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Notch Signaling 
Spyros Artavanis-Tsakonas, Kenji Matsuno, Mark E. Fortini 

The Notch/Lin-12/Glp-1 receptor family mediates the specification of numerous cell fates 
during development in Drosophila and Caenorhabditis elegans. Studies on the expression, 
mutant phenotypes, and developmental consequences of unregulated receptor activation 
have implicated these proteins in a general mechanism of local cell signaling, which 
includes interactions between equivalent cells and between different cell types. Genetic 
approaches in flies and worms have identified putative components of the signaling 
cascade, including a conserved family of extracellular ligands and two cellular factors that 
may associate with the Notch Intracellular domain. One factor, the Drosophila Suppressor 
of Hairless protein, is a DNA-binding protein, which suggests that Notch signaling may 
involve relatively direct signal transmission from the cell surface to the nucleus. Several 
vertebrate Notch receptors have also been discovered recently and play important roles 
in normal development and tumorigenesis. 

Multicellular development is governed by 
the combinatorial and sequential activity of 
genes that gradually restrict the develop- 
mental potential of cell lineages during dif- 
ferentiation. Large-scale mutational analy- 
ses performed in Drosophila have led to the 
identification of genetic pathways that con- 
trol the assemblv of a c o m ~ l e x  multicellular 
organism from a unicellular oocyte ( I  ). The 
Drosobhila embrvonic axes are established 
by four distinct groups of maternal-effect 
genes: the anterior group, the posterior 
group, the terminal group, and the dorso- 
ventral group. These maternal groups regu- 
late sets of zygotic genes, termed gap, pair 
rule, and segment polarity genes, which 
progressively subdivide the embryo into or- 
dered segments. Finally, each segment is 
assigned a specific identity by the homeotic 
genes. Whereas these genes provide the 
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bluemint for the overall uatt'ern of the Dro- 
sophh body plan, the specification of indi- 
vidual cell fates within a tissue is thought to 
be determined by invariant patterns of cell 
lineage as well as by regulative events that 
are deoendent on local cell interactions. As 
discussed below, regulative interactions may 
occur between cells that are initiallv eauiv- , 

alent (lateral specification) or nonequiva- 
lent (inductive signaling) and result in 
changes in intracellular physiology in re- 
sDonse to extracellular signals. - 

In this review, we focus o n  one signal- 
ing pathway that plays a central role in 
the specification of cell fates that occur 
through local cell interactions in  a wide 
variety of different tissues and organisms. 
This evolutionarily conserved pathway is 
mediated bv the transmembrane receDtor 
protein encdded by the Notch gene of bro-  
sophila and its vertebrate homologs, as well 
as by related proteins that are encoded by 
the lin-12 and glp-1 genes of C .  elegans ( 2 ,  
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3). Recent studies have demonstrated the 
pleiotropic nature of Notch activity and its 
functional requirement throughout devel- 
opment in several species. Notch proteins 
have been found to function in both types 
of local cell interactions. namelv lateral and 
inductive signaling. W e  discuss how these 
observations, together with data on  the ef- 
fects of constitutive Notch activation in 
several different developmental contexts, 
argue for a general function for Notch in 
the regulation of the competence of a cell 
to respond to more specific developmental 
cues. We also summarize data on  the inter- 
action of the Notch, Lin-12. and G ~ D - 1  
receptor proteins with'their putative ligakds 
in both Drosobhila and C. elepans, and with - .  
putative intracellular components of the 
signaling pathway in Drosophila. Finally, we 
present a molecular model for some of the 
intracellular events in the pathway and 
their possible connection to nuclear events 
involved in Notch signaling. 

Lateral Versus Inductive Signaling 

During the development of complex multi- 
cellular organisms, numerous local cell sig- 
naling events are required for proper cell-fate 
determination. Studies in relatively simple 
model organisms have distinguished signal- 
ing events that involve equivalent cells from 
those that involve different cell types (Fig. 
1). Among a group of initially equivalent 
cells, a mechanism originally termed lateral 
inhibition (4) could allow an individual cell 
or a group of cells to be singled out from the 
surrounding cells. Because signals may be 
transmitted back and forth between the two 
emerging cell types, this type of signaling 
should more properly be termed lateral spec- 
ification (5). The molecular details of lateral 
specification are still largely hypothetical, 
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but slight, perhaps random fluctuations in 
some signaling activity present in the origi- 
nal population of equivalent cells might be 
amplified in some cells and inhibited in 
neighboring cells. Examples of cell-fate de- 
terminations thought to involve lateral spec- 
ification include the segregation of neural 
and epidermal precursor cells in the ventral 
ectoderm of the Drosophila embryo, and the 
formation of the anchor cell and the ventral 
uterine precursor cell of the C. eleguns her- 
maphrodite gonad (2, 3, 5). 

