFN1,
AGGACACCACGGTGAAGAAG and GTGAAGGCCCTTGAAGACTG for
DNASEIL3, TGAGGGATGGTACCTTATGACC and ACAGCCCAGCATA
CACTGC for SLAMF1, TCTCACTGCACGATGAGAGG and TATGCCCGA
ATGGAAGAGTC for RAPGEF2, TGGCCTGCAGTACTCAACTG and TC
GGAACCTTGATCTTGTCC for ABHDG6, and CGGCTACCACATCCAA
GGAA and CTGGAATTACCGCGGCT for 18S rRNA.

Real-time RT-PCR. Total RNA was extracted from 1 X 107 cells using
peqGOLD TriFast (PEQLAB) according to the manufacturer’s protocol and
treated with DNase to remove genomic DNA (RQ1 RNase-Free DNase; Pro-
mega). cDNA was synthesized from 1 pg of RNA by using avian myeloblastosis
virus reverse transcriptase and random hexanucleotide mixtures as primers (First
Strand ¢cDNA synthesis kit for RT-PCR; Roche).

Relative quantification of the transcripts by real-time PCR was performed with
a LightCycler, and the data were processed by LightCycler software, version 4.05
(Roche). A total of 1/20 of the cDNA was amplified using the LightCycler
FastStart kit according to the manufacturer’s protocol (Roche). Cycling condi-
tions were 1 cycle of 95°C for 10 min and 38 cycles of denaturation (95°C for 0 s),
annealing (60°C for 10 s), and extension (72°C for 25 s). All PCR products were
examined by melting curve analysis (95°C for 0 s, 65°C for 10 s, and 99°C for 0 s;
acquisition mode continuous), and the expected PCR fragment size was verified
by agarose gel electrophoresis.

To correct for differences in reaction efficiencies, a standard curve was gen-
erated for each gene by using the serial dilutions as templates for amplification
and plotting the crossing points versus the known dilutions. All data were nor-
malized for the relative abundance of the 18S rRNA transcript. The abundance
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of each target transcript could thus be compared across all of the different RNA
samples tested.

Northern blotting. A total of 10 g of total cellular RNA was separated on
1.2% formaldehyde agarose gels, blotted onto nylon membranes in 20X SSC (1X
SSC is 0.15 M NaCl plus 0.015 M sodium citrate), and cross-linked to the
membranes by UV treatment. The membranes were prewashed with 0.1X SSC
and 1% sodium dodecyl sulfate (SDS) for 30 min, prehybridized in Church buffer
(0.5 M NaP0,, pH 7.1, 7% SDS, 1 mM EDTA) for 1 hour, hybridized with
32p_labeled denatured-DNA probes in Church buffer (2.5 ng labeled DNA
probe/ml) overnight, washed in 2X SSC and 1% SDS, and exposed to X-ray
films.

Microarray data accession numbers. Normalized expression values were de-
posited in the Gene Expression Omnibus repository as series number GSE 4525
(www.ncbi.nlm.nih.gov/geo/).

RESULTS

Microarray screen for EBNA-2 target genes. Two cell lines,
BLA41K3 and BJABK3, were chosen to perform a comprehen-
sive screen for EBNA-2 target genes. Both cell lines are EBV-
negative B-cell lines and express a chimeric EBNA-2 protein
fused to ER/EBNA-2. The cells are propagated in the absence
of hormone (27, 29). Estrogen stimulation activates ER/
EBNA-2, which in turn activates well-known EBNA-2 target
genes like CD21. The c-myc gene responds differentially in the
two cell lines. BL41K3 is a Burkitt’s lymphoma-derived cell
line carrying a t(8;14) translocation juxtaposing the immuno-
globulin heavy chain locus and the c-myc oncogene. In
BL41K3, IgM and c-myc are corepressed. In contrast, BIABK3
cells are derived from a lymphoblastoid B-cell line that does
not carry this translocation. BJABK3 cells repress IgM expres-
sion and moderately induce c-myc (22, 40). Thus, for those
genes that are coregulated in both cell lines, a contribution of
Myc to target gene modulation by EBNA-2 can be excluded.

BL41K3 and BJABK3 were cultured in estrogen-supple-
mented medium for 24 h, and gene expression profiles were
established for unstimulated and stimulated cells. For BJABK3
and BL41K3, three and two independent estrogen stimula-
tions, respectively, were performed. RNA was harvested and
processed for the hybridization of the HGU133A 2.0 Af-
fymetrix array. This array carries 22,277 independent probe
sets, which represent 18,400 transcripts and related variants,
including 14,500 well-characterized human genes. In both cell
lines, 51% (*+1.8%) of the probe sets scored as present before
and after EBNA-2 activation, indicating that no massive over-
all change in transcription levels was induced.

