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CBF1 is a cellular highly conserved DNA binding factor that is ubiquitously expressed in all tissues and acts
as a repressor of cellular genes. In Epstein-Barr virus growth-transformed B-cell lines, CBF1 serves as a
central DNA adaptor molecule for several viral proteins, including the viral transactivator Epstein-Barr virus
nuclear antigen 2 (EBNA-2). EBNA-2 binds to CBF1 and thereby gains access to regulatory regions of target
genes and activates transcription. We have inactivated the CBF1 gene by homologous recombination in the
human B-cell line DG75 and characterized changes in cellular gene expression patterns upon loss of CBF1 and
activation of EBNA-2. CBF1-negative DG75 cells were viable and proliferated at wild-type rates. Loss of CBF1
was not sufficient to release repression of the previously described EBNA-2 target genes CD21 or CCR7,
whereas induction of both target genes by EBNA-2 required CBF1. In contrast, repression of immunoglobulin
M by EBNA-2 was mainly CBF1 independent. CBF1-negative DG75 B cells thus provide an excellent tool to
dissect CBF1-dependent and -independent functions exerted by the EBNA-2 protein in future studies.

Epstein-Barr virus (EBV) nuclear antigen 2 (EBNA-2) plays
a key role in B-cell growth transformation by initiating and
maintaining the proliferation of B cells upon Epstein-Barr
virus infection in vitro. EBNA-2 is one of the first viral genes
expressed after virus infection. By activating viral as well as
cellular target genes, EBNA-2 initiates the transcription of a
cascade of primary and secondary target genes, which eventu-
ally govern the activation of the resting B cell, cell cycle entry,
and proliferation of the growth-transformed cells.

Since EBNA-2 lacks an intrinsic DNA binding function, it
needs to gain access to target genes by using cellular adaptor
proteins. So far, the best-studied cellular DNA adapter protein
of EBNA-2 is CBF1, which was first identified as a downstream
effector molecule of EBNA-2 in the context of viral promoter
activation. CBF1 is a ubiquitously expressed protein and be-
longs to the group of CSL proteins CBF1, Su(H), and Lag1.
CBF1 is a sequence-specific DNA binding protein which, in the
absence of EBNA-2, recruits a corepressor complex to the
promoter of target genes. Constituents of this corepressor
complex are SMRT/N-CoR, CIR, SKIP, Sin3A, SAP30, and
HDAC1, which either directly or indirectly interfere with his-
tone acetylation of target gene chromatin, thereby repressing
transcription (22, 23, 27, 55). Binding of EBNA-2 abolishes this
repression by competition with corepressors as well as the
recruitment of coactivator complexes (22).

EBNA-2-responsive elements within the viral LMP1 and
LMP2 promoters all share functional binding motifs for CBF1
as a common denominator (17, 19, 33, 50, 57). To date, CD23,

CD21, CCR7 (BLR2/EBI1), Hes-1, the proto-oncogene c-myc,
AML-2 (RUNX3, CBF�-3), and BATF have been defined as
direct or primary EBNA-2 target genes (3–5, 25, 26, 42, 45, 46,
52). CD23 is the human low-affinity Fc epsilon receptor II.
Transcription of CD23 can be initiated from two alternative
promoters, designated a and b, the former being predomi-
nantly used in B cells (54). An EBNA-2-responsive fragment
could be delineated in the CD23 type a promoter and subse-
quently was shown to carry a functional CBF1 binding site (35,
51, 53). CD21, the complement receptor 2, is part of the B-cell
receptor complex and a ligand for CD23 (12). CD21 promoter
reporter constructs are activated by EBNA-2, but the relevant
EBNA-2 response elements within this promoter have not
been identified to date (41). The first intron of the human
CD21 gene carries an intronic silencer which binds CBF1 (37,
38). Whether EBNA-2 can bind to this CBF1 site has not been
described yet. The contribution of CBF1 signaling to target
gene activation has been described for any of the other
EBNA-2 cellular target genes.

The functional equivalent of the viral EBNA-2 protein is the
activated Notch receptor. Upon ligand binding, the transmem-
brane receptor Notch is proteolytically processed, and an in-
tracellular fragment (Notch-IC) translocates into the nucleus,
binds to CBF1, and activates target gene expression by means
of its intrinsic transactivation domain as well as by replacing
corepressor complexes bound to CBF1. Notch/CBF1 signaling
plays a key role in development and differentiation of multiple
tissues (43). CBF1-negative mice die as embryos (7, 40). B-cell-
specific disruption of the CBF1 gene causes a loss of marginal
zone B-cell lineage but does not interfere with B-cell activation
or maintenance (48). As a nuclear transactivator EBNA-2
shortcuts CBF1 signaling and activates a set of viral and cel-
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lular target genes, which at least partially overlap the target
genes of activated Notch (15, 20, 21, 25, 47).

We have recently described the inactivation of a cellular
gene, TB7, by homologous recombination in the EBV-negative
Burkitt’s lymphoma cell line DG75 (2, 13). Since EBV infects
human B cells, EBNA-2 signaling and the impact of CBF1
function on gene expression should be preferentially studied in
human B cells. We have thus inactivated the CBF1 gene in
DG75. Here we show that targeted disruption of the CBF1
gene in this cell line did not cause any significant changes in the
viability or proliferation of the cells. Also, loss of CBF1 did not
cause activation of CD21, a gene which has been described
previously to be repressed by CBF1 (38). While activation of
CD21 as well as CCR7 by EBNA-2 was strictly CBF1 depen-
dent, EBNA-2 could repress immunoglobulin M (IgM) expres-
sion efficiently even in the absence of CBF1.

