
MOLECULAR AND CELLULAR BIOLOGY, Mar. 1996, p. 952–959 Vol. 16, No. 3
0270-7306/96/$04.0010
Copyright q 1996, American Society for Microbiology

Truncated Mammalian Notch1 Activates CBF1/RBPJk-Repressed
Genes by a Mechanism Resembling That of

Epstein-Barr Virus EBNA2
JAMES J.-D. HSIEH,1 THOMAS HENKEL,2 PATRICK SALMON,3 ELLEN ROBEY,3

MICHAEL GREGORY PETERSON,2 AND S. DIANE HAYWARD1*

Molecular Virology Laboratories, Department of Pharmacology and Molecular Sciences and Department of Oncology,
The Johns Hopkins University School of Medicine, Baltimore, Maryland 212051; Tularik Inc., South San Francisco,
California 940802; and Department of Molecular and Cell Biology, University of California, Berkeley, California 947203

Received 13 October 1995/Returned for modification 29 November 1995/Accepted 8 December 1995

The Notch/Lin-12/Glp-1 receptor family participates in cell-cell signaling events that influence cell fate
decisions. Although several Notch homologs and receptor ligands have been identified, the nuclear events
involved in this pathway remain incompletely understood. A truncated form of Notch, consisting only of the
intracellular domain (NotchIC), localizes to the nucleus and functions as an activated receptor. Using both an
in vitro binding assay and a cotransfection assay based on the two-hybrid principle, we show that mammalian
NotchIC interacts with the transcriptional repressor CBF1, which is the human homolog of Drosophila
Suppressor of Hairless. Cotransfection assays using segments of mouse NotchIC and CBF1 demonstrated that
the N-terminal 114-amino-acid region of mouse NotchIC contains the CBF1 interactive domain and that the
cdc10/ankyrin repeats are not essential for this interaction. This result was confirmed in immunoprecipitation
assays in which the N-terminal 114-amino-acid segment of NotchIC, but not the ankyrin repeat region,
coprecipitated with CBF1. Mouse NotchIC itself is targeted to the transcriptional repression domain (aa179
to 361) of CBF1. Furthermore, transfection assays in which mouse NotchIC was targeted through Gal4-CBF1
or through endogenous cellular CBF1 indicated that NotchIC transactivates gene expression via CBF1 teth-
ering to DNA. Transactivation by NotchIC occurs partially through abolition of CBF1-mediated repression.
This same mechanism is used by Epstein-Barr virus EBNA2. Thus, mimicry of Notch signal transduction is
involved in Epstein-Barr virus-driven immortalization.

The Notch/Lin-12/Glp-1 receptor family is highly conserved
from worms to vertebrates. These large, transmembrane pro-
teins are characterized by extracellular domains containing
tandem epidermal growth factor (EGF)-like repeats followed
by cysteine-rich Notch/Lin-12 repeats and intracellular do-
mains containing cdc10/ankyrin repeats and a PEST sequence
(3, 9, 14, 17, 55, 56, 60, 61). Notch/Lin-12/Glp-1 participate in
intercellular signaling events that mediate cell fate specifica-
tion. Drosophila Notch was categorized as a neurogenic gene
on the basis of the observation that loss-of-function mutations
cause hypertrophy of the neural tissue at the expense of epi-
dermal structures (2). However, subsequent genetic analyses
showed that Notch is required for the normal development of
all three germ layers (12, 25).
Although many Notch receptor ligands (8, 13, 18, 26, 28, 37,

42, 45, 52, 57) and Notch homologs (3, 9, 14, 17, 55, 56, 60, 61)
have been identified in different species, the intracellular
events regulated by Notch signaling remain incompletely un-
derstood. The Drosophila proteins Deltex and Suppressor of
Hairless [Su(H)] are the only two factors known so far which
interact directly with the intracellular domain of Notch (19, 22,
59). Deltex is a cytoplasmic protein that becomes associated
with the Notch intracellular cdc10/ankyrin repeats upon ligand
binding to the extracellular EGF repeats (6, 15). Deltex func-
tions genetically as a positive regulator but has yet to be char-
acterized biochemically (6, 15, 22, 59). Su(H) and its homologs
are ubiquitously expressed and highly conserved nuclear pro-
teins (1, 41, 48). Su(H) is required for Notch signal reception

