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Signaling through the Notch pathway controls cell
growth and differentiation in metazoans. Following
binding of its ligands, the intracellular part of the cell
surface Notch1 receptor (Notch1-IC) is released and
translocates to the nucleus, where it alters the function
of the DNA-binding transcription factor CBF1/RBP-J�.
As a result, CBF1/RBP-J� is converted from a repressor
to an activator of gene transcription. Similarly, the Ep-
stein Barr viral oncoprotein EBNA2, which is required
for B-cell immortalization, activates genes through
CBF1. Moreover, the TAN-1 and int-3 oncogenes repre-
sent activated versions of Notch1 and Notch4, respec-
tively. Here, we show that the adenoviral oncoprotein
13S E1A also binds to CBF1/RBP-J�, displaces associated
corepressor complexes, and activates CBF1/RBP-J�–de-
pendent gene expression. Our results suggest that the
central role of the Notch–CBF1/RBP-J� signaling path-
way in cell fate decisions renders it susceptible to path-
ways of viral replication and oncogenic conversion.
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The cell surface Notch receptors participate in intercel-
lular signaling events that mediate cell fate specification
and influence a broad spectrum of development pro-
cesses. Notch receptors are expressed in uncommitted
cells during development, and Notch signaling is be-
lieved to maintain the proliferative capacity of immature
cells in the adult organism (Egan et al. 1998; Artavanis-
Tsakonas et al. 1999). Activation of Notch by ligand-
expressing cells results in the proteolytic cleavage, re-
lease, and translocation of the intracellular domain
(Notch-IC) in the nucleus followed by the induction of
its target genes (Honjo 1996; Kopan et al. 1996; Kidd et
al. 1998; Struhl and Adachi 1998). Constitutive activa-
tion of Notch inhibits differentiation of various cell lin-
eages and has been associated with malignancies. In hu-
man T-cell lymphoblastic leukemia, the translocation

t(7:9) (q34q34.3) generates truncated Notch1 proteins
(Notch1-IC/TAN-1; Ellisen et al. 1991) and mice ex-
pressing ectopically Notch1-IC develop T-cell neo-
plasms (Pear et al. 1996). The Notch4 gene is also fre-
quently rearranged by mammary tumor virus (MMTV)
proviral DNA insertion, and expression of the truncated-
activated protein (Notch4-IC/int-3) in mice leads to the
development of mammary adenocarcinoma (Robbins et
al. 1992; Gallahan et al. 1996).

Genetic evidence identifies CBF1, also named Su(H) in
Drosophila melanogaster, Lag-1 in Caenorhabditis ele-
gans, and RBP-J� or KBF2 in vertebrates, as the essential
transcription factor downstream from Notch (Matsu-
nami et al. 1989; Furukawa et al. 1992; Schweisguth and
Posakony 1992; Fortini and Artavanis-Tsakonas 1994;
Honjo 1996). In D. melanogaster, deletion of CBF1 or
Notch leads to a lethal expansion of neural tissues at the
expense of epidermal tissue in the developing embryo
(Furukawa et al. 1992; Schweisguth and Posakony 1992).
In mice, CBF1 gene knock-out reveals that the protein is
essential for postimplantation development, in particu-
lar for the somite formation and the differentiation of the
nervous system (Oka et al. 1995). CBF1 binds to the
DNA sequence GTGGGAA and functions in vertebrate
cells as an inducible transcriptional factor (Hsieh and
Hayward 1995; Waltzer et al. 1995; Hsieh et al. 1996; Kao
et al. 1998). CBF1 regulates expression of a group of basic
helix-loop-helix proteins encoded by the enhancer of
split [E(Spl)] locus in D. melanogaster or the homologous
HES genes in vertebrates. The E(Spl)/HES proteins serve
as transcriptional repressors involved in cell fate deci-
sions (Egan et al. 1998; Artavanis-Tsakonas et al. 1999).