A second type of regulative signaling, 
termed inductive signaling, operates be- 
tween nonequivalent cells. In this case, the 
signaling cell and the receiving cell begin 
the process with different properties, includ- 
ing their repertoires of cell-surface receptors 
and ligands. Under these conditions, the 
restricted expression of particular receptors 
and ligands, and the timing of cell-cell con- 
tacts, might be important factors that con- 
trol the inductive interaction. Examples of 
inductive cell-fate specification that have 
been studied extensively at single cell reso- 
lution include the induction of the R7 cell 
fate by the R8 cell during Drosophda eye 
development q d  the induction of the vul- 
val precursor cells by the anchor cell in the 
C. eleguns gonad (2). As an uncommitted 
cell progresses taward its terminally differ- 
entiated fate, it is presumably subject to 
numerous local interactions with other cells, 
which perhaps include both lateral and in- 
ductive signaling events that may occur ei- 
ther sequentially or concurrently. 

Notch and Notch-Like Proteins in 
Flies, Worms, and Vertebrates 

The Notch gene of Drosophila mefanogaster 
encodes a 300-kD transmembrane receptor 
with a large extracellular domain of 36 tan- 
dem epidermal growth factor (EGF)-like 
repeats and three cysteine-rich Notch/Lin- 
12 repeats, as well as an intracellular do- 
main with 6 tandem Ankyrin repeats and a 
PEST sequence (6) (Fig. 2). Notch partic- 
i~ation in local intercellular communica- 
tion was first appreciated in studies of em- 
bryonic neurogenesis in Drosophila (7). Dur- 
ing normal development of the fly central 
nervous system (CNS), an ectodermal 
monolayer of -1800 equipotent cells grad- 
ually segregates into two distinct cell pop- 
ulations. namelv neuroblasts. which delami- 
nate from the monolayer and migrate dor- 
sally to produce neuronal lineages, and der- 
moblasts, which remain at the ventral 
surface of the embryo and give rise to epi- 
dermal structures. Within this ectodermal 
region, so-called proneural cell clusters ex- 
press transcription factors that are encoded 
by the achaete-scute gene complex (8). Local 
cell interactions mediated bv Notch eradu- - 
ally restrict the expression of these factors 

to one cell, the neuroblast, whereas the 
surrounding dermoblasts cease to express 
achaete-sate (8). This process is considered 
a classic case of lateral specification, be- 
cause laser ablation of a delaminating neu- 
roblast in the similarly patterned CNS of 
the grasshopper causes an adjacent non- 
neuronal precursor cell to be rerouted into 
the neuroblast fate, which fulfills the pre- 
diction of the lateral signaling model (9). In 
Drosophila embryos without a zygotic supply 
of functional Notch protein, virtually all 
cells in the ventral ectoderm continue to 
express achaete-scute and adopt the neuro- 
blast cell fate, which leads to a lethal hyper- 

trophy of the nervous system, a phenotype 
that has been termed neurogenic (7). More- 
over, genetic mosaic analysis of Notch activ- 
ity during formation of the adult sensory 
bristles has demonstrated that Notch acts 
cell-autonomously, and that relatively mod- 
est differences in the genetic dosage of Notch 
between adjacent cells is sufficient to bias 
the otherwise stochastic selection of cell 
fates (1 0). These results reinforce the notion 
that the Notch protein acts a receptor in 
lateral signaling events that involve the 
sorting of epidermal and neural cell types. 