during lateral inhibition in Drosophila melanogaster, and mu-
tant alleles display a neurogenic phenotype in the peripheral
nervous system (21, 47, 48). The evidence suggests that Su(H)
plays a central role in Notch signaling (2). CBF1/RBPJk, the
human homolog of Su(H) (1, 21, 23, 27, 39, 41, 48), is a
transcriptional repressor (16, 30) which binds to the DNA
sequence GTGGGAA (38, 53).
It has been postulated that in D. melanogaster, Notch func-

tions by preventing nuclear translocation of Su(H) (19). Here
we present evidence for an alternative mechanism whereby a
truncated form of Notch, NotchIC, regulates gene expression
controlled by CBF1, the human homolog of Su(H). NotchIC,
which expresses only the intracellular domain, functions phe-
notypically as a ligand-activated receptor with an effect similar
to that of gain-of-function alleles (2). This activated form of
Notch is found in the nucleus, and its overexpression diverts
cell fate determination (10, 20, 35, 36, 43, 44, 49, 51). Our data
imply that NotchIC acts by targeting DNA-bound CBF1 within
the nucleus and abolishing CBF1-mediated repression through
masking of the repression domain. We have shown previously
that the Epstein-Barr virus (EBV) immortalizing protein
EBNA2 (11, 24, 58) also utilizes CBF1 tethering and masking
of repression to upregulate expression of CBF1-repressed B-
cell genes (23, 27, 30, 39, 54, 63). This study links EBV im-
mortalization to the Notch signal transduction pathway.

MATERIALS AND METHODS

Plasmid constructions. A modified SG5 vector (Stratagene, La Jolla, Calif.)
containing the hemagglutinin (HA) epitope at the 59 translation start site was
obtained from E. Cheng (Johns Hopkins Medical School), and sequences con-
taining the EBNA2 transcriptional activation domain and nuclear localization* Corresponding author. Phone: (410) 955-2548. Fax: (410) 955-8685.
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signal (NLS) (40) (E2TANLS; EBNA2 amino acids [aa] 425 to 487) were intro-
duced downstream of and in frame with the HA epitope. Different segments of
mouse NotchIC (mNotchIC) were then generated by PCR and inserted either
between the HA epitope and E2TANLS or after the Gal4 DNA binding domain
(aa1 to 147) [Gal4(1-147)]. Four copies of the wild-type (GATCTGGTGTA
AACACGCCGTGGGAAAAAATTTATG) or mutant (GATCTGGTGTAAA
CACGGGCTTGGAAAAAATTTATG) CBF1 binding elements were cloned in
front of a simian virus 40 promoter-driven luciferase reporter construct, GL2pro
(Promega, Madison, Wis.) to generate 4xwtCBF1Luc and 4xmtCBF1Luc, respec-
tively. All constructs were sequenced. All mNotchIC-containing plasmids were
shown to be expressing comparable amounts of the appropriately sized proteins
by immunoblot analysis with either an anti-HA (Berkeley Antibody, Berkeley,
Calif.) or anti-Gal4 (Upstate Biotechnology) antibody. The Gal4-CBF1 plasmids
and the 5xGal4TKCAT and TKLuc reporter plasmids have been described
elsewhere (30). An oligonucleotide encoding the Flag epitope (Flag system;
Eastman Kodak Co., New Haven, Conn.) was cloned into the BamHI site of the
expression vector SG5 to create pJH253. The CBF1 open reading frame was then
introduced into the BglII site of pJH253 to generate Flag-CBF1.
CAT and luciferase assays. HeLa cells were maintained in Dulbecco modified

Eagle medium plus 10% fetal calf serum. Unless otherwise noted, cotransfected
HeLa cells received 6 mg of 5xGal4TKCAT, 1 mg of the indicated Gal4-CBF1,
mNotchIC, or mNotchIC-E2TANLS expression plasmid, and 1 mg of TKLuc as
an internal control for transfection efficiency. Transient transfection, chloram-
phenicol acetyltransferase (CAT), and luciferase assays were performed as de-
scribed previously (38). All assays were repeated three times.
Coimmunoprecipitation and in vitro translation. mNotchIC (aa 1751 to 2294)

