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E47 is a widely expressed transcription factor that activates B-cell-specific immunoglobulin gene transcrip-
tion and is required for early B-cell development. In an effort to identify processes that regulate E47, and
potentially B-cell development, we found that activated Notch1 and Notch2 effectively inhibit E47 activity. Only
the intact E47 protein was inhibited by Notch—fusion proteins containing isolated DNA binding and activation
domains were unaffected—suggesting that Notch targets an atypical E47 cofactor. Although overexpression of
the coactivator p300 partially reversed E47 inhibition, results of several assays indicated that p300/CBP is not
a general target of Notch. Notch inhibition of E47 did not correlate with its ability to activate CBF1/RBP-Jk,
the mammalian homolog of Suppressor of Hairless, a protein that associates physically with Notch and defines
the only known Notch signaling pathway in drosophila. Importantly, E47 was inhibited independently of
CBF1/RPB-Jk by Deltex, a second Notch-interacting protein. We provide evidence that Notch and Deltex may
act on E47 by inhibiting signaling through Ras because (i) full E47 activity was found to be dependent on Ras
and (ii) both Notch and Deltex inhibited GAL4-Jun, a hybrid transcription factor whose activity is dependent
on signaling from Ras to SAPK/JNK.

E47 is a basic helix-loop-helix (bHLH) protein that is nec-
essary for B-lymphocyte development (7, 89). When overex-
pressed in non-B cells, E47 is sufficient to activate transcription
of the endogenous immunoglobulin heavy-chain locus and the
gene encoding terminal deoxynucleotidyltransferase (15, 73).
Thus, E47 possesses certain properties expected of a master
regulatory protein such as MyoD. However, unlike MyoD, E47
is widely expressed. B-cell-specific activity is known to be con-
trolled, at least in part, by posttranslational modifications that
regulate DNA binding by E47 homodimers (75). One proposal
suggests that DNA binding is regulated through disulfide-me-
diated dimerization (8). Another argues that B-cell-specific
DNA binding is a consequence of cell-specific phosphorylation
(76). Although these models are not mutually exclusive, it is
likely that E47 activity is controlled by additional mechanisms
as well. Given the importance of E47 in B-cell development, it
is important to know how the protein is regulated and if it
might respond to cues provided by the hematopoietic micro-
environment.

Notch defines a family of transmembrane receptors found in
a variety of organisms including drosophila, Caenorhabditis
elegans, xenopus, and higher vertebrates (for a review, see
reference 2). In general, Notch signaling appears to restrict the
development of particular cell fates. In drosophila, this is ex-
emplified by the segregation of neural and epidermal cells in
the ventral ectoderm of the embryo or by the induction of the
R7 cell in the compound eye (26). Notch signaling has also
been shown to be functionally important in xenopus and chick-
ens (4, 14, 17, 36). In humans, activated forms of Notch are
associated with T-cell neoplasias (24, 65) and targeted expres-

sion of activated Notch to the T-cell compartment of mice
affects the ratio of CD4 versus CD8 single-positive cells and
allows CD8-positive cells to develop in the absence of the class
I major histocompatibility complex (68). Constitutive expres-
sion of Notch inhibits myogenic, neural, and myeloid differen-
tiation in cell culture systems (46, 60, 62). Targeted disruption
of the Notch1 gene in mice leads to embryonic lethality, a
result that underscores the importance of Notch signaling in
early development (18, 78).

Two hallmark features of Notch receptors are the presence
of several ankyrinlike repeats on the cytoplasmic face of the
protein and a series of tandemly arrayed epidermal growth
factor (EGF) repeats on the extracellular surface; these likely
interact with Notch ligands expressed on the surface of neigh-
boring cells (67). The ankyrin repeats are essential for signal-
ing in the context of the wild-type receptor. Deletion of the
EGF repeats, leaving either a wholly cytoplasmic protein or
one that associates with the membrane through the transmem-
brane domain (TMD), results in a constitutively active Notch
signal (24, 50, 67, 69, 77). Such truncated proteins are often
used to study Notch signaling in the absence of ligand (17, 26,
46, 60, 62). Indeed, proteolysis may be a necessary component
of ligand-dependent signaling. Recent evidence indicates that
Notch normally resides on the plasma membrane in a form
that is proteolytically cleaved N terminal to the TMD but
religated with a bond that is sensitive to reducing agents (9).