Recent data about Notch protein distri- 
bution and mutant phenotypes, however, 
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Fig. 2. Structures of Notch and Notch-like proteins (left) and their putative ligands (right) from different 
species. The mouse and human Notch3 proteins actually contain 34 instead of 36 extracellular 
EGF-like repeats (not shown) and the exact number of EGF-like repeats in the mouse lnt-3 protein is 
not known (20). 
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Fig. 1. Notch involvement in cell-fate dec~sions controlled by lateral speckation or inductive signaling. 
(A) Lateral specification. Among a field of initially equivalent wild-type (Notch+) cells, random fluctuations 
in a putative signaling component are amplified cell-autonomously such that differences arise between 
adjacent cells. These differences are enhanced by the production of a locally acting ~nhibitory signal, and 
result In a spaced pattern composed of two distinct cell types. In Notch- cells that lack the proposed 
receptor for the Inhibitory signal (right panel), all cells adopt the same fate. (B) Inductive signaling. Cell 
fates are determined by signals transmitted between nonequivalent cells, with the final pattern dependent 
on the timing, spatial arrangement, and specificity of the inductwe interactions. In Notch- cells (right 
panel), the absence of Notch function might prevent inductive interactions from occurring (columns at 
left), or permit aberrant inductive events to occur (columns at right). 



reveal that the term neurogenic is an insuf- 
ficient if not misleading description of 
Notch activity. The Notch gene is very 
pleiotropic with respect to its expression 
and functional requirement throughout 
Drosophih development, in contrast to 
many other tissue-specific or cell type-spe- 
cific receptors, such as the Sevenless pro- 
tein (2). Notch is broadly expressed in the 
fly embryo, and continues to be expressed 
in uncommitted and proliferative cell pop- 
ulations at later stages in the larval and 
pupal imaginal discs and in the adult ova- 
ries and testes (I l). Within these tissues, 
Notch protein is detected in almost all cells 
and is most highly concentrated at the api- 
cal membranes of polarized cells (I 1 ). Con- 

sistent with these expression data, analyses 
of Notch conditional and recessive viable 
mutant alleles have shown that Notch is 
required not only for nervous system devel- 
opment, but also for the proper formation of 
the mesoderm, germ line, ovarian follicle 
cells, larval Malpighian tubules, adult sen- 
sory bristles, and eye structures (12) (Fig. 
3). These data also im~licate Notch in cell- 
fate decisions mediatd by inductive signal- 
ing, which shows that Notch is not dedi- 
cated exclusively to a lateral specification 
mechanism. The requirement for Notch 
function in the developing compound eye is 
particularly revealing, because ommatidia 
are assembled by a series of inductive re- 
cruitments between cells of different equiv- 

Fig. 3. Pleiotropy of Notch function illustrated by Notch gene mutant phenotypes in Dmophila. (A) 
Wild-type embryo and (8) homozygous Notch deficiency embryo stained with horseradish peroxidase 
antibodies with normal and hypertrophied nervous system structures, respectively. (C) Wild-type wing, 
(D) heterozygous Notch deficiency wing with dominant notching of the wing blade tip, and (E) wing of a 
homozygous Abruptex mutant of Notch, showing characteristic shortening of the LN and LV wing veins. 
(F) Wild-type bristle pattem on the adult thorax and notum and (0) bristle group cell-fate alterations on the 
adult thorax and notum caused by inducible expression of activated Notch in transgenic flies. (H) Normal 
and (I) fused egg chambers of temperature-sensitive Notche7 homozygous mutant females cultured at 
permissive and restrictive temperatures, respectiveiy, and stained with Notch antibodies. (J) Wild-type 
external eye surface and (K) eye surface of a homozygous facet mutant of Notch, showing irregular 
ommatidial packing and extra lens material deposited between facets. The Notch mutants are described 
in (27) and the activated Notch transgenic flies are described in (44). 

alence groups. In fact, induction of the R7 
cell by the R8 founder cell of each devel- 
oping ommatidium, one of the most inten- 
sively studied and best understood induc- 
tive cell interactions (13), requires Notch 
activity to occur properly and may be 
blocked by the appropriately timed expres- 
sion of a constitutively activated form of 
the Notch receptor (14). 