and firefly luciferase were translated in vitro from a rabbit reticulocyte lysate
(Promega) in the presence of 35S-labeled methionine. Equal amounts of the in
vitro translation products were incubated for 1 hr at 48C in 1 3 phosphate-
buffered saline (PBS)–0.1% Nonidet P-40 with approximately equal amounts of
either HA-tagged human CBF1 which was purified by DNA affinity chromatog-
raphy (27) from recombinant vaccinia virus-infected HeLa cells, HA-tagged
Drosophila TATA-binding protein (TBP) (29) which was overexpressed in Esch-
erichia coli and purified by S-Sepharose chromatography, or HA-tagged human
TAF250 (7) which was purified from a cleared lysate of SF9 cells infected with
a recombinant baculovirus. Reaction mixtures were immunoprecipitated with the
anti-HA monoclonal antibody 12CA5 (Babco). Precipitates were washed three
times with 1 3 PBS–0.1% Nonidet P-40 and analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) (10% polyacrylamide gel).
Cos1 cells were transfected with 8 mg each of Flag-CBF1 and the different

HA-mNotchIC-E2TANLS constructions. At 48 h after transfection, the cells
were lysed in 500 ml of isotonic lysis buffer (142.5 mM KCl, 5 mMMgCl2, 10 mM
N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid [HEPES, pH 7.2], 1 mM
EGTA [pH 8.0], 0.2% Nonidet P-40). One hundred microliters of the extract was
kept for direct analysis of the proteins present; 400 ml of the extract was incu-
bated with anti-Flag monoclonal antibody M2 (Eastman Kodak) overnight at
48C, after which 100 ml of protein A-Sepharose (Pharmacia, Uppsala, Sweden)
was added. After incubation for 3 h at 48C, these samples, along with the samples
for direct analysis, were subjected to SDS-PAGE and transferred to a nitrocel-
lulose membrane. The individual proteins were detected with the anti-HA mono-
clonal antibody and enhanced chemiluminescence (Amersham, Little Chalfont,
England). The membrane was then stripped and reprobed with the anti-Flag
monoclonal antibody.

RESULTS

Notch, Su(H), and the Notch signaling pathway are all highly
conserved from D. melanogaster to humans. We first demon-
strated that the Notch-Su(H) interaction was retained in mam-
mals, using a coimmunoprecipitation assay. mNotchIC used in
the following experiments consists of aa 1751 to 2294 (14). This
region encompasses the sequences between the transmem-
brane domain and the PEST motif and includes the six tandem
cdc10/ankyrin repeats and the two putative NLSs (35, 36, 50).
In vitro-translated 35S-labeled mNotchIC and control 35S-lu-
ciferase were incubated with purified HA-tagged CBF1 and
with two purified control proteins, HA-TBP and HA-TAF250.
The addition of an anti-HA antibody resulted in coprecipita-
tion of HA-CBF1 and mNotchIC. Coprecipitation was not
observed with any of the control proteins (Fig. 1).
To determine which domains were required for protein-

protein contacts, a cotransfection assay based on the two-hy-
brid principle was used. CBF1 and mNotchIC were each ex-
pressed as chimeric proteins with CBF1 fused to the Gal4
DNA binding domain and mNotchIC fused to a heterologous
transactivation domain. Segments of CBF1, the human ho-

molog of Su(H), were expressed from previously described
constructions (30) as chimeric proteins containing aa 1 to 147
of yeast Gal4 (Fig. 2A). Segments of mNotchIC were ex-
pressed as chimeras in which the transactivation domain and
NLS (E2TANLS) provided by aa 425 to 487 of the EBV
EBNA2 protein were fused to the carboxy terminus of
mNotchIC (Fig. 2A) (40). The E2TANLS domain lies outside
the CBF1 interaction domain of EBNA2, which is located
between aa 252 and 425. Cotransfection into HeLa cells of
5xGal4TKCAT, intact mNotchIC-E2TANLS, and intact Gal4-
CBF1 constructions resulted in an approximately 165-fold ac-
tivation of the CAT target, indicating in vivo interaction be-
tween mNotchIC and human CBF1 (Fig. 2B). Cotransfection
of the Gal4-CBF1 constructions illustrated in Fig. 2A revealed
that activation of the CAT reporter by mNotchIC-E2TANLS
was dependent on the presence of CBF1 aa 179 to 361 (Fig.
2B). Interestingly, this represents the minimal transcriptional
repression domain and EBNA2 interaction domain of CBF1
(30). In a complementary set of experiments, the 5xGal4TK
CAT reporter was cotransfected with the construction express-
ing the intact Gal4-CBF1 fusion protein and the different
mNotchIC-E2TANLS constructions. Surprisingly, the six tan-
dem cdc10/ankyrin repeats were not essential for the in vivo
interaction between mNotchIC and CBF1. The interaction
mapped to a domain within the N-terminal 114 aa (aa 1751 to
1864) of the intracellular domain immediately preceding the
cdc10/ankyrin repeats (Fig. 2C).
To confirm this mapping data, a coimmunoprecipitation as-