A total of 550 probe sets were significantly (q value of =1%)
and, on average, at least twofold induced or repressed in either
cell line. A total of 58 or 197 transcripts were induced in
BJABK3 or BL41K3, respectively, while 56 were upregulated
in both cell lines. A total of 239 transcripts were downregu-
lated: 163 in BJABK3, 51 in BL41K3, and 25 in both cell lines
(Fig. 1A).

Within the group of EBNA-2-induced targets, several had
been described before and are now confirmed by our results.
These were CD21, c-fgr, CD23, CCR7, AML-2/Runx3, and
CD83 (Fig. 1B and C) (5, 10, 32, 40, 61, 66). CD21 and c-fgr
belonged to the group that was induced more than 3.5-fold in
both cell lines. All other genes responded more weakly or
differently in the two cell lines. C-myc showed the expected
differential expression levels upregulated in BJABK3 and re-
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FIG. 1. Activation of EBNA-2 in BJABK3 or BL41K3 causes the
induction or repression of 550 probe sets. Total cellular RNA was
extracted from BJABK3 or BL41K3 cells before or 24 h post-estrogen
activation of EBNA-2 and used for microarray analyses of mRNA
expression levels. (A) Venn diagrams illustrate the distribution of 550
probe sets, which were significantly either upregulated or repressed by
EBNA-2 at least twofold (q value of =1%). Triplicate (B) or duplicate
(C) results of individual probe sets upon BJABK3 (B) or BL41K3
(C) microarray analyses are shown for EBNA-2-induced genes, which
have been described in the literature. Gray bars show the mean nor-
malized (norm.) signal intensities before estrogen (—), while black bars
correspond to the signal 24 h post-estrogen (+) induction. Error bars
indicate standard deviations.

pressed in BL41K3. The expression of the ribosomal protein
L32 gene was unaffected by estrogen treatment of the cells.

Confirmation of EBNA-2 target genes by real-time RT-PCR
in BJABK3 and BL41KS3. In order to confirm the results of the
Affymetrix screen and compare the relative expression levels in
additional B-cell lines, we performed quantitative real-time
RT-PCR analyses on a selected group of 12 target genes that
were induced by EBNA-2 at least 3.5-fold (q value of =1%) in
both cellular systems. This group of 12 target genes included
two well-known EBNA-2 target genes, CD21 and c-fgr, which
served as controls to prove successful ER/EBNA-2 induction
throughout all experiments (Table 1).

For each of these 12 genes, transcript abundances were
referred to a calibrator sample generated by using the PCR
product of the respective gene as a template for amplification.
This allowed the comparison of transcript abundances and the
relative induction levels obtained by RT-PCR for each gene
between different cell lines.

All original Affymetrix data sets are provided in Excel sheet
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format, including expression levels, a score for the detection
call, mean values of the triplicates, standard deviations, and the
relative induction or repression for both cell lines (see http:
/fwww.gsf.de/kmolbi/group3_frameset.htm).

For all 12 genes, the induction by EBNA-2 could be confirmed
by RT-PCR in BL41K3 and BJABK3 (see http://www.gsf.de
/kmolbi/group3_frameset.htm). In general, relative induction
rates and relative expression levels, both strong and weak,
correlated well when the two techniques were compared, while
absolute induction levels differed. Since ¢cDNA synthesis
protocols differed for both techniques, experimental
procedures and gene-specific efficiencies might account for
these minor discrepancies. Control experiments were
performed in order to test whether target gene activation upon
estrogen treatment was dependent on EBNA-2. To this end,
the parental BL41 and BJAB cells were treated with estrogen
and transcript levels were determined. We detected 2.2-fold
changes in response to estrogen at most. Importantly, the
activation by EBNA-2 significantly exceeded these potential
estrogen effects in all cases (see http:/www.gsf.de/kmolbi
/group3_frameset.htm).

The contribution of CBF1 to EBNA-2 target gene induction
and repression. Next, the contribution of CBF1 signaling to
the expression of these 12 target genes by ER/EBNA-2 was
analyzed (see http://www.gsf.de/kmolbi/group3_frameset.htm).
We recently described a CBF1 somatic knockout B-cell line,
which was generated by the inactivation of the CBF1 gene in
the Burkitt’s lymphoma cell line DG75 (40). ER/EBNA-2
transfectants of DG75 wild-type cells (SM295) and of CBF1
-negative DG75 cells (SM296) were estrogen stimulated, and
gene expression was studied by real-time RT-PCR. FGR was
expressed at high levels before ER/EBNA-2 activation but not
induced by EBNA-2 in the cellular background of DG75, while
the remaining 11 target genes were activated. Analysis of these
11 target genes in CBF1-negative SM296 cells revealed that
RAPGEF2 responded weakly but also reproducibly in the
absence of CBF1. The activation of the remaining 10 target
genes was strictly dependent on CBF1, indicating that CBF1
was absolutely required for the activation of the majority of
target genes.