Notch signaling can be effected through a number of pro-
teins that have been characterized both genetically and bio-
chemically. In drosophila, Suppressor of Hairless [Su(H)] is
known to be a DNA binding protein that interacts physically
with Notch (27, 57). Su(H) responds to Notch and, in turn,
activates the transcription of a number of genes, including
those of the Enhancer of Split [E(Spl)] complex (6, 29, 49).
E(Spl) proteins directly inhibit the activity of a number of
bHLH transcription factors, including those required for neu-
rogenesis in drosophila. Like Notch, such downstream proteins

* Corresponding author. Mailing address: Howard Hughes Medical
Institute and Department of Genetics, University of Pennsylvania
School of Medicine, 422 Curie Blvd., Philadelphia, PA 19104-6145.
Phone: (215) 898-1047. Fax: (215) 898-9750. E-mail: kadesch@mail
.med.upenn.edu.

2230



are also conserved and homologs of Su(H) and E(Spl) have
been identified in mammalian cells; these are CBF1 (also
known as RBP-Jk) and HES, respectively (16, 22, 28, 63, 72).
When the cytoplasmic domain of Notch is expressed alone, it
accumulates in the nucleus, where it forms a ternary complex
with CBF1 and this correlates with the activation of the HES-1
promoter (42). However, it is a matter of some debate whether
nuclear translocation of Notch is an aspect of signaling by the
intact protein (26, 30, 46, 67, 77). An additional protein, Del-
tex, physically interacts with Notch and can augment the Notch
signal (11, 21, 32, 56), but the exact role that Deltex plays in the
pathway defined by Su(H) is unknown.

Vertebrate Notch1 can inhibit muscle differentiation by in-
hibiting the activity of MyoD. This can be observed by trans-
fecting cells with truncated (cytoplasmic) Notch1 (46, 74) or by
coculturing myoblasts with cells that express the vertebrate
Notch ligand Jagged (52). Given that MyoD functions as a
heterodimer with E proteins such as E47 (48), we considered
the possibility that E47 itself is a Notch target. We demonstrate
here that E47 is inhibited by Notch and propose that the target
of Notch is a novel E47 coactivator. In addition, we provide
evidence that the pathway that connects Notch and E47 is
independent of Su(H) and may involve signaling through Del-
tex.

MATERIALS AND METHODS

Plasmids and transfections. The following plasmids were used as reporters:
[E51E2]6TATA-chloramphenicol acetyltransferase (CAT) and [E51E21
mE3]6TATA-luciferase to measure the activity of E47 and E47-VP16 (12, 76),
[GAL4]5E1B-CAT to measure the activity of GAL4-E47 and GAL4-p300 (51),
5xGal4TKcat to measure the activity of Gal4-CBF1 (38); 4xwtCBF1Luc to mea-
sure the activity of endogenous CBF1 (39), and retinoic acid receptor (RAR)-
thymidine kinase (TK)-luciferase (10, 20) to measure the activity of RAR. Ex-
pression vectors for E47 (75), E47-VP16 (15), GAL4-E47 (37), GAL4-p300 (87),
Gal4-CBF1 (38), and E1A (82, 83) have been described. The expression vector
for murine RARa was obtained from Mitch Lazar (University of Pennsylvania).
pFR-Luc, pFA-Jun, pFA-Elk, and pFA-CREB were obtained as part of the
PathDetect In Vivo Signal Transduction Pathway Reporter System from Strat-
agene. Detailed information concerning the cytomegalovirus (CMV)-based ex-
pression vectors for the various human Notches and Deltex is available upon
request. Transfections of NIH 3T3 and 293T cells were carried out by using
calcium phosphate coimmunoprecipitation (33) with the amounts of plasmids
indicated in the figure legends. Transfections were normalized to b-galactosidase
activities determined with 100 ng of CMV–b-galactosidase. The DNA in each
transfection was brought to a total of 7 mg with pBluescript.

Immunofluorescence. NIH 3T3 cells were transfected with 3 mg of the indi-
cated expression plasmids and processed (88) as follows. At 24 h posttransfec-
tion, cells were trypsinized and plated in four-well chamber slides. At 48 h
posttransfection, cells were washed in phosphate-buffered saline (PBS) and fixed
for 30 min in 3% paraformaldehyde and 250 ml of 1 M NaOH. The cells were
washed and then permeabilized for 10 min in 10% goat serum–1% Triton in PBS.
Cells were washed and blocked in 10% goat serum–1% Tween 20 in PBS.
Primary antibody was added at 1:10 and incubated overnight. Cells were then
washed and incubated with secondary antibody at 1:100 (fluorescein isothiocya-
nate–anti-rat immunoglobulin G; Santa Cruz) and finally washed, mounted, and
viewed. pCNVhDx-1, which expresses the Myc epitope-tagged human Deltex
protein, is described elsewhere (58). NIH 3T3 cells were transfected by using
Lipofectamine (Gibco BRL) in accordance with the manufacturer’s instructions.