say was performed. The four HA-tagged mNotchIC construc-
tions containing full-length mNotchIC (mNotchIC-E2TANLS),
the N-terminal 114 aa [mNotchIC(1751-1864)-E2TANLS], the
cdc10/ankyrin repeats [mNotchIC(1865-2075)-E2TANLS], and
the C terminus of the protein including a subset of the cdc10/
ankyrin repeats [mNotchIC(1976-2294)-E2TANLS] were each
transfected into Cos1 cells with a plasmid encoding Flag
epitope-tagged CBF1. Cell extracts were analyzed by SDS-
PAGE and immunoblotting with an anti-HA monoclonal an-
tibody to detect the HA-tagged mNotchIC polypeptides (Fig.
3A and B). The membrane was then stripped and reprobed
with the anti-Flag monoclonal antibody to detect Flag-CBF1
(Fig. 3C and D). These analyses showed that each of the
NotchIC-E2TANLS proteins was expressed (Fig. 3A), that
Flag-CBF1 was also present in each transfected extract (Fig.
3C), and that the Flag antibody was specific for the Flag
epitope and did not react with cells transfected only with

FIG. 1. Coimmunoprecipitation of purified HA-CBF1 with in vitro-trans-
lated mNotchIC. In vitro-translated 35S-labeled mNotchIC (lanes 1 and 3 to 5)
or 35S-luciferase (control, lanes 2 and 6) was incubated with either HA-CBF1
(lanes 3 and 6), HA-TBP (control, lane 4), or HA-TAF250 (control, lane 5).
Reactions were immunoprecipitated with an anti-HA monoclonal antibody and
analyzed by SDS-PAGE. The positions of the radiolabeled in vitro-translated
mNotchIC and luciferase are indicated.
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mNotchIC-E2TANLS (Fig. 3C, lane 5). The same cell extracts
were also subjected to immunoprecipitation with the anti-Flag
monoclonal antibody prior to SDS-PAGE separation and im-
munoblotting. The intact mNotchIC and the mNotchIC
polypeptide containing the N-terminal 114 aa coprecipitated
with CBF1, but no coprecipitation of the polypeptides contain-
ing the cdc10/ankyrin repeats or the C-terminus of mNotchIC
was observed (Fig. 3B). Flag-CBF1 itself could be immunopre-
cipitated from each of the transfected extracts (Fig. 3D, lanes
1 to 4). Comparison of the amino acid sequence of this 114-aa
mNotchIC domain with the equivalent regions of human

Notch1 (TAN1) (17), zebra fish Notch (4), and Xenopus Notch
(9) reveals several blocks of sequence identify and a high
degree of similarity. The segment adjacent to the cdc10/
ankyrin repeats is particularly well conserved in the vertebrate
homologs (Fig. 4).
The targeting of mNotchIC to the minimal repression do-

main of CBF1 raised the possibility that truncated Notch mod-
ulates CBF1-mediated transcriptional repression. Transfection
of mNotchIC with intact Gal4-CBF1 and the 5xGal4TKCAT
reporter construction resulted in a 25-fold activation of CAT
expression (Fig. 5), while expression from a control cotrans-