The involvement of Notch and Notch- 
like proteins in both lateral and inductive 
signaling events has been demonstrated by 
studies on the Lin-12 and Glp-1 proteins of 
C. elegm. Lin-12 and Glp-1 are both struc- 
turally similar to Notch, although both pos- 
sess fewer EGF-like repeats in their extra- 
cellular domains than Notch (6) (Fig. 2). 
Genetic analyses, combined with laser ab- 
lation studies, have shown that Lin-12 is 
required for the lateral specification of the 
anchor cell and the ventral uterine precur- 
sor cell, and later for lateral specifications 
among the vulva1 precursor cells (15). Glp- 
1, on the other hand, participates in the 
induction of the germ line by the distal tip 
cell and in the induction of pharyngeal 
progenitor cells, and is not known to be 
required for any lateral specification events 
(16, 17). It is unclear, however, whether 
Lin-12 and Glp-1 may be easily assigned to 
the two different types of signaling mecha- 
nisms, because phenotypic characterization 
of lin-12 glpl double mutant animals has 
uncovered substantial functional redundan- 
cy between them, and because the Glp-1 
protein can functionally substitute for Lin- 
12 in transgenic animals and in certain 
mutants (18). 

Within the past few years, several ho- 
mologs of the Drosophih Notch protein 
have been identified in vertebrates, includ- 
ing zebrafish, frogs, mice, rats, and humans 
c1 9, 20) (Fig. 2). In mice and men, each of 
which possesses at least three different 
Notch proteins, chromosomal rearrange- 
ments or retroviral insertions that affect 
Notch or Notch-like genes are associated 
with certain neoplasias (1 9). The vertebrate 
Notch genes are expressed throughout de- 
veloping tissues at embryonic stages and in 
proliferative cell layers of mature tissues, in 
a manner similar to the expression of Notch 
in Drosopluh (1 9, 20). Antibodies to two of 
the three known human Notch proteins 
have been used to examine Notch protein 
levels in a sample of human tissues, includ- 
ing certain tumors (21 ). In metaplastic cer- 
vical tissues as well as in certain cancerous 
lesions. Notch  rotei ins are detected at ele- 
vated levels relative to the sumunding nor- 
mal tissue. Whereas further analvsis is need- 
ed to determine the role of ~ o i c h  in these 
neoplastic conditions, the available data 
support the notion that Notch signaling 
activity is correlated with the differentia- 
tion state of these human tissues. Function- 
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a1 studies of two vertebrate Notch homologs 
have been undertaken in Xenopus embryos 
and in transgenic mice. Expression of a 
constitutively activated Notch protein in 
Xenopus causes the loss of dorsal structures 
as well as neural and mesodermal hypertro- 
phy (22). Mice defective for one of their 
Notch genes die before 11.5 days of gesta- 
tion with extensive regions of cell death 
(23). The lethality of these mice implies 
that the multiple Notch genes found in 
mammals are not completely redundant in 
function. Although the study of vertebrate 
Notch proteins is still in the early stages, 
the data so far indicate that they, like their 
counterparts in the fly and the worm, are 
intimately involved with cell-fate specifica- 
tions in many developmental contexts. 

Defining Components of the 
Notch Pathway 

Genetic analyses in Drosophila and C. elegans 
have identified several loci that encode pu- 
tative components of the Notch pathway on 
the basis of their genetic interactions with 
Notch, lin-12, or glp-1 and with one another, 
their mutant phenotypes, and in some cases 
the demonstration of molecular interactions 
between their products and the receptor pro- 
tein. These genes include the Drosophila Del- 
ta and Serrate genes and the C. elegans Lag-2 
and Apx-1 genes, all of which encode puta- 
tive extracellular ligands, the Drosophila del- 
tex gene, which encodes a cytoplasmic pro- 
tein, and the Drosophila Hairless, Suppressor 
of Hairless, mastermind, and Enhancer of split 
loci, which all encode potential nuclear fac- 
tors. This review will focus on these compo- 
nents of the pathway, but it is likely that 
additional gene products function in Notch 
signaling. Indeed, genetic and molecular ap- 
proaches have produced an ever-growing list 
of candidate molecules. In Drosophila, for 
example, the strawberry notch, vestigial, shag- 
gy, Star, wingless, and scabrous genes all dis- 
play genetic interactions with Notch (24- 
26), and the neuralixed, big brain, pecanex, and 
almondex genes display Notch-like neurogen- 
ic mutant phenotypes (27). Ultimately, con- 
firmation that the products of any of these 
genes actually participate in Notch signaling 
awaits more extensive molecular and func- 
tional data than are presently available. 