Western analysis. NIH 3T3 cells were transfected with 3 mg of Notch-express-
ing plasmids, and extracts were harvested after 48 h. Extracts were prepared as
described by Damm et al. (19). Briefly, cells were washed, scraped from the
plates, and resuspended in 100 ml of 20 mM HEPES (pH 7.9)–400 mM KCl–2
mM dithiothreitol–20% glycerol. Extracts (10 ml) were then mixed with sodium
dodecyl sulfate loading buffer (10 ml) and resolved on a sodium dodecyl sulfate–
10% polyacrylamide gel.

RESULTS

Vertebrate Notch1 and Notch2 inhibit full-length E47 activ-
ity. To assess the effect of Notch on E47 activity, we employed
transient transfections of NIH 3T3 cells. Plasmids expressing
E47 (E2-5; see Materials and Methods) from a CMV promoter
were transfected together with CAT reporters containing mul-

tiple E boxes situated upstream of a simple TATA box. As
shown in Fig. 1, the presence of E47 led to a large increase in
the amount of CAT activity (Fig. 1A, lanes 1 and 2). However,
when the transfections also included plasmids that express the
cytoplasmic domain of human Notch1 (N1-IC; Fig. 1A, lanes 3
and 4), activity was repressed. Similar inhibitory effects were
found with the cytoplasmic domain of human Notch2 (N2-IC,
Fig. 1B) and were observed in transfections of B cells (data not
shown).

We considered that Notch might inhibit DNA binding by
E47 or transcriptional activation per se. We therefore tested
Notch’s effect on the behavior of two hybrid proteins. One
carries the DNA binding domain of E47, the bHLH domain,
fused to the transcriptional activation domain of VP16 (E47-
VP16), and the other carries the DNA binding domain of
GAL4 linked to the transcriptional activation domain of E47
(GAL4-E47). Like intact E47, both hybrid proteins were ex-
pressed from the CMV promoter. Although both stimulated
the activity of plasmid reporters (Fig. 1A, lanes 5, 6, 9, and 10),
neither hybrid protein was inhibited by N1-IC (Fig. 1A, lanes 7,
8, and 11). The same results were obtained with N2-IC (Fig.
1B). These results indicate that the Notch signal targets an
unanticipated activity of E47 that is revealed only with the
intact protein. In this regard, E47 cannot be viewed simply as
the sum of its component parts; namely, an activation domain
linked to a DNA binding domain.

Notch does not inhibit the activity of E47 coactivator CBP/
p300. We considered the possibility that the coactivator CBP/
p300 is the target of Notch. Early studies by Weintraub and
colleagues argued for a MyoD coactivator that recognizes both
the MyoD basic region (part of the bHLH DNA binding do-
main) and the MyoD activation domain (84). Indeed, MyoD
responds to Notch in a fashion similar to that of E47: intact

FIG. 1. Inhibition of intact E47 by cytoplasmic Notch1 and Notch2. NIH 3T3
cells were transfected with the expression plasmids for the indicated proteins and
reporter [mE51mE2]6TATA-CAT (100 ng; lanes 1 to 8) or [GAL4]5E1bTATA-
CAT (250 ng; lanes 9 to 11). CMV-E47 was used to express full-length E47 (30
ng; lanes 2 to 4), CMV-E47-VP16 was used to express the E47-VP16 fusion
protein (60 ng; lanes 6 to 8), and CMV-GAL4-E47 was used to express the
GAL4-E47 fusion protein (100 ng; lanes 10 and 11). Either 1 (lanes 3 and 7) or
6 (lanes 4, 8, and 11) mg of N1-IC (N lanes in A) or N2-IC (N lanes in B) was
included in the transfections, as indicated.
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MyoD is inhibited by Notch, whereas GAL4-MyoD and
MyoD-VP16 are both resistant (46). Perhaps MyoD and E47
both utilize coactivators that recognize only the intact proteins
and these are targeted by Notch signaling. CBP/p300 is an
excellent candidate for such a coactivator because it is required
for the activity of MyoD and probably that of E47 as well (23,
66, 71, 87). Although the bHLH domains of MyoD and E47 are
sufficient for some functional interaction with p300 (23), it has
recently been shown that the N-terminal activation domain of
MyoD also interacts with p300 (71).