FIG. 2. Mapping of the CBF1 and mNotchIC interaction domains. (A) Diagrammatic representation of the constructions expressing Gal4-CBF1 fusion proteins
(left) and mNotchIC-E2TANLS proteins (right) used in the mapping experiments. (B and C) Transient expression assays in HeLa cells which received 6 mg of
5xGal4TKCAT, 1 mg of the indicated Gal4-CBF1 or mNotchIC-E2TANLS expression plasmid, and 1 mg of TKLuc as an internal control for transfection efficiency.
(B) mNotchIC-E2TANLS transactivated the CAT target only in the presence of CBF1 constructions containing aa 179 to 361, indicating that the CBF1 transcriptional
repression-EBNA2 interaction domain also serves as the mNotchIC interaction domain. Fold activation was calculated relative to the expression seen in the absence
of mNotchIC-E2TANLS for individual Gal4-CBF1 expression constructions. (C) Only those mNotchIC-E2TANLS constructions containing the N-terminal 114 aa (aa
1751 to 1864) could efficiently transactivate 5xGal4TKCAT in the presence of intact Gal4-CBF1. Thus, the minimal interaction domain of mNotchIC is located N
terminal to the ankyrin repeats. Fold activation was calculated relative to that obtained with cotransfected intact Gal4-CBF1 plus vector (SG5). The average and
standard deviation from three experiments are presented.
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fected luciferase reporter gene lacking the Gal4 binding sites
(TKLuc) was not affected (data not shown). The approximately
25-fold activation observed with mNotchIC was less than the
transactivation induced by cotransfection of an mNotchIC-
E2TANLS or EBV EBNA2 expression plasmid (Fig. 5). In an
attempt to determine whether mNotchIC contained an iden-

tifiable transcriptional activation domain, the intact mNotchIC
and different segments of mNotchIC (Fig. 2A) were expressed
as fusions with the yeast Gal4 DNA binding domain and tested
in cotransfection experiments for the ability to transactivate a
5xGal4TKCAT reporter gene. The control Gal4(1-147) plas-
mid itself induced a threefold activation of CAT expression.
This activation was not observed when the NotchIC ankyrin
repeat region (aa 1865 to 2075) was fused to Gal4(1-147). Of
the Gal4-mNotchIC constructions, only the intact Gal4-mNotch
IC (aa 1751 to 2294) and the construction containing the C-
terminal half of mNotchIC (aa 2042-2294) showed any positive
effect, producing activation 1.6- to 3.5-fold above that seen
with the Gal4(1-147) control (Fig. 6).
The absence of a strong activation domain in NotchIC re-

inforced the idea that masking of CBF1-mediated repression
contributed mechanistically to activation by NotchIC of targets

FIG. 3. Coimmunoprecipitation confirms that the N-terminal 114-aa region
of mNotchIC is sufficient for interaction with CBF1. Extracts from Cos1 cells
transfected with Flag-CBF1 and constructions expressing the indicated HA-
tagged mNotchIC-E2TANLS polypeptides were subjected to SDS-PAGE, and
the proteins present were detected by immunoblot analysis with either an an-
ti-HA (A and B) or anti-Flag (C and D) monoclonal antibody. Cells were
transfected as follows: lane 1, Flag-CBF1 and intact mNotchIC-E2TANLS; lane
2, Flag-CBF1 and mNotchIC(1751-1865)-E2TANLS; lane 3, Flag-CBF1 and
mNotchIC(1976-2294)-E2TANLS; lane 4, Flag-CBF1 and mNotchIC(1865-
2075)-E2TANLS; lane 5, intact mNotchIC-E2TANLS. (A) Direct analysis of
extracts by using the anti-HA monoclonal antibody shows that each of the
transfected HA-NotchIC-E2TANLS polypeptides is expressed. (B) Analysis of
extracts immunoprecipitated with the anti-Flag antibody prior to SDS-PAGE
and immunoblotted with the anti-HA antibody reveals coprecipitation of HA-
tagged intact mNotchIC-E2TANLS (lane 1) and of the polypeptide representing
the N-terminal 114 aa of mNotchIC [mNotchIC(1751-1864)-E2TANLS] (lane 2)
but no coprecipitation of the mNotchIC polypeptides containing the C-terminal
segment of the protein that includes a subset of the cdc10/ankyrin repeats
[mNotchIC(1976-2294)-E2TANLS] (lane 3) or the cdc10/ankyrin repeat domain
itself [mNotchIC(1865-2075)-E2TANLS] (lane 4). There was also no coprecipi-
tation of intact mNotchIC in the absence of transfected Flag-CBF1 (lane 5). (C)
Direct analysis with the anti-Flag antibody, demonstrating that each of the
Flag-CBF1-transfected cell extracts (lanes 1 to 4) expresses Flag-CBF1. (D)
Analysis of extracts immunoprecipitated with the anti-Flag antibody prior to
SDS-PAGE and immunoblotting with the anti-Flag antibody, demonstrating that
Flag-CBF1 could be immunoprecipitated from each of the Flag-CBF1-trans-
fected cell extracts (lanes 1 to 4).