Ligands for Notch 

Genetic and molecular studies have identi- 
fied a family of structurally related ligands for 
the Drosophila Notch receptor and for the C. 
elegans Lin-12 and Glp-1 receptor proteins. 
These ligands, encoded by the Delta and 
Serrate genes in Drosophila (28) and by the 
lag-2 and apx-1 genes in C. elegans (5, 17, 
29, 30), are all membrane-anchored extra- 
cellular proteins (Fig. 2). The extracellular 

domains of all four putative ligands contain a 
variable number of EGF-like reDeats and a 
second cysteine-rich conserved motif, re- 
ferred to as the DSL (Delta-Serrate-Lag-2) 
region (29, 30). Structural, expression, and 
functional analyses have identified putative 
vertebrate Notch ligands in Xenopus, mouse, 
rat, chicken, and humans (31). These ver- 
tebrate molecules have overall structures 
similar to Delta and Serrate, and all have 
extracellular regions with EGF-like repeats 
and the cysteine-rich DSL motif. The DSL 
region appears to be important for ligand 
function, because point mutations that af- 
fect conserved cvsteines in the Lae-2 DSL 
motif result in s;rong loss-of-function phe- 
notypes (30). In contrast, the intracellular 
domains of all the putative Notch ligands 
display no significant sequence similarity, 
and replacement of most of the Lag-2 intra- 
cellular domain with a P-galactosidase fu- 
sion protein has no discernible effect on 
Lag-2 function (30). 

Cell aggregation assays have shown that 
both Delta and Serrate bind to the extra- 
cellular EGF-like reueat region of Notch 
and that only two of ;he extLacellular EGF- 
like repeats of Notch, namely repeats 11 
and 12, are necessary and sufficient for this 
interaction (32). Similar binding data have 
not yet been obtained for Lag-2 and Apx-1, 
and no such information is available yet for 
any vertebrate Notch ligands. However, the 
observation that chimeric Drosophila Notch 
molecules with the 11/12 EGF-like reneats 
of vertebrate Notch proteins are capable of 
interacting with insect Delta and Serrate 

u 

suggests that there is a high degree of func- 
tional conservation in the lieand-bindine 

%, %, 

properties of Notch proteins from different 
species (32). 

In Drosophila, genetic mosaic analysis has 
demonstrated that Delta acts nonautono- 
mously, consistent with its proposed role as a 
signaling ligand (1 0). Loss-of-function muta- 
tions in Delta cause the same embryonic 
cell-fate transformations as do null muta- 
tions in Notch. which indicates that the 
Notch receptor may be activated upon bind- 
ine of Delta (2. 33). Similar conclusions 

%, . ,  , 

have been drawn from studies of Notch and 
Delta activity during adult sensillum devel- 
opment and oogenesis ( 10, 1 2, 34). Howev- 
er, antagonistic genetic interactions between 
these t; geneskave also been documented, 
which suggests that in certain situations, 
Delta may negatively regulate Notch (35, 
36). Mosaic analysis of antagonistic interac- 
tions between Notch and Delta have raised 
the possibility that Delta acts cell autono- 
mously in these cases (36). Antibody patch- 
ing experiments in transfected S2 cells also 
urovide evidence that Notch and Delta mav 
actually bind to one another when coex- 
pressed at the surface of the same cell (32). 

Unlike Delta, the Serrate gene is not as- 

sociated with any neurogenic loss-of-func- 
tion phenotypes. However, when expressed 
at high levels, Serrate can partially compen- 
sate for loss of Delta function during embry- 
onic development (37). Analysis of Serrate 
function in wing development suggests that 
Serrate may act as a cell-autonomous (auto- 
crine) ligand for Notch (38). The wide- 
spread expression of Notch and its ligands 
throughout large cell populations raises the 
auestion of how the interactions of Notch 
with Delta and Serrate are regulated in order 
to coordinate cell-fate specifications (28, 38, 
39). In S2 cell aggregates, Notch-Delta and 
Notch-Serrate comulexes are rauidlv inter- 
nalized in vesicula; structures Lithin the 
Notch-expressing cells, and similar vesicles 
are also detected in vivo (1 1 ,  32). Although 
Notch and Delta are coexpressed in many 
cells of the developing eye imaginal disc, the 
vesicles may be restricted to cells undergoing 
cell-fate determination (39), which suggests 
that productive Notch binding may require 
the modification of ligands presented by sig- 
naling cells. Many of these unresolved issues 
might be clarified by further study of the 
cell-fate alterations that underlie the com- 
plex mutant phenotypes and by a more com- 
plete description of the subcellular distribu- 
tions of Notch and its ligands in various 
Drosophila tissues. 