MATERIALS AND METHODS

Antibodies. In order to produce rat monoclonal antibodies specific for the
CBF1 protein, human CBF1 was expressed in Escherichia coli BL21(DE3)RIL as
a His/glutathione S-transferase (GST) fusion protein (VK91). The protein was
purified by Ni-chelate affinity chromatography and used to immunize rats as
described (32). The resulting CBF1-specific rat monoclonal antibody was desig-
nated RBP-J7A11-161. For Western blot analysis the EBNA-2-specific rat mono-
clonal antibody R3-1-3 (32), the novel CBF1-specific antibody RBP-J7A11-161,
and the glyceraldehyde-3-phosphate dehydrogenase (GAPDH)-specific mouse
monoclonal antibody (MAB374, Chemicon) were used as primary antibodies.
Rat-specific IgG-horseradish peroxidase (sc-2006, Santa Cruz) and mouse-spe-
cific IgG-horseradish peroxidase (NA931V, Amersham Biosciences) were used
as secondary antibodies.

Plasmids. To construct the targeting vectors using pBluescriptII SK- (pBSK,
Stratagene) as the vector backbone, a 9-kb EcoRI fragment (1) containing exon
4 of the CBF1 gene and 6.4 and 2.6 kb of the 5� and 3� flanking intron sequences,
respectively, was used. For negative selection a diphtheria toxin � (DTA) cas-
sette, excised with RsrII from the vector pKO SelectDT V840 (Lexicon Genet-
ics), was inserted in the unique PpuMI site at the 5� end of the EcoRI fragment.
A positive selection cassette flanked by two loxP sites and containing either
neomycin resistance/DsRed2 or hygromycin resistance/enhanced green fluores-
cent protein (EGFP) replaced exon 4. Expression cassettes for neomycin resis-
tance and DsRed2 were excised from pDsRed2-N1 (Clontech) using Bsu36I/
EcoO109I and AflII/NsiI, respectively. The EGFP cassette was cut out from
pEGFP-N1 (Clontech) with AflII/NsiI; an optimized hygromycin resistance cas-
sette was taken from pTG76 (14) using BamHI/HindIII. The structures of the
targeting vectors are shown in Fig. 1.

VK 60 and VK91 encode the open reading frame (ORF) of human CBF1 as
His and His/GST fusion proteins, respectively, in pETM11 or pETM30 (Gunter
Stier, EMBL, Germany). To obtain KG765, a plasmid encoding an EBNA-2-
estrogen receptor fusion protein (ER-EBNA-2), the DsRed2 cassette from
pDsRed2-N1 (Clontech) was excised using AseI/AflIII, blunted with Klenow,
and ligated into the Eco47III digested p554-4 (30). The luciferase reporter
plasmid pGa981-6 contains the hexamerized 50-bp EBNA-2 response element of
the TP-1 promoter in front of the minimal �-globin promoter driving the lucif-
erase gene (39). The CBF1 expression plasmid AJ247 was constructed by cloning
the ORF of human CBF1 into pHACS1, a derivative of pcDNA3 with an
N-terminal hemagglutinin (HA) tag. The CMV�gal plasmid was obtained from
Clontech Laboratories. The EBNA-2 expression plasmid pSG5-EBNA-2 (36),
carries the entire EBNA-2 open reading frame under the control of the simian
virus 40 promoter element in the vector pSG5 (Stratagene).

Cell lines and culture and transfection conditions. The EBV-negative Bur-
kitt’s lymphoma cell line DG75 (2) and the EBV-positive B-lymphocytic cell line
721 (28) were grown in RPMI 1640 medium supplemented with 10% fetal calf
serum, 100 U penicillin, 100 �g streptomycin per ml, and 4 mM glutamine and
maintained at 37°C in a 5% CO2 atmosphere. BJABK3 and BL41K3 cells have
been described (29).

To target the CBF1 gene in DG75, 107 cells in 250 �l RPMI 1640 were
transfected with 15 �g of linearized vector DNA by electroporation (250 V, 950
�F) using a Gene Pulser II (Bio-Rad). Transfectants were selected 48 h after
transfection with either 0.4 mg/ml hygromycin B and/or 1.2 mg/ml G418. To

delete the positive selection cassette flanked by loxP sites from correctly targeted
clones, 15 �g of a Cre-recombinase expressing plasmid (pBS185, GIBCO/BRL)
were transfected and the cells were seeded in single-cell dilution. Individual cell
lines produced during the consecutive inactivation of the CBF1 gene are de-
scribed in the Results section. The cell lines SM295 and SM296 were obtained
after stable transfection of DG75 cells or the DG75 CBF1 knockout cell line
SM224.9, respectively, with KG765 and selection with 1.2 mg/ml G418. To induce
EBNA-2 in these cells, �-estradiol was added to the cell culture medium at a final
concentration of 1 �M.