FIG. 4. Alignment of the 114-aa mNotchIC domain (aa 1751 to 1864) found
to interact with CBF1 with the equivalent regions of the vertebrate homologs,
human TAN1 (aa 1760 to 1873) (17), zebra fish Notch (aa 1752 to 1861) (4), and
Xenopus Notch (aa 1755 to 1870) (9). Sequence alignment was carried out by
using the GeneWorks program (IntelliGenetics Inc). Boxed sequences are iden-
tical in all four species.

FIG. 5. mNotchIC transactivates reporter gene expression, as demonstrated
by a transient expression assay showing transactivation of a 5xGal4TKCAT
reporter by mNotchIC in the presence of cotransfected intact Gal4–CBF1. The
activation obtained was fivefold less than that seen with mNotchIC carrying the
fused EBNA2 transactivation domain (mNotchIC-E2TANLS) or with the co-
transfected EBNA2 protein. The cell extract was diluted to quantitate the acety-
lation obtained in the presence of these latter two effectors.

FIG. 6. mNotchIC lacks a strong transcriptional activation domain, as dem-
onstrated by a transient expression assay examining the ability of cotransfected
plasmids (1 mg) expressing Gal4(1-147)-mNotchIC fusion proteins to transacti-
vate expression from a 5xGal4TKCAT target (3 mg). Weak transactivation was
observed with chimeras containing the intact mNotchIC (aa 1751 to 2294) or the
carboxy-terminal half of the protein (aa 2042 to 2294). Cotransfected TKLuc (0.5
mg) provided an intemal control for transfection efficiency.
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containing CBF1 binding sites. To provide experimental evi-
dence for this mechanism, transactivation by NotchIC was
compared with that of EBNA2 in the presence of cotransfected
Gal4-CBF1 or Gal4-CBF1(EEF233AAA), a mutant form of
CBF1 that has lost repression activity (30). The activation seen
in the presence of the repression-minus CBF1 mutant is a
measure of intrinsic activation ability, which in the case of
NotchIC was fivefold in this assay (Fig. 7). The fold activation
seen in the presence of the wild-type CBF1 was 25-fold, indi-
cating that there is a second component to the activation in the
normal setting. The activation profile of NotchIC was identical
to that observed with EBNA2, which also produced fivefold-
greater activation in the presence of the wild-type CBF1 com-
pared with the CBF1 mutant. EBNA2 is known to mask the
CBF1 repression domain (30). The data are consistent with a
mechanism of NotchIC activation which combines masking of
CBF1 repression with a weak activation function.
So far, the transactivation by mNotchIC has been shown in

a setting in which the Notch protein was expressed as a chi-
mera and targeted to Gal4 binding sites on the reporter plas-
mid. To ensure that the mechanism of transactivation by
NotchIC was similar with endogenous cellular CBF1, mNotch-
IC was cotransfected with luciferase reporter constructions
containing four upstream copies of either the wild-type or
mutant CBF1 binding elements. Basal expression from the
luciferase reporter containing the mutant binding sites was
approximately threefold higher than that from the reporter
containing the wild-type CBF1 binding sites (Fig. 8). In a
dose-response assay, the mNotchIC expression plasmid trans-
activated the reporter containing the wild-type CBF1 binding
sites (4xwtCBF1Luc) but not the reporter bearing the mutant
sites (4xmtCBF1Luc) (Fig. 8). Again, the level of activation by
the mNotchIC-E2TANLS fusion protein was greater than that
observed with mNotchIC alone. As will be discussed, the data

support a mechanistic model in which mNotchIC counters
CBF1 repression by physical masking of the repression domain
and potentially contributes an additional three- to fivefold ef-
fect through a weak, cryptic activation domain. A model sum-
marizing the nature of the mNotchIC-CBF1 interaction as
deduced from this study is presented in Fig. 9.