We employed three assays to explore the possibility that
Notch targets CBP/p300. The first was done to see if excess
p300 could overcome Notch’s inhibition of E47. As shown in
Fig. 2A, Notch1 inhibited E47 activity while a p300 expression
plasmid stimulated E47 activity. The latter result recapitulated
the findings of Eckner et al. (23). In the presence of both
Notch and excess p300, Notch inhibition was reduced in level
but still apparent. Although these results are consistent with
Notch affecting CBP/p300, they are inconclusive. The second
assay was done to examine the activity of a GAL4-p300 fusion
protein in the presence of Notch. This would allow us to test
the effect of Notch on the intrinsic coactivator activity of CBP/
p300 (87). As shown in Fig. 2B, GAL4-p300 potently activated
the transcription of a luciferase reporter under the control of
five GAL4 binding sites. However, activity was not affected in
the presence of N1-IC, arguing that Notch does not affect the
intrinsic activating potential of p300. The third assay was done
to assess the effect of Notch on RAR, a protein that requires
CBF/p300 for transcriptional activation (13, 43). This assay
allowed us to examine whether Notch affects the ability of

CBP/p300 to functionally interact with a known transcription
factor. However, Notch had no inhibitory effect on retinoic
acid-mediated stimulation of RAR (Fig. 2C). This result indi-
cates that Notch does not prevent CBP/p300 from functionally
interacting with proteins other than E47.

The adenovirus E1A protein provides another means to
probe potential involvements of CBP/p300 (1, 54). E1A is
thought to inhibit the activity of many transcription factors by
binding to and sequestering CBP/p300 or, in some instances,
the retinoblastoma protein, Rb. The CBP/p300 interaction do-
main of E1A maps to the protein’s N terminus (82, 83), and
consequently, N-terminal deletions of E1A fail to sequester
CBP/p300. As shown in Fig. 3 (left), we found that wild-type
E1A did inhibit the activity of intact E47 and that this was
dependent on amino acids residing in the N terminus. Two
N-terminal deletion mutants, del2-36 and del37-68, failed to
inhibit E47. A third E1A mutant, CxDl, that does not interact
with Rb gave a level of inhibition similar to that found for
wild-type E1A. These results further support the proposal that
CBP/p300 is a necessary coactivator of E47 (23). However, we
found that E1A also inhibited the activity of both GAL4-E47
and E47-VP16 and that this was dependent on E1A’s N ter-
minus (Fig. 3, center and right), suggesting that CBP/p300 is
used as a coactivator for these hybrid proteins as well. Since
Notch did not inhibit the activity of either hybrid protein (Fig.
1), we tentatively concluded that CBP/p300 is not a target of
Notch inhibition. It appears that inhibition of only the full-
length E47 protein (or of full-length MyoD) is a defining fea-
ture of the Notch inhibitory pathway and likely reflects the
requirement of a novel coactivator.

Notch-mediated activation of CBF1/Su(H) does not corre-
late with its ability to inhibit E47. It has been proposed that
Notch inhibits MyoD through the action of CBF1, activating
transcription of the HES genes, mammalian equivalents of
drosophila E(Spl) (31, 42). HES proteins apparently form in-
active heterodimers with MyoD and other bHLH proteins (72)
and can inhibit neuronal differentiation (41). We have con-
firmed that both HES-1 and HES-2 inhibit the activity of E47
in cotransfection assays (data not shown). We therefore con-
sidered the possibility that Notch inhibits E47 through a similar
pathway. However, we also reasoned that inhibition would
require unusually high levels of HES protein synthesis because
of the large amounts of E47 expressed from transfected plas-
mids. Because HES gene transcription would require the ac-
tivation of CBF1, we chose to explore this issue by examining
the relationship between Notch’s abilities to repress E47 and to
activate CBF1.

FIG. 2. Notch1 does not inhibit CBP/p300. (A) E47 activity was determined
in 293T cells transfected with the [mE51mE21mE3]6TATA-luciferase reporter
(100 ng) in the presence of either Notch1 (N1; 1 mg), p300 (5.5 mg), or both, as
indicated. (B) GAL4-p300 fusion protein activity was determined in 293T cells
transfected with the [GAL4]5E1bTATA-luciferase reporter (300 ng) in the pres-
ence or absence of Notch1, as indicated. (C) Activity of RAR (0.5 mg) was
determined by using the RAR-TK-luciferase reporter (2 mg) in the presence or
absence of 1 mM retinoic acid (RA) and in the presence of RA plus Notch1 (1
mg), as indicated.