DNA isolation and Southern blots. Genomic DNA was isolated by resuspend-
ing 107 cells in 3 ml lysis buffer (10 mM Tris/HCl, pH 8.0, 400 mM NaCl, 10 mM
EDTA), adding 100 �l of 20% sodium dodecyl sulfate (SDS) and 0.2 mg/ml
proteinase K, and incubation at 37°C for �2 h. One ml of 5 M NaCl was added
and vortexed vigorously. After 30 min incubation on ice and centrifugation at
room temperature at 2,500 � g for 30 min, the supernatant was transferred to a
fresh tube and the DNA was precipitated by adding 0.6 volume of isopropanol.
The DNA was washed twice with 70% ethanol, air dried briefly, and dissolved in
TE (10 mM Tris, 1 mM EDTA, pH 8.0); 15 �g of genomic DNA was digested
with NcoI, separated on 0.7% agarose gels in 1� Tris-acetate-EDTA, transferred
to Hybond-N� membrane (Amersham Biosciences) in 20� SSC (1� SSC is 0.15
M NaCl plus 0.015 M sodium citrate) overnight, and cross-linked by baking at
80°C for 1 h. A 500-bp external probe specific for the 5� flank was digoxigenin
labeled by PCR of genomic DNA with the primers sense SM156-F9: 5�-GGTC
CTTTTTTTTTTTCCCACGAAG-3� and antisense SM156-B10:5�-TTCCTCCT
CAATCCCTGCTC-3� (AJ69VD). The filters were hybridized at 68°C overnight
with 2.5 ng/ml of this probe and detected as described (9).

Western blot analysis. For Western blot analysis total cell lysates were pre-
pared by sonification in radioimmunoprecipitation assay (RIPA) buffer (50 mM
Tris/HCl, pH 7.5, 150 mM NaCl, 1% NP-40, 0.1% SDS, 0.5% Na-deoxycholate,
1� Complete protease inhibitor tablets). The protein concentration was deter-
mined, and 50 �g of protein were separated on Laemmli 10% polyacrylamide-
SDS gels. Proteins were transferred onto a polyvinylidene difluoride membrane
(Immobilon P, Millipore GmbH) and detected by using the enhanced chemilu-
minescence system (Amersham Biosciences) according to the manufacturer’s
instructions.

Reporter gene assay. Transfections were done in triplicate and 107 cells were
transfected with a mixture of 5 �g luciferase reporter plasmid pGa981-6, 1 �g
CMV�gal, 5 �g pSG5-EBNA-2 or the empty vector pSG5, and 5 �g of the CBF1
expression plasmid AJ247. The DNA amounts were adjusted by adding
pBluescriptII DNA. Cells were harvested 48 h after transfection, washed with
phosphate-buffered saline, lysed in 100 �l LUC extraction buffer containing 10%
(wt/vol) glycerine, 1% (wt/vol) Triton X-100, 2 mM EDTA, 25 mM Tris/HCl, pH
7.8, and 2 mM dithiothreitol. Cell debris was removed by centrifugation at 4°C
and 16,000 � g for 15 min.

Luciferase activity was determined using 10 �l of the clarified lysates in
duplicate followed by injection of 50 �l luciferase assay buffer containing 20 mM
Tricine, 1.07 mM (MgCO3)4 · Mg(OH)2 · 5H2O), 2.67 mM MgSO4, 0.1 mM
EDTA, 33.3 mM dithiothreitol, 270 �M coenzyme A, 470 �M luciferin, and 530
mM ATP. For the �-galactosidase assay 10 �l of the lysates in duplicate was
incubated for 20 min at room temperature with 100 �l �Gal assay buffer (100
mM Na-P, pH 8.0, 1% Galacton [Tropix, Bedford, MA], 1 mM MgCl2). The
reaction was started by adding 50 �l of �Gal acceleration buffer (0.2 M NaOH,
10% Emerald enhancer) and measured in a luminometer (LB9501, Berthold).
Luciferase activity was normalized for variations in transfection efficiencies by
cotransfection of a �-galactosidase reporter plasmid.

Northern blot analysis. Total RNA was isolated using the peqGOLD TriFast
kit (peqLAB, Erlangen, Germany) following the manufacturer’s protocol; 5 �g
of RNA was separated on 1.2% formaldehyde-agarose gels and transferred to
Hybond-N� membrane (Amersham) in 20� SSC overnight and cross-linked by
baking at 80°C for 1 h. Fragments of the open reading frames of c-myc, CD21,
CD23, CCR7, and CD83 were used as probes. The probe for IgM had been
described (24). The probe for BATF was kindly provided by Gerhard Laux. All
probes were digoxigenin labeled by Klenow polymerase or PCR according to the
supplier’s instructions (Roche). The filters were hybridized with 10 ng/ml of the
specific probe and detected as described (9).

Electrophoretic mobility shift assay. For preparation of nuclear extracts 4 �
107 to 5 � 107 cells were washed in ice-cold phosphate-buffered saline and
centrifuged at 300 � g and 4°C for 10 min. The pellet was resuspended in 300 �l
buffer A (10 mM HEPES, pH 7.9, 10 mM KCl, 1.5 mM MgCl2, 5 mM dithio-
threitol, and protease inhibitors) and kept on ice for 60 min. The cell suspension
was transferred to a 1-ml douncer, homogenized by douncing 20 times up and
down with a tight pestle, and transferred to a microcentrifuge tube. After cen-
trifugation at 4°C and maximal speed for 10 seconds 300 �l buffer A was added
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to the pellet and after brief vortexing centrifuged again as above. Nuclei were
lysed by resuspending the pellet in 300 �l buffer B (20 mM HEPES, pH 7.9, 25%
glycerol, 420 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 5 mM dithiothreitol, and
protease inhibitors), kept on ice for 30 min, vortexed, and centrifuged at 4°C and
maximal speed for 20 min. The protein content of the supernatant was deter-
mined using Bio-Rad Protein Assay Kit II according to the manufacturer’s
protocol and aliquots were stored at �80°C.