Analysis of CBF1 structure and function showed that
its central part is required for DNA binding and gene
regulation (Chung et al. 1994; Hsieh and Hayward 1995;
Waltzer et al. 1995; Kao et al. 1998). Several proteins,
such as the deacetylase complex SMRT/sin3/HDAC
(Hsieh and Hayward 1995; Hsieh et al. 1996; Kao et al.
1998), CIR (Hsieh et al. 1999), SKIP (Zhou et al. 2000), or
TFIIA and TFIID (Olave et al. 1998), were found to me-
diate gene repression in conjunction with CBF1. Binding
of Notch-IC was proposed to displace corepressor com-
plexes from CBF1 and to turn CBF1 into a transcriptional
activator (Hsieh et al. 1996; Kao et al. 1998; Kidd et al.
1998; Struhl and Adachi 1998). The Notch–CBF1 growth
control pathway is exploited by the EBNA2 oncoprotein
of the Epstein-Barr virus (EBV) to activate cellular and
viral genes (Grossman et al. 1994; Henkel et al. 1994;
Zimber-Strobl et al. 1994; Hsieh and Hayward 1995; Jo-
hannsen et al. 1995; Waltzer et al. 1995). Moreover, ad-
ditional cellular and viral proteins such as Hairless (Brou
et al. 1994; Schweisguth and Posakony 1994), KyoT2
(Taniguchi et al. 1998), and the Epstein-Barr viral pro-
teins EBNA3A,C (Robertson et al. 1995; Zhao et al. 1996)
also modulated CBF1 activity.

Functional CBF1 binding sites have been identified in
various adenoviral promoters. This let us explore
whether the adenoviral proteins E1A, similarly to
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EBNA2, may target CBF1. The early adenoviral proteins
E1A have been studied intensively to dissect prolifera-
tion, differentiation, and transformation mechanisms.
Comparison of adenoviral proteins from various sero-
types highlights three conserved regions (CR): CR1, CR2,
and CR3. CR1 and CR2 are present in 12S and 13SE1A
splice product variants and are essential for fibroblast
transformation (Flint and Shenk 1997). They bind to and
modulate the activity of various cellular proteins, such
the pocket-binding proteins or the pCAF and CBP/p300
acetyl-transferases (Mymryk 1996; Flint and Shenk
1997). CR3, specific for 13SE1A, displays transactivation
potential. Its C-terminal sequence binds to transcription
factors (Liu and Green 1990, 1994; Scholer et al. 1991;

Webster and Ricciardi 1991; Mymryk 1996; Flint and
Shenk 1997) and anchors the protein to promoters,
whereas the N-terminal zinc finger contacts the tran-
scription machinery (Geisberg et al. 1994; Boyer et al.
1999). 13SE1A is important for viral gene activation and
viral life cycle progression. In addition, CR3 may en-
hance transformation (Mymryk 1996) and apoptosis
(Teodoro et al. 1995). Here, we show that the 13SE1A
protein binds to CBF1 and activates gene expression
through CBF1 sites. Our results suggest that the function
of the transcription factor CBF1, similarly to the Rb and
p53 tumor suppressors, is modulated by various trans-
forming proteins.

Figure 1. 13SE1A activates gene transcription via CBF1. (A)
Murine HES1 promoter reporter construct (black bars) or a pro-
moter construct that carries a mutation in the HES1–CBF1
binding site (white bars) was transfected in HD3 cells together
with genomic E1A, 13SE1A, 12SE1A, or Notch1-IC (N-IC), as
indicated. (B) Epstein-Barr viral LMP2A promoter (black bars) or
a construct with a deletion encompassing the 54 bp LMP2A–
CBF1 response element (white bars) was transfected together
with E1A or Notch1-IC as in A. (C, left) Artificial CBF1 respon-
sive promoters that carry one (black bars), six wild-type (grey
bars), or one mutated LMP2A–CBF1 response element (white
bars), respectively, fused to the minimal �-globin core promoter
(hatched bars), were transfected together with E1A or Notch1-
IC as in A. (Right) Reporter activation of the same constructs in
the 293 cells that carries a chromosomally integrated single
copy of genomic E1A. (D) CBF1 was fused to the c-Myb DNA-
binding domain (DBD) and cotransfected with 13S E1A in HD3
cells. Activation of reporter expression from a Myb-responsive
promoter was determined following transfection of effector
plasmid combinations as indicated.