In order to detect the contribution of CBF1 to the repres-
sion of these 12 modulated target genes, basal expression levels
were compared in wild-type and CBF1-negative DG75 cells
before EBNA-2 induction. CCL3, CDK5R1, RHOH, and
RAPGEF?2 expression was increased at least twofold in CBF1-
negative cells (SM296) compared to that in CBF1-positive cells
(SM295) independent of EBNA-2 activation (0 h) (see http:
/www.gsf.de/kmolbi/group3_frameset.htm). Thus, these four
genes were candidates for CBF1-repressed genes. In order to
exclude trivial reasons like clonal variation as an explanation
for these results, we employed three additional cell lines in our
studies: the parental cell line DG75, the corresponding CBF1
-negative knockout cell line SM224.9, and a transfectant of
SM224.9 into which tandem affinity purification-tagged CBF1
had been reintroduced (AH276.1). Real-time RT-PCR
analysis of the four candidate CBF1-repressed genes revealed
elevated transcript levels in CBF1-negative cells (SM224.9) as
opposed to the CBF1-positive counterparts (DG75 and AH276
.1) (Fig. 2). For all other genes, the baseline expression before



J. VIROL.

MAIER ET AL.

9764

S[199 $£0A (50uldD)

QANESIU-TIgD Ul paje[n3ardn ApueoyIusIs ‘4 SHWI] UONOIOP Sy} MO[2q dIB YIIgMm S[aAJ] WOy uonemsardn Suons ‘+++ “e1ep YOd-1J dwn-[edr 03 Surpiodoe uonemuns udgonsd-isod g pz (p[og-u) uononpuy ,

U210 XIIJOWARY 9y} Jo uvow ay) 0} Surproooe uonenuns uafonse-jsod y g (pjoj-u) uononpuy ,

“IdQUINU UOIEIYNUIPI ‘([ "UOHBWIONU] AS0[0UYDRIOIg 10J 19U [BUONEN AU} 0} SuIpI0dde (] dudd anbrun)
‘uononpur UaSonsa e ¢ 1H1d pue ¢V g Ul P[OJ-G'¢ SB[ J& Padnpul dIe Jey) Soudn) ,,

SNIIA S9[SEll

(TAV7IS) T 9[nosjow

00T Se 60 +++ T %% 1 86T 8¢ 9°¢e 10§ 103dodar ‘voneAndR 210YdwAT 4059 uoneanoe donkooydwd| Sureusis ()gTAD

S91 €8T 't +++ T 8L T v'T €6 LS ujoxd 1o1depe WVS-¢HS  260v9 (INSWV'S) 101depe 2%&:@50%:
HOHY

> > + €1 9% 60 89 T v'e €S '8 SISBJLO OUY JO IONQIUUL 66 H Ioquiour ‘A[rurej ouo§ Sojowoy svi
(21aDdV )

L8 > + Tt (U 0f 0 6°¢ re 8F uoneANOE SBY €696 ¢ 1030B} dFuBydXa opnodpnu sutuens dey

vy > Tl Ty 91 60°S LT |4 0°¢ LS uoIsny [ELIPUOYIONAL 995G (INAN) TuISngoIN

aseuny aurso1k)/Sojowoy duagoouo

+++ > €1 I 60 8L Tl SLI (44 9 (43[-A) [eIA BUIODIES OUI[Q] PAOUSLY-I1oUPIED 97T (4OA) 8>

> 6'0¢ €0 6LE ¥l 7'y T 181 6'CCS LY uonenuiadAy ‘Ayanoe aseN( onoydody  9/L1 (€TIASYNQA) € M1 9SeNd
¢ aseuny Juopuadop (Ta$31an)

L LTI + T +++ 61 T8 L1 ! T8 L1T -urokd Jo 10jeAnoE dYIads [eUOINON 1688 SIp2 Jo (sed) 1 ungns Arore[ngoy
(91dIN) ®©199-T urojord Arojewrwrepur

> L08 €71 099 0T 791 0T 6 S60T o1 Supyoygen akooydwhy  poe9  oSeydomew (H1DD) y puesi| Surjowdy)
(o1d1N) eydre-1 urejoid Krojewrwepur

811 78 + 01 'y L0 SeL 70 67y 8779 67 Supjorgen aikooydwhy  gpeg  oSeydomew (¢TDD) ¢ puesi| ounjoway)