The oligonucleotides Cp (SM316Cs: 5�-aagttggtgtaaacacgccgtgggaaaaaa-3� and
SM316Cas: 5�-gaaccataaattttttcccacgg-3�) were annealed by mixing equimolar

ratios of sense and antisense oligonucleotides in annealing buffer (10 mM Tris/
HCl, pH 7.4, 10 mM MgCl2, 50 mM NaCl), incubation at 90°C for 10 min, and
cooling down to 37°C; 25 ng/�l of the annealed oligonucleotides were filled in
with Klenow polymerase in the presence of [32P]dCTP (3,000 Ci/mmol) and
unlabeled dATP, dGTP, and dTTP at 37°C for 1 h. The labeled probe was
separated from unincorporated nucleotides using Nick Sephadex G50 columns
(Amersham Biosciences). Two �g of nuclear extracts was incubated at room
temperature for 30 min with 0.5 to 1 ng 32P-labeled oligonucleotide probe in a
20-�l reaction containing 10 mM HEPES, pH 7.9, 1 mM EDTA, 200 mM KCl,

FIG. 1. Targeted disruption of the CBF1 gene by deletion of exon 4. (a) Schematic view of the genomic structure of the CBF1 gene locus.
Numbered bars represent the exons. A detailed view of the 9-kb EcoRI gene fragment encompassing exon 4 and flanking intron sequences (a, b,
c, and d) used for construction of targeting constructs I, II, and III is shown as an insert. All three targeting constructs share a diphtheria toxin
� expression cassette (DTA) and a dual positive selection cassette combining the neomycin (neo) or hygromycin (hyg) resistance gene with a
fluorescent marker, EGFP or DsRed2, flanked by loxP sites. (b) Schematic overview of the NcoI fragments of the wild-type (F1) and the correctly
targeted loci before (F2, F4, and F6) and after (F3 and F5) processing by Cre-recombinase detected by a 5� external probe. Restriction enzyme
sites: E, EcoRI; P, PpuMI; EN, EcoNI; A, ApaI; B, BsrGI; EV, EcoRV; K, KpnI; N, NcoI. (c) Southern blot of genomic DNA isolated from DG75
cellular clones, before and post targeting, digested with NcoI and hybridized to the 5� external probe. The striped lines represent the sequences
of the EcoRI fragment used for constructing the targeting vectors.
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4% Ficoll, 2 �g bovine serum albumin, 2 �g poly(dI-dC), 4 mM dithiothreitol,
and proteinase inhibitors, with or without competitive unlabeled oligonucleotide
or recombinant CBF1 protein.

His-tagged recombinant CBF1 protein was expressed in Escherichia coli
BL21(DE3)RIL, purified by Ni-chelate affinity chromatography, and partially
refolded in 50 mM Tris/HCl, pH 9, 1 M, arginine, 2 M NaCl, and 1% glycine. For
competition assays the undiluted annealed oligonucleotides was incubated with
deoxynucleoside triphosphates and Klenow fragment at 37°C for 1 h. Protein-
DNA complexes were resolved on 4% polyacrylamide gels in 1� Tris-borate-
EDTA buffer at room temperature for 3 h at 130 V. Gels were dried and exposed
to X-ray films.

RESULTS

Inactivation of the CBF1 gene in the EBV-negative Burkitt’s
lymphoma cell line DG75. The human CBF1 gene consists of
11 exons scattered over a region of almost 250 kb of the short
arm of chromosome 4 (Fig. 1a). Four alternatively spliced
transcripts can be generated, which differ in their first exon but
share exons 2 to 11 (1). This exon/intron structure is conserved
between mice and humans. Targeted disruption of exon 7 in
mouse embryonic stem (ES) cells has been shown to cause a
CBF1 null phenotype (7, 40). According to the published gene
structure, deletion of exon 4 of the human CBF1 gene was
predicted to cause a frameshift in the open reading frame of
the resulting novel transcript, which encodes a truncated pro-
tein fragment of 75 amino acids. We decided to inactivate the
human CBF1 gene by deletion of exon 4, thus shortening a
potential residual CBF1 protein even further than in the pub-
lished knockout mice.

Based on a genomic 9-kb EcoRI fragment spanning exon 4
of the CBF1 gene plus flanking homologous regions of 6.4-kb
and 2.6-kb intronic sequences, three different targeting con-
structs were generated in order to meet the special require-
ments for gene targeting in somatic B cells (Fig. 1b). The
targeting strategy established for inactivation of the CBF1
gene in mouse embryonic stem cells was modified in order to
account for the need to target at least two alleles of the gene
sequentially, the need to eliminate the marker genes post-
recombination for subsequent molecular manipulations, as
well as the potentially low frequency of homologous recombi-
nation events expected in a somatic B-cell line.

In all targeting constructs, exon 4 of CBF1 was replaced by
a dual positive selection marker expression cassette consisting
of a dominant selection marker (hygromycin resistance or neo-
mycin resistance) as well as a fluorescent protein (DsRed2 or
EGFP). These dual expression cassettes were flanked by loxP
sites, which permit excision by Cre-recombinase and thus al-
lowed us to reuse the same dominant marker gene for further
rounds of homologous recombination. Use of the fluorescent
protein in the dual expression cassette facilitated the identifi-
cation of single-cell clones, which had successfully deleted the
dominant selection marker post Cre-recombinase treatment.
In order to avoid repeated targeting of the same allele, the
targeting constructs were devised such that the first targeting
event deleted an intronic gene fragment in the 5� flanking
region of exon 4 (Fig. 1b, denoted 5� flanks b and c). This
intronic gene fragment, deleted in the already targeted first
allele, was then used for subsequent targeting steps as 5� ho-
mologous flanking region of exon 4. In addition a negative
selection marker, diphtheria toxin � (DTA), was introduced at

the 5� end of the EcoRI fragment, in order to decrease the
frequency of random integrations.