FIG. 3. E1A inhibits activities of intact E47 and E47 fusion proteins. Activ-
ities of E47, E47-VP16, and GAL4-E47 were determined in NIH 3T3 cells
transfected as indicated in the legend to Fig. 1, in the absence or presence of
plasmids (1 mg) expressing the indicated E1A proteins. The p300/CBP binding
site on E1A is removed in N-terminal deletions del2-36 and del37-68.
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We tested several human Notch2 derivatives that might be
expected to have distinct signaling properties (Fig. 4A). In
addition to N2-IC, we generated two other deletion constructs.
In one, dubbed N2-TMIC, the entire extracellular domain is
absent but the TMD is intact. A similar Notch1 deletion con-
struct was shown to efficiently activate the CBF1 promoter
(42). In another, dubbed N2-ICD, a conserved domain N ter-
minal to the ankyrin repeats is absent. This domain, sometimes
referred to as the RAM domain, helps mediate physical inter-
actions with mammalian Notch1 (39, 53, 80), mammalian
Notch2 (40), drosophila Notch (57) and C. elegans GLP-1 (70).
We anticipated that N2-ICD would activate CBF1 poorly, if at
all. We confirmed the expression of all three constructs by
Western analysis and for appropriate cellular localization by
indirect immunofluorescence of transfected cells (Fig. 4B and
C). Full-length Notch1 (N1-FL) and Notch2 (N1-FL) were
both excluded from the nucleus and gave rise to a punctate
pattern in the cytoplasm that likely reflects association with
membranes. N2-TMIC gave similarly punctate cytoplasmic
staining but was found in the nucleus as well. Nuclear local-
ization of N2-TMIC is likely the consequence of the transmem-
brane domain being proteolytic cleaved. Both N2-IC and N2-
ICD localized primarily to the nucleus, as previously reported
for similar truncations of Notch1. These results are consistent
with the subcellular localization reported previously for differ-
ent forms of Notch1 (40, 42, 46, 62) and drosophila Notch (26,
67, 77).

We then tested the various Notch2 proteins for their effects
on CBF1 and on E47. We employed two assays that measure
CBF1 activity. The first assay measured the effect of Notch on
a Gal4-CBF1 fusion protein, and the second assay examined
the activity of endogenous CBF1 by utilizing a luciferase re-
porter bearing CBF1 binding sites. In the absence of Notch,
Gal-CBF1 represses transcription mediated by a TK promoter
linked to CAT, and in the presence of Notch, GAL4-CBF1
activates transcription (39, 40). As shown in Fig. 5A, both
N2-TMIC and N2-IC derepressed Gal4-CBF1 (compare lanes
2 and 4 or lanes 2 and 5). N2-ICD, which lacks the RAM CBF1
interaction domain, had no apparent effect on Gal4-CBF1
(lane 6), confirming the domain’s functional role in vivo. We
reached the same general conclusions when using the second
assay for CBF1 activity. In this case, the luciferase reporter
responds to the activity of endogenous CBF1 by virtue of
multiple CBF1 binding sites in its promoter (39, 40). In the
absence of Notch, the reporter exhibited low activity, which
was activated 25-fold and 35-fold by N2-TMIC and N2-IC,
respectively (Fig. 5B). However, N2-ICD gave less-than-10-
fold activation of the reporter, despite the fact that it is ex-
pressed at higher levels than N2-IC (Fig. 5B). The 10-fold
activation may reflect the independent binding of CBF1 to the
Notch ankyrin domains seen in vitro (3, 44). When we tested
these Notch2 proteins for the ability to inhibit E47, we found
that all three were able to inhibit E47 activity with the same
efficiency (Fig. 6). Taken together, these results indicate that
Notch’s ability to inhibit E47 does not correlate with its ability
to activate CBF1. Furthermore, the ability to separate E47
inhibition from CBF1 activation is consistent with the possi-
bility that they are mediated by distinct Notch signaling path-
ways.

Deltex inhibits E47 activity independently of CBF1/Su(H).
Deltex is a widely expressed cytoplasmic protein that augments
Notch activity in drosophila and that physically interacts with
the Notch ankyrin repeats (11, 21, 32, 56). Although genetic
studies suggest that Deltex may function upstream of Notch,
virtually nothing is known about the molecular aspects of Del-
tex activity and how this relates to the known Notch pathway.

FIG. 4. Characterization of Notch2 mutants. (A) Schematic drawing of the
various Notch2 proteins. The positions of the extracellular EGF repeats, the
cysteine-rich Notch/Lin-12 repeats (LN), the CdC10/Ankyrin repeats (Cdc10),
and PEST sequences are indicated. CBF1 ID1 refers to the CBF1 interaction
domain, and the position of the membrane domain is indicated by the vertical
line. (B) Expression levels of N2-TMIC, N2-IC, and N2-ICD determined after
transfections of NIH 3T3 cells. Immobilized proteins were probed with Notch-
specific antibodies raised against the cytoplasmic domain. KD, kilodaltons. (C)
Subcellular location of various Notch proteins. NIH 3T3 cells were transfected
with plasmids expressing the indicated Notch proteins and then visualized by
phase (left) or fluorescence (right).
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The human homolog of Deltex has been isolated (58), and we
have used it to address potential signaling mechanisms. Mouse
Deltex (FXI-T1) was isolated independently as a cDNA in-
duced in fractionated X-irradiated thymoma cells (64). Over-
expression of human Deltex had no effect on endogenous
CBF1 activity (Fig. 7A), nor did it relieve repression mediated
by a Gal4-CBF1 protein (Fig. 7B; note that N1-IC was more
potent in these assays than N2-IC). These data indicate that
Deltex alone cannot bypass Notch signaling by activating
CBF1.