In C. elegans, Lag-2 is apparently a li- 
gand for both Lin-12 and Glp-1 (5, 29, 30), 
whereas the Apx-1 putative ligand is so far 
only known to be involved in Glp-l-medi- 
ated pharyngeal induction (17). Genetic 
and laser ablation data support the notion 
that binding of these ligands by Lin-12 and 
Glp-1 results in receptor activation (5, 17, 
18, 29, 30). Expression studies in C .  elegans 
have provided visualizations of Lin-12 and 
Glp-1 activities during lateral specification 
and inductive signaling, respectively. Dur- 
ing lateral specification of the anchor cell 
(AC) and ventral uterine precursor cell 
(VU) in the hermaphrodite gonad, lin-12 
and lag-2 are initially expressed in both 
equipotent cells, but then undergo recipro- 
cal changes in expression such that lin-12 
and lap-2 ex~ression become restricted to " 
the presumptive VU and the presumptive 
AC, respectively (5). The dynamic changes 
in lin-12 and lag-2 expression in the emerg- 
ing AC and VU are strong evidence for the 
u - 

existence of a transcriptional feedback 
mechanism between the two genes in later- 
al signaling. In contrast, during induction of 
the germ line by the distal tip cell, Lag-2 
protein originates from the signaling distal 
tip cell whereas Glp-1 is restricted to the 
mitotic cell region of the germ line (30, 
40). Like Delta, receptor-bound Lag-2 is 
apparently internalized in vesicles within 
the Glp-1-expressing cells of the germ line 
(30). No expression data are yet available 
for Apx-1, the second Glp-1 ligand. 
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The finding that only two of the 36 
EGF-like repeats of Notch are necessary 
and sufficient to promote cell aggregation 
with Delta and Serrate prompted specula- 
tion that the remaining extracellular do- 

.7 

main may harbor similar modular binding 
domains for other ligands, thus making 
Notch a multifunctional receptor (32). This 
idea could provide an explanation for the 
pleiotropic action of Notch and a rationale 
to search for additional genes that interact 
genetically with Notch and encode mole- 
cules that could potentially serve as extra- 
cellular ligands. So far, two genes have been 
found that interact genetically with Notch 
and encode surface proteins, scabrous and 
wingless (25, 26). The scabrous gene en- 
codes a fibrinogen-related secreted protein 
that is necessary to establish the spaced 
pattern of R8 cells in the developing eye 
disc and for some aspects of the adult bristle 
pattern, but it is not required for the devel- 
oDment of anv other tissues (25). Molecular 
iiteractions lietween ~ o t c h  a d  Scabrous 
have not yet been detected, however, and 
careful examination of the pattern of R8 
cell determination during the earliest stages 
of ommatidial formation has demonstrated 
that the contribution of Scabrous is spatial- 
ly and temporally separate from that of 
Notch and Delta (41 ). Thus, the Scabrous 
protein is unlikely to function as a bio- 
chemical ligand for Notch. 

The wingless gene product is homologous 
to the mammalian proto-oncoprotein Wnt-1 
and is thought to act as the signal in a cell 
interaction mechanism that specifies differ- 
entiation of the embryonic epidermis as well 
as imaginal structures such as the wing (42). 
Although some components of the Wingless 
signal transduction pathway have been iden- 
tified, the receptor for Wingless remains elu- 
sive. The ability of certain complex Notch 
mutant combinations to mimic wingless mu- 
tant phenotypes, and genetic interactions 
between Notch and wmgless, has prompted 
speculation that Notch may serve as the 
long-sought Wingless receptor in spite of 
major dissimilarities in their expression pat- 
terns and primary mutant phenotypes (26). 
Until biochemical data are available to sup- 
port such an assertion, it would seem prudent 
to exercise caution before assuming that ei- 
ther Wingless or Scabrous are Notch ligands, 
especially in view of their mutant pheno- 
types and their structural dissimilarity to 
bona fide Notch ligands. 