DG75 cells were transfected with targeting construct I and
double selected for G418 resistance and expression of DsRed2.
Single-cell clones were tested for correct integration and re-
combination by Southern blot analysis (SM166C52 in Fig. 1c,
lane 2) using a probe 5� external to the 9-kb EcoRI fragment
for detection. Correct integration of the targeting constructs
was further confirmed by a 3� external as well as an internal
probe (data not shown). Next, the dual selection cassette was
deleted by transient expression of Cre-recombinase in a single-
cell clone, in which the first allele had been successfully dis-
rupted. Single-cell clones which had lost expression of DsRed2
were screened by PCR for complete deletion of the positive
selection cassette (data not shown) and confirmed by Southern
blot analysis, as illustrated for clone SM224.9 (Fig. 1c, lane 3).
Targeting construct II was then used to replace exon 4 of the
second allele in SM224.9 by the dual selection cassette.

The restriction pattern of the genomic DNA proved that
construct II was integrated correctly by homologous recombi-
nation. However, a fragment indicative of a residual wild-type
exon 4 fragment, a potential third allele, could still be detected
(Fig. 1c, lane 4, SM223E3). Again the dual selection cassette
was excised by transient expression of Cre-recombinase. Sin-
gle-cell clones were screened for loss of EGFP expression,
tested by PCR for complete deletion of the positive selection
cassette (data not shown), and confirmed by Southern blot
analysis (SM267C18 in lane 5 in Fig. 1c). Finally, construct III
was used to target the potential third allele in clone SM223E3
and eliminate the residual genomic wild-type fragment
(SM261D11 in lane 6 in Fig. 1c). In summary, after three
consecutive targeting steps, the genomic fragment encompass-
ing exon 4 had been eliminated.

The efficiency of the targeting frequency was partially quan-
tified for the second targeting step. The fraction of viable and
EGFP-positive cells was determined by fluorescence-activated
cell sorting analysis either after transfection of an pEGFP-N1
control plasmid (Clontech) in order to judge the transfection
efficiency or after transfection of targeting construct II in three
independent transfection experiments (Table 1). Transfection
of targeting construct II resulted in 3 to 4% EGFP-expressing
cells 2 days after transfection, as opposed to 66% EGFP-
expressing cells after transfection of pEGFP-N1; 2 to 3 weeks
posttransfection, the clones which could be expanded under
selective growth conditions were counted and EGFP-express-
ing clones were tested by Southern blot analysis, and 5 to 7%
of EGFP-positive clones that were tested for targeted integra-

TABLE 1. Targeting efficiency for the second CBF1 allele in DG75

Expt % GFP�a Total no. of
clones grownb

No. of GFP�

clones tested
Correct

integrationc

A 3 186 83 5 (1)
B 4 145 75 5 (1)
C 4 239 142 10 (2)

a Percentage of EGFP-positive cells as determined by FACS analysis 2 days
after transfection.

b Clones growing under selection on 96-well plates, counted 2.5 weeks later.
c Retargeting of the first allele is indicated by the number in parentheses.
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tion scored positive for correct integration of the selection
cassette in the CBF1 gene locus.

CBF1 protein is expressed from a single allele in DG75 cells.
All cell lines derived by consecutive targeting of the CBF1
alleles in DG75 were perfectly viable and proliferated at wild-
type rates (data not shown). We tested CBF1 expression by
Western blot analysis and surprisingly found that CBF1 pro-
tein expression was already undetectable in DG75 cells after
the first round of gene targeting (SM166C52 and SM224.9 in
Fig. 2a). In order to confirm the absence of CBF1 protein in
these cells we performed promoter reporter assays. DG75 and
SM224.9 cells were cotransfected with EBNA-2 expression
constructs and a luciferase reporter construct carrying six tan-
dem CBF1 recognition motifs. Expression of EBNA-2 in DG75
cells increased the reporter gene activity up to 15-fold. In
contrast, activation of the reporter construct by EBNA-2 in
SM224.9 cells required coexpression of exogenous CBF1, con-
firming that CBF1 function was completely abolished in these
cells (Fig. 2b). These findings indicated that the parental DG75
cells harbor a single functional CBF1 allele only.

For all further functional experiments the heterozygous
clone SM224.9, which had lost CBF1 expression after the first
round of targeting and which had deleted the selection cassette
after Cre-recombinase treatment, was chosen, since we wanted
to proceed to functional analyses with a cell line which had
been subjected to a minimal number of manipulations.

CBF1 binding activity is abolished in SM224.9 cells. The C
promoter of EBV (Cp) carries a well-characterized CBF1 rec-
ognition site which binds CBF1 very efficiently (35). Since gel
retardation experiments provide a very sensitive assay to ana-
lyze the activity of DNA binding factors, we compared nuclear
extracts of DG75, SM224.9, and SM261D11 cells in gel retar-
dation assays using the radiolabeled oligonucleotide Cp. Four
protein complexes are formed by DG75 extracts (complexes A,
B, C, and D; Fig. 2c, lane 4). Complexes A, B, and C could be
competed by the unlabeled wild-type Cp oligonucleotide
SM224.9 and SM261D11 cells lacked complex A, clearly indi-
cating that this complex contains CBF1, while complexes B and
C persisted and thus do not contain CBF1 (Fig. 2c, lanes 6 and
10). Formation of complex A by CBF1 was further confirmed
by the addition of recombinant CBF1 protein to the extracts of
the knockout cells (Fig. 2c, lanes 8 and 12).