103dooa1 AGH/(2D) 7 103dodor

+++ T +++ T 865 [ T6ET 8'0S€ ¥'0L yuawajdwos/3ureudisod 101dedor [[9o-g  08€T (zdD) 12D
Ananoe osedry (9auav)

I'8L 701 't 1T Tl L 81 9¢ 8¥ 7'y ‘wsijoqejour punodwod dnewWory  90pLS  ureloxd 9 Sururejuod-urewop ase[oIpAYqy

AGH  STHH/9A soulddD 96TNS  S6TINS  AvIid  eAvrd  IvId  eIIYId  elavid  eIiv1d
pdOd-1Y dwn-[edy LXITJOWARY (s)uonouny [e0130[01q IO TB[NOI[OJA oﬁm_mﬂu Jonpoid ouog 10 ouon)

1103 JNSOY

PIOJ-G°€ IS8 1B Z-YNIH Aq paonpul souds g I0J paure)qo synsal jo Arewwuns ‘T IdV.L



VoL. 80, 2006
A) cows B)  cDKsRi
25 45
40
20| p=0,009 p=0,001 as| P<0,001 [ p=0.007
% ® a0
B 15 3
= B4
8 2
% 104 l g . ]_ I
£ = 15 L
g | . I
l 5
n=6 n=7 n=6 e n=12 n=11 n=6
C) RHOH D) RAPGEF2
1600 2000
1400{ p=0,002 [ p=0,019 18007 10,001 W p=0,007
- w 1600
£ 1200 l £ 00 l
Eamoo T é 12001
2 oo T 2 1000
£ so0 £ so0]
B T g0
400
4004
200 200+ |
n=0 n=10 n=7 n=6 n=5 n=5
O pa7s O smzz4.9 O AH276.4

EBNA-2 TARGET GENES 9765

cD21 ABHD6

rel. transcript lavels
rel. transcript levels
o
8
8

prolif. ©h 3h 6h 12h 16h 24h

prolif. Oh  3h 6h 12h 18h 24h

CCL3 ccLa
o 160 w 30
i P
i P
E w I I g 100
T - g 52

prolif. 0h 2h 6h 12h 16h 24h prolif. 0h 3h 6h 12h 168h 24h

CDK5R1 RHOH
1.800 1.600

1200*}

rel. transcript levels
g
rel. transcript levels

proif. 0h 3h 6h i2h 16h 24n

profif. Oh 3h 6h 12h 16h 24h

FIG. 2. Expression of CCL3, CDK5R1, RHOH, and RAPGEF2 is
repressed by CBF1. Total cellular RNAs of DG75, SM224.9, and
AH276.1 were tested for the expression of CCL3, CDK5R1, RHOH,
and RAPGEF?2 by real-time RT-PCR. The results are given as mean
values (n = number of independent experiments). The relative (rel.)
transcript levels for all genes refer to a gene-specific calibrator tem-
plate. Standard deviations are given as error bars, and P values were
calculated by an unpaired two-sided Student ¢ test.

EBNA-2 activation was below the detection levels or
unchanged in the absence of CBF1.

Target gene activation in EBV-positive B cells. In order to
validate the 12 candidate EBNA-2 target genes in the context
of an EBV-positive cellular background, expression was ana-
lyzed in ER/EB2-5 cells by real-time RT-PCR (Fig. 3). ER/
EB2-5 cells are EBV-transformed B cells expressing ER/
EBNA-2, which proliferate and express EBNA-2 target genes
in only estrogen-conditioned growth medium (28). Estrogen
deprivation of the growth medium leads to cell cycle arrest,
which can be reversed by estrogen restimulation.

Total cellular RNA was isolated from ER/EB2-5 cells (i)
cultivated in the presence of estrogen, (ii) depleted from es-
trogen for 3 days, and (iii) restimulated with estrogen for
different time periods. Importantly, all 12 genes were ex-
pressed in proliferating ER/EB2-5 cells when EBNA-2 was
active (Fig. 3). Upon estrogen depletion, the expression levels
of CD21, CCL3, CDK5R1, SAMSN1, DNASEI1L3, SLAMF1,
ABHDG6, and CCL4 were significantly diminished. Reinduction
could already be monitored 3 h post-EBNA-2 activation. In
contrast, the expression levels of RHOH, RAPGEF2, MFNI,
and FGR were maintained or only marginally modulated in
response to estrogen. Thus, the expression levels of the latter
genes are controlled by other viral or cellular factors indepen-
dent of EBNA-2 in the cellular context of ER/EB2-5 cells.