Developmental Effects of 
Notch Activation 

Insight into the developmental role and the 
general nature of Notch signaling has 
emerged from studies with truncated, con- 
stitutively activated forms of Notch in sev- 
eral species. These engintered Notch forms, 

which lack extracellular ligand-binding do- 
mains, resemble the naturally occurring on- 
cogenic variants of mammalian Notch pro- 
teins and are constitutively activated by 
phenotypic criteria (3, 14, 22, 43-46). 
Ubiquitous expression of activated Notch 
in the Drosophila embryo suppresses neuro- 
blast segregation without impairing epider- 
mal differentiation (43, 44). Persistent ex- 
pression of activated Notch in developing 
imaginal epithelia likewise results in an 
overproduction of epidermis at the expense 
of neural structures (43). Neuroblast segre- 
gation occurs in temporal waves that are 
delayed but not prevented by transient ex- 
~ r k i o n  of activated Notch in the embrvo 
(43). Transient expression in well-defined 
cells of the Drosophila eye imaginal disc 
causes the cells to ignore their normal in- 
ductive cues and to adopt alternative cell 
fates (14) (Fig. 4). 

Studies utilizing transient expression of 
activated Notch in either the embrvo or the 
eye disc indicate that once Notch Signaling 
activity has subsided, cells may recover and 
differentiate properly or respond to later 
developmental cues (14, 43). In Xenopus 
embryos and mammalian cultures cells, ac- 
tivated Notch interferes with the differen- 
tiation of neural and mesodermal cell lin- 
eages (22, 45). In C. elegm, gain-of-func- 
tion cell-fate transformations are caused by 
a similarly truncated intracellular fragment 
of Lin-12 (43), as well as by a Glp-1 
polypeptide that consists of little more than 
the intracellular Ankyrin repeat region 
(46). The cell-fate alterations produced by 
truncated Notch proteins in different or- 
ganisms show that Notch possesses an in- 
trinsic signaling activity that cannot be ex- 
plained easily in terms of cell adhesion or 
indirect receptor-ligand recruitment models 
(47). The Xenopus data suggest that Notch 
activation regulates the competence of 
many different cell types to respond to oth- 
er differentiative cues (22), an idea that is 
supported by the data obtained in Drosoph- 
ila and mammalian cultured cells. Some 
have argued that these experiments do not 
support such a model and that the data 
instead show that Notch activity directly 
controls binary cell-fate decisions (3). It is 
difficult to reconcile this idea with the fact 
that neuroblast precursors are only tempo- 
rarily prevented from selecting their correct 
cell-fate by transient Notch activation in 
the Drosophila embryo, unless these binary 
cell-fate decisions are reversible and do not 
involve commitment. 

lntracellular Components of 
Notch Signaling 

Genetic and molecular studies have identi- 
fied two Drosophila genes, deltex and Sup- 
pressor of Hairless, whose products may in- 
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teract directly with the Ankyrin repeats of 
Notch (48,49). The participation of deltex 
in Notch signaling was realized as a result of 
the ability of deltex mutations to suppress 
the lethality of certain heteroallelic Notch 
mutant combinations, and supported by the 
finding of many genetic interactions be- 
tween deltex and other Notch pathway loci 
(50). All known deltex mutants are homozy- 
gous viable and have Delta-like wing phe- 
notypes, although it is unclear whether any 
of the existing alleles are null mutations (27, 
48). The deltex gene encodes a previously 
uncharacterized cytoplasmic protein of 737 
amino acids with a ubiquitous tissue distri- 
bution throughout development (48, 51). 
The protein is composed of three dqmains 
separated by glutamine-rich stretches. Func- 
tional studies in cultured Drosophila S2 cells 
and in yeast have revealed that all three 
Deltex domains mediate homotypic interac- 
tions between Deltex proteins, and that Del- 

Fig. 4. Expression of a truncated, actiited form 
of Notch transiently blocks neuronal cell-fate de- 
termination in the developing Drosophila eye. An 
eye imaginal disc from a transgenic larva in which 
the intracellular domain of Notch is expressed un- 
der the control of sev8nIess gene regulatory se- 
quences shows that this Notch fragment is de- 
tected in nuclei (green) and that it alters the pattern 
of neuronal cell recruitment (red). Red and green 
nuclei do not overlap, which shows that photore- 
ceptor cell precursors expressing activated Notch 
(green) are prevented from adopting their proper 
neuronal fate (red). Posterior is to the left and the 
morphogenetic furrow of the disc is at the right. 
See (74). 



tex domain I binds to the intracellular 
Ankyrin repeat region of Notch (48, 52). 