Figure 2. 13SE1A binds to CBF1 and releases an associated
corepressor complex. (A) QT6 fibroblasts were transfected with
E1A and/or Flag-tagged CBF1 cDNA expression vectors as indi-
cated. Cellular protein complexes were immunoprecipitated
with monoclonal E1A antibody. Coimmunoprecipitated (CoIP)
and ectopic expression of CBF1 were revealed by immunoblot-
ting with Flag M2 antibody. (B) E1A interacts with endogenous
CBF1. Protein extracts from 293 cells were immunoprecipitated
with anti-c-myc or anti-E1A antibodies as indicated. CoIP CBF1
was revealed by immunoblotting using anti-CBF1. Fibroblasts
transfected with the murine CBF1 protein were used as control
(lane 1). (C) Various in vitro translated CBF1 fragments (left)
were subjected to binding to GST or GST–13SE1A fusion pro-
teins as indicated on the top. (D) SMRT abolishes 13SE1A me-
diated transactivation via CBF1. Reporter expression from the
hexamerized LMP2A–CBF1 reporter construct was determined
as described in Fig. 1C. A limiting amount of 13SE1A effector
plasmid (50 ng) was transfected. SMRT effector plasmid concen-
trations were 0.1, 0.4, and 0.8 µg, respectively. The ratio be-
tween reporter activity obtained with the hexamerized CBF1
response element in relation to the core promoter is shown. (E)
Interaction between E1A and CBF1 is inhibited by SMRT. QT6
fibroblasts were transfected with expression vectors encoding
Flag-tagged CBF1 (3 µg), 13S E1A (3 µg), and SMRT (3 and 10 µg),
as indicated. Immunoprecipitation and CBF1 detection were
performed as described in A.
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Results and Discussion

To test whether CBF1 is a target of E1A, we first exam-
ined the ability of E1A to modulate the expression of
various CBF1-responsive reporter genes. As shown in
Figure 1, E1A genomic DNA, encoding the 13S and 12S
isoforms, 13SE1A, or Notch1-IC, but not 12SE1A, acti-
vate CBF1-responsive promoters derived from the cellu-
lar HES1 or the viral LMP2A genes, as well as HES5 and
LMP1 promoters (data not shown). Mutation or deletion
of the binding sites for CBF1 abrogated both Notch1-IC
and E1A-mediated reporter activation (Fig. 1A,B). Fur-
thermore, transfer of the CBF1 response element from
the LMP2A promoter to a minimal �-globin promoter
conferred repression of the basal promoter activity and
both Notch-IC and E1A-inducible reporter activation
(Fig. 1C, left panel). The CBF1 response element also
conferred reporter activation in fibroblasts in presence of
E1A (data not shown) and in the 293 cell line that har-
bors a single chromosomal copy of the E1A region ex-
pressing both E1A isoforms (Fig. 1C, right panel). More-
over, inducible reporter activity is enhanced by CBF1
binding site multimerization and abrogated by mutation
or deletion of CBF1 response elements (Figs. 1C and 3).
These data show that 13SE1A activates gene expression
through CBF1 response elements.

A chimeric CBF1 protein with altered DNA-binding
specificity was constructed to confirm that reporter ac-
tivation by E1A depended on CBF1. To do so, the CBF1
coding region was fused to the c-Myb DNA-binding do-
main (DBD) and tested on a Myb responsive promoter
(Ness et al. 1989). Figure 1D shows that E1A enhanced
reporter activity in the presence of the Myb–CBF1 chi-
mera, yet not in its absence. This shows that E1A-medi-
ated transactivation occurs through CBF1.

Coimmunoprecipitation analysis was performed to de-

termine whether E1A proteins associ-
ate with CBF1 in cells. As shown in
Figure 2A, CBF1 coprecipitated with
13SE1A but not with 12SE1A. These
data suggest that the 13S-specific CR3
is required for direct CBF1 binding.
Immunoprecipitation of E1A from 293
cells revealed that resident CBF1 also
forms a complex with the endogenous
oncoprotein (Fig. 2B). GST-pull-down
assays, as shown in Figure 2C, further
revealed that 13SE1A binds to the N-
terminal one third of the CBF1 pro-
tein.