Since complex C was competed by all, even completely un-
related, oligonucleotides tested (Fig. 2c and data not shown),
this complex appeared to bind sequence unspecifically and thus
was not analyzed further. In contrast, complex B was competed
by Cp but also by other oligonucleotides that do not carry a
CBF1 site (data not shown). This result suggested that the Cp
oligonucleotide bound to an additional protein unrelated to
CBF1 (to be published elsewhere). In summary, our results
show that knockout cell lines SM224.9 and SM261D11 show
the same pattern of complexes in gel retardation assays which

FIG. 2. SM224.9 cells are CBF1 negative and do not support EBNA-2 activation of CBF1 dependent reporter genes. (a) Whole-cell lysates
prepared from the EBV positive B-cell line 721, DG75 wild-type and knockout (SM166C52, SM224.9, SM223E3, SM267C18, and SM261D11) cells
were subjected to Western blot analysis by immunostaining using the CBF1-specific antibody RBP7A11-161. (b) DG75 wild-type (DG75) and
knockout cells were cotransfected with a responsive CBF1 luciferase reporter plasmid (Ga981-6) and EBNA-2 (pSG5 EBNA-2) in the presence
or absence of an expression vector for human CBF1 (AJ247). Results are presented as the means and standard deviations of triplicate experiments
as relative light units (RLU) normalized for �-galactosidase activity. (c) Recombinant CBF1 and nuclear extracts of DG75 wild-type cells (lanes
2 and 3 and 4 and 5) were incubated with the 32P-labeled oligonucleotide from the C-promoter of EBV (Cp). Comparison with nuclear extracts from
the CBF1 knockout cells SM224.9 (lanes 6 and 7) and SM261D11 (lanes 10 and 11) and after addition of recombinant CBF1 (lanes 8 and 9 and
12 and 13) reveals the position of the CBF1 complex (complex A). Nuclear extract of 721 cells was added as a control. Competition was performed
with a 100-fold excess of the unlabeled Cp oligonucleotide (lanes 5, 7, 9, 11, 13, and 15). Lane 1 shows the 32P-labeled oligonucleotide alone.
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can be reconstituted to wild-type patterns by the addition of
recombinant purified CBF1 protein.

Induction of CD21 and CCR7 by EBNA-2 requires CBF1,
while repression of IgM and c-Myc is not strictly dependent on
CBF1. CBF1 has been described to be a repressor which re-
cruits histone deacetylases to the chromatin of target genes. In
order to identify potential phenotypic alterations caused by the
loss of repression by CBF1, a series of B-cell differentiation
markers were tested by fluorescence-activated cell sorting
analysis. We could not identify any significant alteration of
CD10, CD19, CD20, CD21, CD23, CD30, CD32, CD37, CD38,
CD39, CD44, CD48, CD70, CD77, CD79 a or b, CD80, CD83,
CD86, CD95, or major histocompatibility complex (MHC)
class I and II, cell surface expression in CBF1-negative cells.
Importantly CD21, a B-cell activation marker, previously de-

fined as a CBF1-repressed gene in K562 cells, was not induced
upon loss of CBF1 in SM224.9 cells (data not shown).

Northern blot analysis of SM244.9 cells and the complete
knockout cell line SM261D11 also showed no induction of
CD21 or CCR7 expression (see Fig. 4a, left). Since CD21 has
been described to be an EBNA-2 target gene, we tested
whether CD21 can be induced by EBNA-2 in our DG75 cel-
lular background. We generated stable transfectants of DG75
and SM224.9 expressing an inducible ER-EBNA-2 fusion pro-
tein. This ER-EBNA-2 fusion protein is only active in the
presence of estrogen in the cell culture medium (29, 30). DG75
ER-EBNA-2 transfectants (single-cell clones SM295 D6 and
C5), SM224.9 ER-EBNA-2 transfectants (single-cell clones
SM296 D3 and C2), and the previously published ER-EBNA-2
transfectants BL41K3 and BJABK3 were analyzed for
EBNA-2 and CBF1 expression (24, 31). All transfectants ex-

FIG. 3. Conditional activation of EBNA-2 in DG75 and SM224.9
(a) Total cell lysates of ER-EBNA-2 expressing DG75 (SM295D6 and
C5), SM224.9 (SM296D3 and C2), BL41 (BL41K3) and BJAB
(BJABK3) cells, and from 721, DG75 and 224.9 cells were tested for
EBNA-2, CBF1 and GAPDH expression by Western blot analysis.
(b) SM295 C5 and SM296 C2 cells were tested for activation of the
responsive CBF1 luciferase reporter construct (Ga981-6) upon activa-
tion of ER-EBNA-2 by addition of estrogen to the cell culture medium
and expression of human CBF1 (AJ247) where indicated. Results of a
representative experiment, presented as the means and standard de-
viations of triplicate experiments are given as relative light units
(RLU) normalized for �-galactosidase activity.