DISCUSSION

The Notch/Lin-12/Glp-1 transmembrane receptor proteins
contain three highly conserved tandem repeats, EGF, Notch/

FIG. 7. A loss-of-repression mutant of CBFI provides evidence that NotchIC
masks CBFI-mediated repression. A transient expression assay was performed;
in this assay, HeLa cells received 6 mg of 5xGAL4TKCAT, 1 mg of wild-type or
mutant GAL4–CBF1, a mNotchIC or EBNA2 expression plasmid, and 1 mg of
TKLuc as an internal control for transfection efficiency. The activation profiles of
mNotchIC and EBNA2 are identical. In each case, the fold activation was greater
in the presence of the wild-type CBF1 than in the presence of the loss-of-
repression mutant of CBF1, indicating that mNotchIC, like EBNA2, masks
CBF1-mediated repression. CAT activity was calculated relative to that obtained
with transfected CAT reporter alone. The cell extract was diluted to quantitate
the acetylation obtained in the presence of the EBNA2 expression plasmid.

FIG. 8. CBF1 binding sites confer responsiveness to mNotchIC. Transient
expression assays with HeLa cells were performed to compare the abilities of
mNotchIC and mNotchIC-E2TANLS to transactivate expression in a dose-re-
sponse assay from a luciferase reporter plasmid (5 mg) carrying either wild-type
CBF1 binding sites (4xwtCBF1Luc) or mutated CBF1 sites (4xmtCBF1Luc).
Wild-type CBF1 binding sites were necessary and sufficient to confer responsive-
ness to mNotchIC. Transactivation of expression from the wild-type CBF1 bind-
ing site containing target by mNotchIC-E2TANLS was again stronger than that
observed with mNotchIC at all doses of effector plasmid. Luciferase activity was
calculated relative to the expression obtained with cotransfected 4xwtCBF1Luc
plus vector (SG5). The average and standard deviation from three experi-
ments are provided. ■, 4xmtCBF1Luc plus mNotchIC; 3, 4xmtCBF1Luc plus
mNotchIC-#2TANLS; M, 4xwtCBF1Luc plus mNotchIC; _, 4xwtCBF1Luc plus
mNotchIC-E2TANLS.

FIG. 9. Model illustrating the proposed mechanism of action of activated
Notch. DNA-bound CBF1 is capable of repressing gene expression either di-
rectly or through a corepressor (30). The amino- terminal region of mNotchIC
binds to CBF1, masking the repression domain. This physical masking, in com-
bination with the introduction of a weak activation activity, leads to upregulation
of expression from the downstream promoter. The action of mNotchIC is mim-
icked by the EBV EBNA2 protein, which also masks the CBFI repression
domain but further amplifies the effects on gene expression by in by incorporat-
ing a strong transcriptional activation domain.
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Lin-12, and cdc10/ankyrin, each of which is essential for the
wild-type phenotype (15, 33–35). It was somewhat surprising to
find that the minimal domain required for NotchIC interaction
with CBF1 is located within the 114-aa region amino terminal
to the six cdc10/ankyrin repeats. The CBF1 interacting region
can be further narrowed down to the C-terminal 60 aa of the
114-aa domain by taking into account data on Su(H) and
Notch interactions obtained by using an overlapping construc-
tion in a yeast interaction trap assay (19). Recently, Jarriault et
al. (31) also provided evidence for NotchIC transactivation
through CBF1/RBF2/RBPJk binding sites and showed that
mutations in the fourth ankyrin repeat of Notch affected CBF1
binding. This finding correlates with the fact that point muta-
tions introduced into the fourth ankyrin repeat of truncated
Notch abolish the ability of NotchIC to suppress myogenesis
(35). Interaction between NotchIC and Drosophila Su(H) is
also abolished by the binding of Deltex to the ankyrin repeats
of Notch. Thus, it had been anticipated that CBF1 binding
would directly involve the ankyrin repeats. In view of the close
proximity of the ankyrin repeats and the CBF1 interaction
domain mapped in our experiments, competition for binding
between Deltex and Su(H) may explain the Deltex effect. How-
ever, the combined data may also indicate that modification of
the ankryin repeats, either through binding by Deltex or
through mutagenesis, may exert a transmitted negative effect
on the binding of CBF1. Both the CBF1 interaction domain
and the six cdc10/ankyrin repeats were deleted concurrently in
each of the published loss-of-function intracellular truncation
mutants introduced into Drosophila Notch (20, 36, 44). It
would therefore be of value to examine the effects on Notch
signaling of mutations that specifically target only the CBF1
interaction. Three Notch homologs have been identified in
mammals (2), but CBF1/RBPJk is so far the only identified
mammalian homolog of Su(H) (1, 5, 21, 23, 27, 41, 48). It will
be interesting to determine whether the other Notch family
members also signal through CBF1. Moreover, CBF1 is central
to the differentiation process, and identification of downstream
genes under the regulation of CBF1 will further our under-
standing of Notch signaling.
Although truncated Notch can partially restore a wild-type