Both Notch1-IC or EBNA2 are
thought to displace CBF1-bound re-
pressor complex by competitive bind-
ing to the central part of CBF1 (Hsieh
and Hayward 1995; Waltzer et al.
1995; Hsieh et al. 1996; Kao et al.
1998). As 13SE1A binds to the CBF1 N
terminus (Fig. 2C), we wondered
whether CBF1 activation through
13SE1A also comprises a derepression
step. As shown in Figure 2D, SMRT

inhibited E1A-mediated CBF1 reporter activation in a
dose-dependent fashion. Moreover, SMRT also inhibited
coimmunoprecipitation of CBF1 by E1A (Fig. 2E). This
shows that SMRT and 13SE1A interact with CBF1 in a
competitive fashion, although binding sites differ. These
data can be explained by intramolecular interactions be-
tween N-terminal and central protein parts that were
previously revealed by mutational analysis of CBF1
(Waltzer et al. 1995). In any case, our data show that
corepressor displacement is a common step in CBF1-me-
diated gene activation by Notch1-IC, EBNA2, or 13S
E1A.

Mutant E1A proteins were examined for CBF1 binding
and for reporter activation through CBF1 sites or through
the Myb–CBF1 fusion protein, as shown in Figure 3.
Western blot analysis confirmed that all E1A proteins
were expressed at comparable levels (data not shown).
Removal of the major protein interaction sites in E1A,
including CR1, CR2, or parts of the C terminus (�191–
218; �239–253), did not affect its binding to CBF1 (Fig.
3A,B). Likewise, reporter activation through CBF1 sites
(Fig. 3C) or through the Myb–CBF1 chimera (Fig. 3D) was
not affected. Similarly, point mutations that selectively
abolish interaction of E1A with Rb, CBP/p300, or pCAF
(Babiss et al. 1986; Lundblad et al. 1995; Condorelli and
Giordano 1997; Reid et al. 1998) also did not affect re-
porter activation (data not shown). In contrast, removal
of CR3 (12SE1A) abrogated binding to CBF1 and CBF1-
mediated reporter activation (Fig. 3). These results show
that CR3 is responsible for both CBF1 binding and CBF1-
mediated gene activation.

The function of CR3 is bipartide: Its N-terminal zinc
finger interacts with the preinitiation complex (Geisberg
et al. 1994, 1995; Mazzarelli et al. 1997) or with the poly-
merase holoenzyme via mediator binding (Boyer et al.

Figure 3. E1A binding and CBF1 activity. (A) Schematic representation of E1A proteins
indicating conserved regions (CR) and amino acid numbers on the top. (B) Binding of
radiolabeled E1A proteins as depicted on the left (lane 1; input, 10% of reaction) to GST
(lane 2; specificity control) or GST–CBF1 fusion protein (lane 3) comprising the N-
terminal 205 amino acids of CBF1. (C) Reporter expression from the �-globin-promoter
with 6 LMP2A–CBF1 response elements (as in Fig. 1C and 2D). (D) Activation of a
Myb–CBF1 fusion protein by E1A was examined on a Myb responsive promoter, simi-
larly to Fig. 1D. Reporter activation through Myb–CBF1 (or MybDBD as a control) in
presence of E1A proteins was examined. Ratio of reporter activities in presence of
Myb–CBF1 versus MybDBD is represented.
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1999), whereas its C-terminal part interacts with DNA-
bound transcription factors (Liu and Green 1990, 1994;
Scholer et al. 1991; Webster and Ricciardi 1991). We
therefore examined zinc finger and C-terminal E1A mu-
tants for CBF1 effects. As shown in Figure 4A, disruption
of the CR3 zinc finger structure (13S E1AC157S) or de-
letion of a C-terminal part of CR3 (13S E1A�184/187)
abrogate both, activation through CBF1 sites (left panel)
or activation through the Myb–CBF1 fusion protein
(right panel). Coimmunoprecipitation revealed that wild
type or the zinc finger E1A mutant precipitated CBF1,
whereas the C-terminal CR3 mutant failed to do so (Fig.
4B). This result suggested that the C-terminal part of
CR3 binds to CBF1, whereas the N-terminal zinc finger
mediates CBF1-dependent gene activation. This conclu-
sion was further supported by results obtained with E1A
V147L and R177K mutations, shown previously to anni-
hilate zinc finger functions (Geisberg et al. 1994), which
also strongly reduced CBF1-mediated reporter activation
(data not shown). Next, we replaced the CBF1 interacting
domain of Notch-IC, the so-called RAM domain, by E1A
CR3 (Fig. 4C) and examined CBF1-dependent reporter