When we tested effects on E47, we found that Deltex, like
activated Notch, repressed E47 activity (Fig. 8, left). Also, like
activated Notch, Deltex was unable to inhibit the activity of
either the E47-VP16 hybrid protein (Fig. 8, middle) or the
GAL4-E47 hybrid protein (Fig. 8, right). Thus, Deltex behaves
similarly to N2-ICD and may define a Su(H)-independent
pathway for signaling by vertebrate Notch. However, we found
that Deltex, unlike N2-ICD, localized primarily to the cyto-
plasm (Fig. 9).

Notch and Deltex inhibit Ras-dependent transcription. In
separate studies of E47 regulation, we found that full E47
activity is dependent on Ras. Cotransfections of E47 with ei-
ther constitutively active Ras (cHa-ras, Gly12 to Val) (79) or
dominant-negative Ras (pASN17, Ser17 to Asn) (25) led to
activation or repression of E47, respectively (Fig. 10A). We
also found that the E47-VP16 fusion protein was unaffected by
Ras (Fig. 10A), as was the GAL4-E47 fusion protein (data not
shown). Thus, Ras stimulates an activity of E47 that is depen-
dent on the full-length protein.

Our results obtained with Ras and E47 led us to consider the
possibility that Notch and Deltex inhibit some aspect of Ras
signaling. We therefore examined the responses of a group of
reporters whose activities are either dependent on or indepen-

dent of Ras. The EGR-1 promoter is known to be stimulated
by Ras (59) through the action of mitogen-activated protein
kinases (MAPKs) on a ternary complex involving ETS proteins
(e.g., ELK1) and SRF (81). We found that the activity of a
CAT reporter under the control of the EGR-1 promoter was
inhibited by Deltex, both in the presence and in the absence of
Ras stimulation by platelet-derived growth factor (data not
shown). To reduce the complexity of the effects, we employed

FIG. 5. The CBF1 interaction domain of Notch is required for efficient activation of CBF1. (A) Effect of Notch proteins on the activity of a GAL4-CBF1 fusion
protein. NIH 3T3 cells were transfected with a CAT reporter carrying five GAL4 binding sites upstream of the TK promoter (1 mg) either without (lane 1) or with (lanes
2 to 6) a plasmid expressing GAL4-CBF1 (1 mg). Plasmids expressing the various Notch proteins with deletions (1 mg) were also included, as indicated. The ability of
N1-IC to convert GAL4-CBF1 from a repressor to an activator is depicted schematically below. (B) Effect of Notch proteins on the activity of endogenous CBF1. NIH
3T3 cells were transfected with a luciferase reporter carrying four CBF1 binding sites (1 mg of 4xwtCBF1-luciferase; see diagram), and the level of stimulation over
basal activity was determined for each Notch protein indicated. SV40, simian virus 40.

FIG. 6. The CBF1 interaction domain of Notch2 is not required for efficient
repression of E47. E47 activity was determined upon transfections of NIH 3T3
cells in the absence or presence of the various Notch proteins (1 mg), as indi-
cated.
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a series of GAL4 fusions and assessed their abilities to activate
a minimal promoter containing GAL4 binding sites. GAL4-
Jun includes a portion of the c-Jun protein whose activity is
dependent on signaling from Ras to SAPK/JNK (61). GAL4-
ELK includes the ELK protein, whose activity can be stimu-
lated by a number of pathways, including Ras to SAPK/JNK
and Ras to ERK (55). GAL4-CREB includes the cyclic AMP
response element binding (CREB) protein, whose activity is
dependent on protein kinase A (34). We found that N2-ICD,
which lacks the CBF1 interaction domain, inhibited GAL4-Jun
activity but had no effect on GAL4-CREB (Fig. 10B). Simi-
larly, Deltex inhibited GAL4-Jun activity and had no effect on
GAL4-CREB. The results obtained with the GAL4-ELK pro-
tein were less straight forward: N2-ICD modestly stimulated
activity, while Deltex reproducibly repressed it (data not
shown). Although it is likely that N2-ICD and Deltex have
somewhat different effects on cells, our results clearly show
that both Notch and Deltex inhibit signaling by Ras, as mea-
sured by the ability to stimulate SAPK/JNK activity. We pro-
pose that this is the mechanism by which Notch and Deltex
inhibit E47.