FIG. 4. Induction of CD21 and CCR7 expression by EBNA-2 re-
quires CBF1, while EBNA-2 downregulation of IgM and c-Myc is only
partially CBF1 dependent. Different B-cell lines and ER-EBNA-2
transfectants which had been cultivated in the presence of estrogen for
various time periods were tested for CD21 and CCR7 (a), CD23 and
BATF (b), and IgM and c-Myc (c) expression. The amount of RNA
loaded onto each lane is visualized by the ethidium bromide staining of
the 28S rRNA below each blot.
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press an estrogen receptor (ER)-EBNA-2 protein of the ex-
pected size which is seen at elevated levels in the presence of
estrogen. Estrogen also causes the appearance of an EBNA-2
fragment similar in size to the EBNA-2 wild-type protein de-
tected in 721. This fragment is frequently seen in ER-EBNA-2
expressing cells upon estrogen induction. ER-EBNA-2 expres-
sion is most prominent in the DG75 transfectants. The same
lysates were also tested for GAPDH protein expression in
order to control for equal loading of all lanes (Fig. 3a).

Two ER-EBNA-2 transfectants either positive or negative
for CBF1 were tested for ER-EBNA-2 activation by estrogen
in transient reporter gene assays using a CBF1-responsive re-
porter plasmid. One representative experiment is shown in Fig.
3b. Addition of �-estradiol to SM295 cells increased the re-
porter gene activity up to 7.6-fold (Fig. 4). As expected, acti-
vation of the reporter construct in SM296 cells required not
only �-estradiol but also coexpression of exogenous CBF1
(Fig. 3b). The results obtained for cell lines SM295 and SM296
in the absence of �-estradiol but presence of endogenous or
exogenous CBF1 are not identical. The elevated activities in
cell line SM295 could indicate a residual background activity of
the conditional system or reflect differential transfection effi-
ciencies of the two cell lines SM295 and SM296. A more
stringent test for conditional ER/EBNA-2 activity can be per-
formed by assaying the activation of EBNA-2 endogenous tar-
get genes in response to estrogen.

Induction of endogenous target genes by EBNA-2 was then
compared in SM295, SM296, BJABK3, and BL41K3 upon
estrogen induction. In parallel, DG75 and SM224.9 and RNA
isolated from the EBV-positive B-cell line 721 were analyzed
in Northern blots. CD21 and CCR7 were induced by ER-
EBNA-2 in all cell lines, but induction was strictly dependent
on CBF1 expression (Fig. 4a). While CD21 shows a strong
induction in BJABK3 and BL41K3 at 6 h post-estrogen treat-
ment, the induction in the DG75 ER-EBNA-2 transfectant
SM295 C5 was weaker and seen only 48 h postinduction. In-
duction levels varied significantly for CCR7, ranging from
strong induction in BL41K3 and weak induction levels in
SM295 DG75 transfectants to hardly detectable levels in
BJABK3. Neither CD21 nor CCR7 were induced in untrans-
fected DG75 cells by estrogen (data not shown). CD23 and
BATF were induced in BL41K3 but not in BJABK3, SM295,
and SM296. CD83, which has recently been shown to be an
LMP1 target gene, scored as an EBNA-2 target gene in our
experiments as well (8). Induction was transient and most
prominently seen in BL41K3 while less pronounced in
BJABK3 and undetectable in DG75 transfectants. Thus, un-
fortunately, the requirement for CBF1 in CD23, CD83, or
BATF induction could not be tested in our system, since the
cellular background of DG75 is not permissive for induction of
these genes (Fig. 4b).

We have previously described that EBNA-2 can downregu-
late IgM expression. In Burkitt’s lymphoma cell lines which
carry the t(8;14) chromosomal translocation juxtaposing the
c-myc and the IgM heavy-chain locus, c-myc transcription is
coregulated and also repressed. In BJAB, a non-Burkitt’s lym-
phoma cell line, IgM repression and c-myc expression are un-
coupled (24). In order to analyze whether downregulation of
IgM by EBNA-2 is CBF1 dependent, we analyzed DG75 wild-
type and knockout cell lines in parallel with BL41K3 and

BJABK3. IgM expression was completely downregulated in
SM295 and to a significant extent in SM296 cells, indicating
that this function of EBNA-2 is at least partially CBF1 inde-
pendent. Expression of c-myc was coregulated in all Burkitt’s
lymphoma cell lines, while IgM and c-myc expression was un-
coupled in BJABK3 cells, and indeed c-myc could be induced
by EBNA-2 (Fig. 4c).

DISCUSSION

Here we show that CBF1 can be inactivated in the Burkitt’s
lymphoma cell line DG75 and prove the loss of CBF1 in these
cells by three independent experimental approaches, Western
blot, electrophoretic mobility shift assay, and reporter gene
assays. Since a limited number of clones were obtained, only a
semiquantitative assessment of targeting efficiencies could be
performed. Within the limits of these experiments, we report
here targeting efficiencies in DG75 cells were about 5% for
those clones that grew under selection conditions and ex-
pressed the fluorescent marker genes. These targeting fre-
quencies are gene specific, since in a recent parallel study up to
69% of the clones were shown to carry correctly integrated
targeting constructs (13). Previous studies describing the inac-
tivation of target genes in other B-cell lines, Nalm-6 and BL2,
have reported frequencies of approximately 1 to 2% (10, 16).
Unexpectedly, inactivation of the first allele abolished protein
expression of CBF1, but two consecutive further rounds of
gene targeting were required to delete the wild-type genomic
fragment. We assume, but have not analyzed in detail, that the
second and third allele of CBF1 were nonfunctional due to
genetic alterations in DG75.

In our hands only a minority of the integration events retar-
geted the first allele. This fact might indicate that our targeting
strategy, which aimed at preventing targeting of the identical
allele by using alternate homologous flanks of the targeted
region, was successful.