Target genes induced upon infection of primary B cells by
EBV infection. All results presented so far were obtained by
using established cell culture systems based on the ER/
EBNA-2 chimeric protein. In order to exclude potential arti-
facts of the estrogen-inducible system, primary B cells infected
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FIG. 3. Induction of target genes in ER/EB2-5 cells. Total cellular
RNAs of proliferating ER/EB2-5 cells, growth-arrested ER/EB2-5
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days, or estrogen-restimulated cells were harvested at the indicated
time points, and gene expression was tested by real-time RT-PCR. The
results are given as relative transcript levels referring to a gene-specific
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6h t2h 18h 24h

with EBV-carrying wild-type EBNA-2 were analyzed for target
gene expression. To this end, purified primary B cells were
infected with B95.8 viral supernatants and the expression levels
of all 12 candidate target genes were tested before infection as
well as 4 and 10 days postinfection of short-term B-cell cultures
(Fig. 4). All 12 target genes were expressed 4 and 10 days
postinfection. Transcript levels of CCL3, CD21, CDK5RI,
SAMSNI1, FGR, MFN1, SLAMF1, RAPGEF2, and ABHD6
were elevated at least twofold on day 4 and further elevated on
day 10. DNASE1L3 expression levels were low and did not rise
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postinfection. For CCL4, RHOH initial transcript levels were
already elevated before infection and the induction by virus
infection was only marginal (1.5- to 1.9-fold).

Notch target genes activated by EBNA-2. An extensive list of
Notch target genes has been described for diverse biological
systems. Notch target genes, including a list of genes with
diverse functions, such as receptor tyrosine-protein kinase,
pre-T-cell antigen receptor alpha, Deltexl, Notch-related
ankyrin receptor protein, IkBa, NF-kB2, PU.1 or cyclin D1,
and p21/WAF-1/CIP1 or Nodal, have been described previ-
ously (8, 11, 33, 34, 45, 48, 52, 53, 55, 58). The genes NRARP
and deltex] were not represented by probe sets on array
U133A 2.0. Cyclin D1, Nodal, erB-2, PU.1, BATF, and pre-T-
cell antigen receptor alpha scored as absent or only marginally
expressed on the array and were not induced by EBNA-2.
NF-kB2 scored as present in most samples, but no significant
change of expression was induced by EBNA-2. Both IkBa and
p21/WAF-1/CIP1 were expressed but (0.5- to 0.6-fold) down-
regulated by EBNA-2.

Next we focused our studies on members of the bHLH
proteins: HES-1, -5, and -7 and HERP1, -2, and -3, which are
well-established Notch target genes (Fig. 5) (3, 20, 21, 39, 43,
44). Only four of these six genes, HES-1 and HERPI, -2, and
-3, were represented on the Affymetrix U133A 2.0 array by
multiple probe sets, and the induction of HES-1 and HERP1

and -2 was validated by Northern blot analyses (Fig. 5). Hes-1
and HERP1 were not induced in DG75-derived cell lines.
Surprisingly, the degree of induction differed considerably be-
tween B-cell lines and did not follow any general scheme.
HERP3 scored as absent on the microarray and could not be
detected by Northern blot analysis (data not shown). Neither
HES-5 nor HES-7 was detected by real-time RT-PCR or
Northern blotting, suggesting that these two Notch targets are
not expressed in these B-cell lines. None of the bHLH genes
were induced by estrogen in ER/EBNA-2-negative parental
cell lines (data not shown). In 721, an established EBV-positive
LCL, and proliferating ER/EB2-5 cells, expression levels for all
bHLH genes were below or close to the detection limit.
EBNA-2-repressed genes. Table 2 lists genes which are sig-
nificantly repressed by EBNA-2 by at least twofold (q value of
=1%) in both cell lines. These 18 genes, represented by 25
probe sets, cover a broad array of functions relevant to signal
transduction, cellular metabolism, and transcriptional regula-
tion. The repression by EBV of IGLL1, MEF2B, CD79B, and
CD52 has been reported previously (6, 7). The repression of
these genes can now be assigned at least partially to EBNA-2
functions. Since CD52 is a target for antibody-based chemo-
therapy of lymphoid malignancies, potential therapeutic impli-
cations might arise from our findings (15). The repression of
T-cell leukemia I oncogene (TCL1A) by EBNA-2 was unex-
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pected since TCL1A has recently been described as an EBV-
induced gene (30). Our results suggest that EBNA-2 activation
represses TCL1A but is counteracted by other viral factors in
EBV-positive Burkitt’s lymphoma cell lines.