DISCUSSION

E47 is a protein essential for the B-lymphocyte lineage.
However, unlike most transcription factors that mediate cell
type-specific transcription, E47 is widely expressed. Thus, reg-
ulation of its activity may be intimately tied to the process of B
lymphopoiesis. It is known that one form of regulation is at the
level of DNA binding. DNA binding by E47 homodimers is
restricted to B cells (75), and it has been proposed that this is
controlled by covalent dimerization (8) and/or by phosphory-
lation (76). However, it is possible that E47 is controlled by
other means that do not involve DNA binding per se. Given
the potential importance of such regulation in controlling B-

cell development, we have begun to identify signaling pathways
that affect E47 activity. We have found that signaling by Notch
may be one such pathway.

Although activated Notch has been shown to perturb normal
T-cell development (24, 65, 68), it is not known if Notch sig-
naling is involved in the normal ontogeny of either T or B
lymphocytes. Notch is expressed in both T and B cells, and it is
likely that Notch ligands (e.g., Jagged1) are expressed by cells
that define the lymphopoietic microenvironments of the thy-
mus, liver, and bone marrow (35). It is interesting that retro-
viral transfer of activated Notch into hematopoietic cells re-
sulted only in T-cell leukemias (65). The lack of appearance of
B-cell neoplasias in the experiment is consistent with the idea
that Notch’s effects in B cells do not lead to deregulated growth
and may be, instead, to inhibit B-cell differentiation. We are

FIG. 7. Deltex does not activate CBF1. The effects of N1-IC (1 mg) and Deltex (1 mg) on GAL4-CBF1 (A) and on the 4xwtCBF1-luciferase reporter (B) were
determined as described in the legend to Fig. 5. Note that the activity of N1-IC in these assays was significantly higher than the activity of N2-IC. SV40, simian virus
40.

FIG. 8. Deltex inhibits the activity of intact E47. The effects of Deltex (1 mg)
on the activities of full-length E47 (30 ng of CMV-E47; left), an E47-VP16 fusion
protein (60 ng of CMV-E47-VP16; center), and a GAL4-E47 fusion protein (100
ng of GAL4-E47; right) were determined as described in the legend to Fig. 1.
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currently generating transgenic mice that will target expression
of N2-IC to the B-cell lineage to explore the phenotype of
Notch-expressing B cells.

E47 is thought to be a classic bipartite transcription factor
with well-defined bHLH DNA binding and transcriptional ac-
tivation domains. However, our results obtained with Notch
indicate that E47 is more complex. We found that Notch in-
hibited only the full-length protein and did not affect fusion
proteins that isolate the E47 DNA binding and transcriptional
activation functions. Similar results were noted for Notch in-
hibition of MyoD, and it was proposed that Notch inhibited a
hypothetical MyoD coactivator that simultaneously recognizes
the DNA binding and transcriptional activation domains (46).
Indirect evidence for such a MyoD coactivator was obtained in
the course of a detailed analysis of MyoD activity (84). Given
the similarities of E47 and MyoD with respect to inhibition by
Notch, we conclude that E47 requires a similar coactivator.
Our experiments argue against the coactivator being p300/
CBP.

Our results argue that Notch2 can inhibit E47 independently
of CBF1 (RBP-Jk), the mammalian homolog of drosophila
Su(H). This result has been confirmed independently by Wein-
master and colleagues, who have shown that neither CBF1 nor
HES-1 is involved in Notch-mediated inhibition of myogenesis
(74). More recent results from Hayward and colleagues (40)
indicate that HES-1 message is induced in cells stably trans-
formed with a truncated form of Notch2 that lacks the major
CBF1 interaction domain (40). However, we do not think that
Notch-mediated inhibition of E47 results from upregulation of
HES-1 because of the large amount of expression that would
be needed to tie up the high levels of E47 expressed in tran-
siently transfected cells. Results from Weintraub and col-
leagues that first showed Notch inhibition of MyoD and of
myogenesis were obtained with a truncated Notch protein that
lacked part of the N-terminal CBF1 interaction domain (46).
However, at the time of those early studies, it was not known
that Notch associates with CBF1. Similar conclusions concern-
ing Su(H)-independent signaling have been reported for dro-
sophila Notch (57) and for C. elegans GLP-1 (70). Thus,
Su(H)-independent signaling may be a property shared by all
members of the Notch family and target transcription factors
other than E47. Honjo and coworkers, however, have argued
against this (44). Their data indicate that activation of the

CBF1 (RBP-J) pathway is sufficient to inhibit myogenic con-
version. However, their results do not formally exclude the
existence of additional pathways. In drosophila, Notch is in-
hibited by Wingless signaling through a physical interaction
with Dishevelled (5). Whether or not Notch can, conversely,
inhibit the Wingless pathway (through Dishevelled) is not
known. Arguing against a role for the Wingless pathway in our
system was the lack of E47 inhibition with a Notch2 protein
that lacks the ankyrin repeats but retains the presumptive
Dishevelled interaction domain at the C terminus (data not
shown).