Next, targeting constructs which had been efficiently used to
target CBF1 in DG75 cells were also tested for inactivation of
CBF1 in BJAB, 721, or BL41. However, we were unable to
identify correctly targeted clones after transfection of these cell
lines. Transfection efficiencies were not significantly reduced in
those other cell lines when tested by transfection of the cyto-
megaloviru-driven EGFP expression construct. In contrast,
EGFP-expressing cells could only be detected at significant
levels 2 days after transfection, when the targeting constructs
were introduced into DG75 cells. Formally, we cannot exclude
that the failure to inactivate CBF1 in cell lines other than
DG75 was due to polymorphisms of the genomic loci of these
cells. However, nonisogenic targeting constructs have been
successfully used before and thus do not seem to be a general
problem in gene targeting approaches (44).

In summary, DG75 cells appear to be exceptionally well
suited as a somatic human B-cell line for targeted gene inac-
tivation. Transfection efficiencies and survival rates posttrans-
fection might contribute to targeting efficiencies but cannot
solely account for this phenotype, suggesting that an unknown
genetic lesion which promotes homologous recombination
might have occurred in DG75. A drawback of this cellular
system is the fact that targeting efficiencies in DG75 can vary
depending on the gene locus which is targeted and minor
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genetic lesions, like the third allele of CBF1 in the genome of
DG75, can hamper the interpretation of the results.

Inactivation of CBF1 in DG75 cells did not interfere with
viability or proliferation rate of the cells. Our results are in
concurrence with previously published findings showing that
only a limited subpopulation of B cells, the marginal zone B
cells, require CBF1 for development (49). In contrast, prolif-
eration of EBV-infected B cells can be abolished by peptides
which block EBNA-2/CBF1 signaling, proving that this signal
transduction pathway is essential in EBV growth-transformed
B cells (11). However, the proliferation of EBV-infected B
cells is controlled by the concerted action of EBV proteins,
including EBNA-2, which target CBF1. In contrast, prolifera-
tion of the Burkitt’s lymphoma cell line DG75 is driven by a
growth program initiated by activated Myc, which is indepen-
dent of CBF1 function.

Notably, neither CD21 nor CCR7 was induced in the SM224.9
cell line or the complete knockout cell line SM261D11, indi-
cating that abolishing repression is not sufficient to induce
expression of these genes in the cellular background of the
DG75 cell line. Obviously, other cellular pathways dominate
the expression of target genes like CD21 and CCR7 in DG75.
Since repression of CD21 has been previously described in
K562 cells, our results suggest that the cellular background
might affect CD21 expression (38). In general BL41 supports
the induction of cellular target genes by EBNA-2 more effi-
ciently than DG75. Induction of all cellular target genes by
EBNA-2 was weaker in DG75 cells compared to BL41. CD23
or BATF induction was seen in BL41K3 cells, only, while
CD83 was induced in BJABK3 and BL41K3. CD83 has been
previously described to be activated by the viral LMP-1 protein
via activation of the NF-	B pathway (8). Activation of cellular
target genes by EBNA-2 and by LMP-1 has also been de-
scribed for CD23, and we show here again that activation of
cellular target genes by both proteins is not mutually exclusive
for CD83 induction.

It has been shown before that the cellular context can sig-
nificantly influence target gene activation in response to
EBNA-2 (6, 51). We report here that DG75 expresses CBF1
from a single allele. In fact, CBF1 protein levels reach about
half the levels seen in 721 and BL41 but equal the levels seen
in BJAB. Thus, limiting amounts of CBF1 might partially con-
tribute to the weak EBNA-2 responses seen in DG75 but other
epigenetic factors might influence target gene activation as
well. Further analysis of cis-regulatory EBNA-2-responsive el-
ements within these genes will be required to fully elucidate
the requirements for gene transactivation.

Repression of IgM by EBNA-2 was readily seen in all cell
lines tested. As described before, in Burkitt’s lymphoma cell
lines, IgM repression correlated with c-myc repression (24).
Unlike our previous studies, which indicated that c-myc expres-
sion is not affected in the non-Burkitt’s lymphoma cell line
BJAB, we can show now that c-myc is even upregulated in
response to EBNA-2, providing strong evidence that IgM and
c-myc are coregulated in Burkitt’s lymphoma cells while regu-
lation is uncoupled in BJAB cells. Importantly, in this study we
have shown that this function of EBNA-2 is mainly CBF1
independent. This result was unexpected, since it has been
shown recently that constitutively activated Notch can down-
regulate IgM (47). However, CBF1 is not the only common

denominator of Notch or EBNA-2 signaling. Thus, further
common interaction partners of both Notch and EBNA-2, such
as SKIP (55, 56) or Nur77 (34), could potentially contribute to
this function. A genomewide screen for EBNA-2 target genes
dissecting CBF1-dependent and -independent functions can
now be performed in the near future.

The inactivation of cellular genes by homologous recombi-
nation in somatic cell lines of specific origin is a potent strategy
to facilitate the biochemical analysis of signal transduction
pathways, in particular when ubiquitously expressed proteins
are essential transducers. CBF1 is a signal-transducing protein
which is targeted by several viral factors. Apart from EBNA-2,
the EBV proteins EBNA-3A, -B, and -C and RPMS1, the
Kaposi’s sarcoma-associated herpesvirus protein Rta, and the
adenoviral 13SE1A can bind to CBF1 (18). The contribution of
CBF1 signaling to the functions of each of these viral factors as
well as to the function of cellular proteins such as Notch or
SKIP can now be analyzed in the context of a human B-cell
line.
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