Previously we reported that EBNA-2 represses IgM tran-
scription (22, 40). Eleven individual probe sets represented the
IgM gene locus. However, upon closer inspection, only five
probe sets (215621_s_at, 222285 at, 213674_x_at, 209374 _s_at,
and 212827_at) mapped to chromosome 14 only, while the
other six were complementary to additional sites on chromo-
some 2, 15, or 16 (217320_at, 211637 _x_at, 216491 x at,
211642 _at, 211632_at, and 214916_x_at). While the polyspe-
cific probe sets responded inconsistently, the five monospecific
probe sets indicated repression of 0.9- to 0.4-fold (see http:
/fwww.gsf.de/kmolbi/group3_frameset.htm). Since for immuno-
globulin lambda joining 3 and immunoglobulin heavy constant
gamma 1, multiple polyspecific probe sets also generated
inconsistent results, we excluded the corresponding results in this
study.

DISCUSSION

In healthy hosts, EBV establishes a balance which permits
lifelong persistence, based on tightly controlled viral gene ex-
pression patterns and immune surveillance of the host. When
posttransplant patients are treated with immunosuppressive
drugs to prevent graft rejection, highly malignant EBV-positive
posttransplant lymphoproliferative disease (PTLD) can arise.
These PTLDs typically express a latency III viral gene tran-
scription pattern that is controlled by EBNA-2 (35, 54). In a
specific subset of cells in infectious mononucleosis and PTLD,
EBNA-2 can also be expressed in the absence of LMP1 (35,
36). In addition, EBNA-2 is expressed in EBV-positive central
nervous system lymphomas of AIDS patients (1).

In the context of the viral genome, EBNA-2 induces a cas-
cade of events that relieve the resting status of the peripheral
B cell and initiate and maintain B-cell activation, cell cycle
entry, and proliferation. A complex transcriptional program is
established by primary and secondary target genes, which ham-
per the identification of primary EBNA-2 functions. In addi-
tion, EBNA-2 and LMP1 target genes are not necessarily mu-
tually exclusive, as exemplified by the activation of the
EBNA-2 target genes CCR7, CD83, SAMSNI, and c-myc by
LMP1 (6, 12, 13). Obviously, signaling by both viral factors
frequently converges on the same targets.

In this study, targets of viral factors like LMP1 were totally
excluded and did not conceal those events caused by EBNA-2
directly. Since BJABK3 and BL41K3 regulate c-myc in re-
sponse to EBNA-2 in a differential manner, genes induced in
both systems are Myc independent.

In response to EBNA-2 activation, gene expression profiles
did not change globally, while dramatic alterations of specific
gene sets were observed. Within this study, we focused on
transcripts activated by EBNA-2, while transcripts repressed by
EBNA-2 are briefly described but have not yet been extensively
investigated. Among the genes repressed by EBNA-2 were
components of the B-cell receptor complex like CD79B and
the surrogate lambda light chain. If this EBNA-2 function is
mimicked by activated Notch, it might explain T- versus
B-cell fate decisions in response to activated Notch as well
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TABLE 2. EBNA-2-repressed genes
Gene or gene product” (ig,l,e Molecular or biological function(s)
A2A adenosine receptor (ADORA2A) 135 G protein-coupled receptor
Arachidonate 5-lipoxygenase-activating protein (ALOXS5AP) 241 Inflammatory response
CD24 934 Humoral immune response/small cell lung carcinoma
cluster 4 antigen
CD52 (CAMPATH-1 antigen) 1043 Target for antibody-based chemotherapy
CD79B 974 BCR associated, signal transduction
Chimerin (CHN2) 1124 Intracellular signaling cascade
DKFZP586A0522 protein (DKFZP586A0) 25804
FCH and double SH3 domains 2 (FCHSD2) 9873 Adaptor for signal transduction
cDNA: FLJ23572 fis, clone LNG12403 (AK027225)
Major histocompatibility complex class 1I, DPal (HLA-DPAI) 3113 Antigen presentation
Immunoglobulin lambda-like polypeptide 1 (IGLL1) 3543 B-cell development/BCR signaling
Lysosome-associated multispanning membrane protein-5 (LAPTMS) 7805 B-cell differentiation
Lipin 1 (LPIN1) 23175 Adipocyte differentiation
Leucine zipper, putative tumor suppressor 1 (LZTS1) 11178 Transcription, negative regulation of cell cycle
MADS box transcription enhancer factor 2 (MEF2B) 4207 Regulation of transcription
Cyclic AMP-dependent protein kinase inhibitor g (PKIG) 11142 Negative regulation of protein kinase activity
Ras association (RalGDS/AF-6) domain family 2 (RASSF2) 9770 Neuropeptide signaling pathway
T-cell leukemia/lymphoma 1A (TCL1A) 8115 Cell growth and/or maintenance
Kell blood group precursor (XK) 7504 Membrane transport

“ Genes that scored present before estrogen induction and were repressed at least twofold in BJABK3 and BL41K3 after estrogen induction.