activation as shown in Figure 4. It is
evident that reporter activation by
Notch-IC was entirely dependent on
the RAM–CBF1 interaction. However,
CR3 or the C-terminal part of CR3,
lacking the zinc finger, functionally
replaced the Notch RAM domain (Fig.
4D,E). These results corroborate the
notion that the C-terminal part of E1A
mediates CBF1 interaction and the N-
terminal E1A zinc finger mediates
gene activation once 13SE1A is bound
to CBF1. These experiments do not ex-
clude the remote possibility that CR3
sequences positively modulate Notch-
IC ankyrin repeats to interact with
CBF1 (Kato et al. 1997).

Oncoviral proteins disrupt ordered
cell growth and differentiation
through interaction with critical
cellular growth regulatory proteins
(Flint and Shenk 1997). We found
that the transforming adenoviral
protein 13SE1A, but not 12SE1A,
binds to the transcription factor CBF1
and converts CBF1 from a repressor
into an activator of genes. Similarly,
genomic E1A, encoding both isoforms
activate CBF1-driven reporter expres-
sion in transfected cells or in 293 cells
(Fig. 1A–C). This indicates that activa-
tion of CBF1 by 13SE1A is dominant
over 12SE1A inhibitory functions
(Reid et al. 1998; Chakravarti et al.
1999; Hamamori et al. 1999), poten-
tially through recruitment of media-
tor/RNA Pol II to CBF1 target genes
(Boyer et al. 1999). Significantly, CBF1

is the major downstream transcriptional regulator of
the developmentally important Notch pathway of
gene regulation that controls many differentiation and
proliferation processes (Artavanis-Tsakonas et al. 1995).
CBF1 functions are also modified by the EBNA2 onco-
protein of EBV that is essential for the activation of EBV
promoters and for B-cell immortalization (Zimber-Strobl
et al. 1996). Because oncogenic versions of Notch recep-
tors such as TAN-1 and int-3 have been identified as
cellular oncogenes of the lymphoid lineage, it will be
interesting to determine whether hematopoietic cells of,
for example, the B- and/or T-cell lineage are targets of
13SE1A specific transformation. Although E1A transfor-
mation potential resides in the 12SE1A product (Flint
and Shenk 1997), our results hint at a novel function of
the 13SE1A-specific CR3 in distinct cell types. More-
over, the result that CBF1 is activated by various viral
and cellular oncogenes places CBF1 into a category es-
tablished by Rb-type pocket binding proteins or p53,
fundamental cellular growth regulatory proteins whose
functions are modified by multiple viral early gene
products.