phenotype to D. melanogaster carrying null mutations in the
Notch gene, it remains unclear if NotchIC is generated directly
as a consequence of physiological ligand binding to the Notch
receptor. Evidence supporting such a mechanism includes the
rapid processing of the 300-kDa intact Notch to a 100-kDa
form and the detection of this 100-kDa species as the dominant
Notch polypeptide in both human and insect cells (62). It has
now been demonstrated, both here and recently by Jarriault et
al. (31), that the interaction between mNotchIC and CBF1
leads to activation mediated through DNA-bound CBF1.
CBF1 itself functions as a transcriptional repressor, producing
a five- to eightfold repressive effect in cotransfection assays
using Gal4-CBF1 and reporters containing Gal4 binding sites
(30). Reporters such as 4xwtCBF1Luc exhibit approximately
threefold-lower basal activity than versions containing four
mutated CBF1 sites. Our results show that mNotchIC binds to
the repression domain of CBF1. If masking of repression were
the sole factor contributing to mNotchIC activation, then the
expected activation effect would be five- to eightfold in the
assays using reporters containing Gal4 binding sites and ap-
proximately threefold in the assays using reporters containing
CBF1 binding sites. In each case, higher levels of activation
were observed (25- to 30-fold and 18-fold, respectively). This
observation is compatible with the existence of an additional
weak activation domain within mNotchIC. Experiments to de-
tect such a domain by using the traditional approach of creat-

ing Gal4 fusion proteins containing segments of mNotchIC
were consistent with this interpretation in that constructions
expressing the intact mNotchIC or the carboxy-terminal half of
this polypeptide gave activation two- to fourfold above that
observed with Gal4(1-147) but were not definitive because of
the relatively small effects observed. On the other hand, these
experiments eliminate the alternative explanation that the in-
creased expression observed upon cotransfection of mNotchIC
was due solely to the presence of a strong activation domain
carried by mNotchIC. More definitive evidence for the pres-
ence of a weak activation domain within NotchIC comes from
the fivefold activation produced by NotchIC in the presence of
a repression-minus CBF1 mutant. The greater fold activation
observed in the presence of wild-type CBF1 than in the pres-
ence of the mutant CBF1 also provides direct evidence that
masking of CBF1 repression forms part of the mechanism of
action of NotchIC.
Notch is believed to function in cell fate determination by

locking cells into an immature state in which they can await the
proper environmental cues for further differentiation. Deregu-
lating this pathway by overexpression of the constitutively ac-
tivated form of Notch not only diverts cell fate decisions but
also is tumorigenic. For example, truncation of the Notch ho-
mologs TAN1 and int3 results in human acute T-cell lympho-
blastic leukemia and mouse mammary tumors, respectively
(17, 32, 46). Overexpression of Notch has also been detected in
human cervical carcinoma (62). mNotchIC can translocate to
the nucleus and transactivate CBF1-downregulated genes
through a mechanism remarkably reminiscent of that used by
the EBV EBNA2 protein. EBNA2 is a transcriptional activator
that is essential for EBV-driven B-cell immortalization.
EBNA2, which has a strong carboxy-terminal, negatively
charged activation domain, is targeted to CBF1 binding sites in
DNA by binding to the same minimal repression domain of
CBF1 as NotchIC. These two proteins not only use the same
strategy, mechanical masking of the repression domain of
CBF1, but also have similar functions phenotypically in that
EBNA2-initiated immortalization leads to a B cell that is
locked into less differentiated, proliferative state. It has been
postulated that EBNA2 may act by imitating the function of a
cellular factor and, as would be typical of a viral regulatory
protein, magnifying its effects. No cellular EBNA2 homolog
has been identified. However, from a mechanistic and func-
tional point of view, NotchIC can be considered a cellular
equivalent of EBNA2.
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