® Unique gene ID according to the NCBL. ID, identification number.

as the toxicity of activated Notch in a diverse set of B-cell
lines (51, 62, 69). Some of the EBNA-2-repressed genes,
such as the antiapoptotic gene TCL1A, might contribute to
the recently described antagonism of EBNA-2 and Myc,
which can lead to EBNA-2 loss in endemic Burkitt’s lym-
phoma cell lines (25, 26, 50).

A more profound analysis of EBNA-2-repressed genes
needs to be performed, in order to (i) test whether these genes
are repressed by EBNA-2 in the context of viral infection, (ii)
elucidate the relevance of these target genes for the pathogen-
esis of EBV-associated diseases, and (iii) understand the
mechanism by which EBNA-2 executes this function. bHLH
proteins are transcriptional repressors and thus attractive can-
didate mediators of repression. EBNA-2 induced HES-1,
HERPI1, or HERP2 in at least one of the two cell lines. HES-1
was strongly induced in BJABK3, HERP1 strongly in BL41K3,
and HERP2 strongly in BJABK3 and DG75. Obviously the
cellular background has a strong and specific impact on target
gene activation by EBNA-2. Interestingly, mutually exclusive
expression of HERP1 and HERP2 has been described before
and might account for the differential expression patterns ob-
served in the different B-cell lines (20).

Notably, for all activated target genes that were induced
more than 3.5-fold in BJABK3 and BL41K3, we could confirm
the primary data obtained in the Affymetrix screen by real-time
RT-PCR. The majority of genes activated by EBNA-2 were
exclusively induced in one cellular B-cell system, either
BL41K3 or BJABK3. Activation of well-known EBNA-2 target
genes was restricted to either cell line. In order to test whether
the EBNA-2 target genes would also score in the cellular
context of EBV-transformed B cells, the relative transcript
levels were determined in a kinetic study of ER/EB2-5 as well
as after EBV infection of primary B cells in culture. All 12
genes were either expressed at high levels before stimulation or
induced upon ER/EBNA-2 stimulation or EBV infection, in-
dicating that by using both cellular systems, which complement

each other, we could define target genes which are relevant in
EBV-positive B cells also.

A limited number of genes induced in either cell line was
also validated. As a paradigm, a selected group of Notch tar-
gets, the bHLH genes, was chosen and differentially induced in
both cell lines according to the Affymetrix data. By Northern
blot analyses, these data could be confirmed, suggesting that
the Affymetrix array data sets are reliable resources for
EBNA-2 target genes, even for low-level expression or induc-
tion in a single cell line. Minor relative deviations between the
Northern blot and Affymetrix data are most likely due to the
different hybridization kinetics of the oligonucleotides used in
the arrays and the cDNA probes used for Northern blot hy-
bridization. When control EBNA-2-negative BL41 or BJAB
cells were treated with estrogen, none of the EBNA-2 genes
analyzed were induced by the estrogen treatment. This indi-
cates that the conditional cellular systems generated highly
reproducible data sets that are specific for EBNA-2 functions.
All published target genes were confirmed in one or both cell
lines with two exceptions: BATF and interleukin-18 receptor.
TNF-a was induced 1.45-fold in BL41K3 but not induced in
BJABK3. This result was partially expected since TNF-« had
been described in EBV-positive cell lines as a secondary target
gene and therefore might score weakly in EBV-negative cells
(60). BATF and interleukin 18 receptor both scored as absent
before and after EBNA-2 activation and thus might have been
missed by the specific probe sets. In our hands, BATF activa-
tion by EBNA-2 is detected in Northern blot analysis 48 h
post-EBNA-2 activation (data not shown). Thus, the time lim-
its of our experiment might have biased the results and we
might have missed genes which are expressed with a transient
or slow kinetic.

While this paper was in preparation, a study was published
(68) that described EBNA-2 target genes in the background of
EBV-immortalized B cells expressing a tamoxifen-responsive
EBNA-2. Our study confirmed at least twofold induction levels
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for the MAFF, CR2, CCLS5, CD23, CMKORI1, and CDK5R1
transcripts.