It is possible that Notch signaling to E47 involves the Notch-

FIG. 9. Subcellular localization of human Deltex. Myc epitope-tagged hDx-1
protein was expressed in NIH 3T3 cells under the control of the CMV promoter.
The tagged human Deltex protein was detected with anti-Myc and CY3-conju-
gated goat anti-mouse antibodies. Nomarski and fluorescence images are shown
on the left and right, respectively.

FIG. 10. Notch and Deltex inhibit Ras-dependent activation. (A) E47 is
stimulated by constitutively active Ras and inhibited by dominant-negative Ras.
NIH 3T3 cells were transfected with the expression plasmids for the indicated
proteins, and the reporter [mE51mE2]6TATA-CAT as described in the legend to
Fig. 1. Act-Ras refers to 1 mg of constitutively active Ras (cHa-ras) (79), and
DN-Ras refers to 1 mg of dominant-negative Ras (pASN17) (25). (B) Notch2
inhibits Jun-mediated transcription. Transfections of NIH 3T3 cells were carried
out by using HN2-ICD, which lacks the CBF1 interaction domain. GAL-Jun
(pFA-Jun; 100 ng) and GAL-CREB (pFA-CREB; 100 ng) were transfected with
the reporter GAL5-UAS-luciferase (pFR-luc; 1 mg), as indicated. (C) Deltex
inhibits Jun-mediated transcription. Transfections were carried out as for B,
except that 5 mg of the Deltex expression plasmid was used in place of HN2-
ICD).
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interacting protein Deltex. Our experiments indicate that Del-
tex expression alone is sufficient to inhibit E47 and that, like
Notch, Deltex has no effect on the activity of either GAL4-E47
or E47-VP16. Moreover, Deltex has no effect on the activity of
either a transfected GAL4-CBF1 fusion protein or endoge-
nous CBF1. Supporting the idea that Deltex is downstream of
Notch is the finding that the Notch proteins that do not bind
CBF1/Su(H) well, but do bind Deltex through the ankyrin
repeats, can mediate signaling in drosophila (58), C. elegans
(70), and vertebrates (74; this work). Although Deltex interacts
directly with Notch (21), it is not known if or how this inter-
action facilitates Notch activity or Deltex activity.

Our results are consistent with a model in which Notch and
Deltex act on E47 by inhibiting signaling through Ras. E47 is
stimulated by an activated Ras protein and inhibited by a
dominant-negative Ras protein. The latter observation sug-
gests that E47 is dependent on Ras activity present in dividing
cells and likely involves the action of MAPKs downstream of
MEKK and/or Raf (86). Just how MAPKs may affect E47 is
not known because, like the effects seen with Notch and Del-
tex, the effect of Ras requires the intact E47 protein. We have
shown here that Deltex can inhibit the activity of the Ras-
dependent EGR-1 promoter and that both Notch and Deltex
inhibit SAPK/JNK activity, as measured by their abilities to
inhibit the activity of a GAL4-Jun fusion protein (61). It is
quite possible that the inhibited target in these cases lies up-
stream of Ras since both drosophila Deltex and human Deltex
possess a domain that is conserved in several SH3 domain-
interacting proteins (21) and can mediate weak interactions
with the adapter protein GRB2 in yeast (58). Such an activity
is consistent with Deltex’s cytoplasmic distribution, but it is not
apparent how nuclear Notch elicits a similar activity. It has
been reported recently that nuclear localization of Notch does
not correlate with its ability to activate CBF1 (3), and there-
fore, Notch’s effects may be entirely cytoplasmic. It is possible
that inhibition of Ras also explains the inhibitory effects of
Notch on myogenesis (46, 74). Activated Ras typically func-
tions to inhibit myogenesis while having little effect on the
ability of MyoD or MRF4 to activate simple promoters (45).
However, it appears that inhibition of myogenesis by Ras in-
volves a pathway that is distinct from the one used for Ras-
mediated transformation (85). Thus, Notch and Deltex may
not be global inhibitors of Ras but may function to inhibit
specific aspects of signaling, such as that leading to activation
of SAPK/JNK.
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