Figure 4. CR3 C-terminal and N-terminal sequences are required for CBF1 activation.
(A, left) Activation of the murine HES1 promoter reporter construct (as in Fig. 1A).
(Right) Activation of the Myb–CBF1 fusion protein (as in Fig. 1D) through E1A mutants.
Ratio of reporter activities in presence of Myb–CBF1 versus MybDBD is represented. (B)
CR3 C-terminal sequence binds to CBF1. QT6 fibroblasts were transfected with Flag-
tagged CBF1 and E1A cDNA expression vectors as indicated. Immunoprecipitation and
CBF1 detection were performed as described in Fig. 2A. (C) Functional replacement of
the CBF1 interacting RAM domain of Notch-IC by E1A CR3. Schematic representation
of the constructs used in D and E. (N-IC) Notch-IC; (N-�RAM) Notch-IC deleted of its
RAM domain; (E1A-N-IC) the RAM domain of Notch has been replaced by CR3 (resi-
dues 140–204 or 177–204). (D) Reporter expression from 6 LMP2A–CBF1 response ele-
ments, as in Fig. 2C. (E) Reporter expression from the murine HES1 promoter reporter
construct or from a promoter construct that carries a mutation in the CBF1 binding site,
as in Fig. 1A. The ratio between wild type versus mutant promoter is shown.
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Materials and methods
Plasmid constructs and transfection
Murine Flag-tagged CBF1, E1A, Notch, and E1A-Notch cDNAs were con-
structed by PCR and cloned in pcDNA3 or in pGEX 4T1. Amino acids
(aa) 38–80 and 123–142 were deleted in �CR1 and �CR2 13SE1A mu-
tants, respectively. Notch constructs consist of aa 1751–2531 (N-IC) or aa
1851–2531 (N-�RAM). In the E1A–Notch chimeras (E1A–N-IC), the
RAM domain was replaced by CR3 (aa 140–204 or 177–204). Chimeras
were Flag-tagged at their N terminus. Plasmid constructs were se-
quenced, and protein expression was confirmed by immunoblotting us-
ing monoclonal M73 anti-E1A (Calbiochem) or anti-Flag M2 antibody
(Integra Bioscience). In Myb-chimeras, avian c-Myb (aa 18–192) was fused
to murine CBF1 protein. SMRT expression vector is described in Dhor-
dain et al. (1997). CBF1 and Myb responsive reporters, HES1 and HES5
luciferase constructs were described previously (Ness et al. 1989; Laux et
al. 1994; Zimber-Strobl et al. 1994; Nishimura et al. 1998). Avian HD3
erythroblasts and quail QT6 fibroblasts were transfected as described in
Kowenz-Leutz et al. (1994). CBF1 reporter assays were performed 24 h
posttransfection, using 2 µg of reporter plasmid and 0.2 µg of E1A or
Notch plasmid. In assays using c-Myb–CBF1 chimeras, 3 µg of reporter,
0.2 µg of c-Myb–CBF1 and 0.05 µg of E1A expression vectors were used,
and cells were harvested 18 h posttransfection. E1A-transformed 293
cells (106 cells) were transfected (1.5 µg of reporter plasmid) using the
transfection reagent exgen 500 (Fermentas).

Coimmunoprecipitation experiments
Immunoprecipitation was performed in 100 mM NaCl, 50 mM Hepes
(pH 7), 0.5% NP-40 supplemented with protease inhibitors. Briefly, the
lysate was incubated with 1 µg of M73 anti-E1A antibody (Calbiochem)
at 4°C for 3 h. Protein-A sepharose (Pharmacia) was added and incubated
at 4°C for 1 h. Beads were washed six times and proteins separated by
SDS-PAGE. Immunoblots were visualized by ECL (Amersham). Immu-
noprecipitation in 293 cells (5 × 106 cells) was performed as described
previously, in 200 mM NaCl, 50 mM Hepes (pH 7), 0.2% NP-40, either
with the monoclonal anti-c-myc Ab-2 antibody (Calbiochem) or with the
monoclonal M73 anti-E1A antibody. Endogenous CBF1 protein was re-
vealed with a polyclonal antibody (Brou et al. 2000).

GST pull-down assay
GST-fusion proteins expressed in BL21 bacteria (Wulczyn et al. 1992)
were extracted in NETN buffer (50 mM Tris at pH 8, 100 mM NaCl,
0.1% NP40, 1 mM EDTA, 1 mM DTT, 10% glycerol). In vitro translation
was performed in presence of [35S]methionine (TNT, Promega). Bacterial
extracts were incubated with glutathione agarose beads and in vitro
translated product at 4°C for 4 h. Beads were washed six times with
NETN and separated by SDS-PAGE.
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