Those genes, which were induced by EBNA-2 in BL41K3
and BJABK3 more than 3.5-fold, were confirmed in several
additional cellular systems (Table 1). Eleven out of 12 target
genes were activated in ER/EBNA-2-expressing DG75
(SM295). The activation of 10 of these 11 genes was CBF1
dependent. FGR was expressed but not induced in SM295 cells
and could not been tested. In this study, RAPGEF2 responded
weakly but also reproducibly in the absence of CBF1. These
results might suggest that RAPGEF2 is activated by EBNA-2
by a partially CBF1-independent mechanism and expression is
repressed by CBF1. Recently, CBF1-independent activation of
the interleukin 18 receptor by EBNA-2 was demonstrated (49).
The situation is perhaps reminiscent of LMP1 promoter acti-
vation by EBNA-2, which also is partially CBF1 independent
(67). However, among the 12 genes studied, RAPGEF2 was an
exception, being an ensemble-predicted gene that has not yet
been functionally analyzed in humans. Since for the remaining
10 genes, activation was strictly dependent on CBF1, the over-
all conclusion drawn from our results is that CBF1 is the major
rate-limiting factor for EBNA-2 activation of cellular target
genes as shown before for the viral C and LMP2A promoters.

Since CBF1 has been previously described to be a repressor
of target gene activation, we compared the transcript levels in
wild-type DG75 and CBF1-negative cell lines in order to find
potentially CBFl-repressed genes. For CCL3, CDKS5RI,
RHOH, and RAPGEF2, transcript levels were upregulated in
the absence of CBF1. However, repression was by no means a
consistent feature of EBNA-2 target genes and had a minor
impact on relative expression levels. We have previously shown
that DG75 cells carry only one functional CBF1 allele and
express CBF1 protein at twofold-reduced levels. However, het-
erozygous CBF1 knockout mice do not have an apparent phe-
notype (46). According to our own estimates based on recom-
binant CBF1 as a reference, at least 1 X 10° CBF1 molecules
per cell are present in DG75 (K. Henning, unpublished data).
In summary, CBF1 is not a low-abundance protein and the
intracellular CBF1 concentration in DG75 is unlikely to be rate
limiting.

We thus would like to suggest an alternative scenario for
CBF1 action. EBNA-2 might not only use CBF1 as a simple
adaptor but in addition may facilitate CBF1/DNA complex
formation. If CBF1/DNA complex formation were facilitated
by EBNA-2 or cellular factors in the context of specific pro-
moters, we would anticipate that the corresponding genes are
not actively repressed by CBF1. Recently, it has been demon-
strated that CBF1 binding to the promoter of CD23 and to the
FcRHS promoter is enhanced by EBNA-2 (41). This finding
might support the latter scenario, which implies that target
genes actively repressed by CBF1 carry specific or high-affinity
binding sites.

The group of EBNA-2 target genes described in this study is
heterogeneous in function, including cell signaling molecules,
adapters, genes involved in cell cycle regulation, and chemo-
kines. The diverse spectrum of EBNA-2 target genes described
in this and previous studies reflects the broad spectrum of
EBNA-2 functions involved in virus-host interactions, such as
chemokines like CCL3 and CCL4 induced in both BJABK3
and BL41K3, chemokine receptors like CCR7 or the orphan
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chemokine receptor 1 (RDC1) induced in BL41K3, and
CXCR4 induced in BJABK3 (see http://www.gsf.de/kmolbi
/group3_frameset.htm). In concert with activation markers like
CD21, CD83, and CD23, they might significantly modulate
lymphocyte trafficking of EBNA-2-expressing cells. The
potential contribution of these target genes to B-cell
immortalization and EBV pathogenesis will need to be
investigated specifically and will require detailed functional
studies.

Additional studies were performed in order to define over-
lapping EBNA-2 and Notch target gene pools. The majority of
published Notch target genes were not induced by EBNA-2 in
B-cell lines used for this study. In contrast, Northern blot
analysis of all six family members of the bHLH genes revealed
that HES-1, HERP1, and HERP2 are induced. HERP3 ex-
pression could be detected by RT-PCR but was not activated
by EBNA-2 (data not shown). Neither HES-5 nor HES-7 was
detected in BL41K3 or BJABK3. It appears that a general
assumption that Notch equals EBNA-2 functions is not justi-
fied. Tissue-specific restrictions fine-tune expression patterns
and override CBF1 signaling. Some of the target genes de-
scribed in this study might be interesting candidates for Notch
signaling and thus warrant further investigations. These in-
clude the cdkS5 activator p35 (CDKSR1), which is typically
expressed in neuronal cells but is also expressed in monocytes
and neutrophils (63, 64; for details, see 56 and references
therein).

In summary, we have performed a comprehensive screen
and identified a new collection of EBNA-2 target genes. This
collection of EBNA-2 targets will help elucidate the details of
cis requirements necessary for EBNA-2 to activate cellular
target genes. We confirmed subsets of our results by RT-PCR
or Northern blot analysis, proving that high-quality and reli-
able data sets have been obtained. The entire data set obtained
in this study is presented as an open resource to the reader. We
hope our results foster the exchange of complex data sets
obtained by independent groups and contribute to the gener-
ation of specific expression profiles governed by the individual
viral factors in EBV-related disorders.
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