Experiments in transgenic flies have pro- 
vided clues regarding the role of Deltex in 
Notch signaling (52). Overexpression of 
Deltex and activated Notch produce similar 
adult phenotypes, consistent with the idea 
that Deltex acts as a positive regulator of 
the Notch pathway (48, 52). Moreover, 
deltex loss-of-function phenotypes are res- 
cued by activated Notch, which indicates 
that Notch activation bypasses the require- 
ment for Deltex, and implies that Deltex 
may function upstream of the Notch recep- 
tor (52). Overexpression of Deltex domain 
I alone produces phenotypes that resemble 
those generated by the full-length Deltex 
protein, which suggests that Deltex exerts 
its effects on Notch through its interactions 
with the Notch Ankvrin reDeats. 

A second protein that may interact di- 
rectly with the intracellular Ankyrin repeat 
region of Notch is the product of the Sup- 
pressor of Hairless [Su(H)] locus (49). Rare, 
gain-of-function alleles of Su(H) have been 
isolated in a genetic screen for mutations 
that attenuate Notch signaling in the devel- 
oping Drosophila eye, and numerous allele- 
specific phenotypic interactions have been 
uncovered between Su(H) and Notch, Delta, 
and deltex in various tissues and at multiple 
developmental stages (49). In contrast to 
deltex, all known Su(H) mutations (>20) 
are homozygous lethal, and the Su(H) gene 
displays neurogenic phenotypes in the pe- 
ripheral nervous system (27, 53). Taken to- 
gether, these genetic observations strongly 
suggest that the Suppressor of Hairless pro- 
tein plays a central role in Notch signaling. 

The Drosophila Su(H) gene encodes a 
protein of 594 amino acids that is highly 
related to a family of mammalian transcrip- 
tion factors referred to as RBP-JK (lecom- 
bination signal sequence binding  rotei in 
for genes), CBFl (C-promoter binding 
factor I), or KBF2 (bppa binding factor 2) 
(53). The murine Su(H) protein was first 
isolated by virtue of its ability to bind the 
recombination recognition sequences of im- 
munoglobulin JK genes, which led to the 
suggestion that it catalyzes immunoglobulin 
V(D)J gene rearrangements (54). However, 
recent studies indicate that the mammalian 
Su(H) protein does not bind to JK gene 
recombination sequences, but is instead in- 
volved in the Epstein-Barr viminduced 
immortalization of B cells, an important 
event in the etiology of certain human ma- 
lignancies (55). The protein binds to the 
promoters of several viral and cellular genes 
and interacts directly with a viral transacti- 
vator protein termed Epstein-Barr virus nu- 
clear antigen 2 (EBNAZ), which enables 
the virus to subvert the normal program of 
B cell differentiation. 

Whereas no data yet implicate the mam- 
malian Su(H) homologs in Notch signaling, 
the Drosophila Su(H) protein is sequestered 
in the cytoplasm when coexpressed with 
Notch protein in cultured S2 cells, and is 
translocated to the nucleus when Notch 
binds to its ligand Delta (49). Cytoplasmic 
retention of Su(H) requires the intracellu- 
lar Ankyrin repeats of Notch, which asso- 
ciate with the Su(H) protein in the yeast 
interaction trap assay. Moreover, the Su(H) 
protein exhibits weak amino-acid similarity 
to the NH,-terminal portion of Deltex that 

Fig. 5. A speculative 
model for Notch signaling. 
The Notch receptor may 
bind to either Delta or Ser- 
rate through its extracellu- 
lar 1 1 th and 12th EGF-like 
repeats (blue) (32). Ligand 
binding may result in re- 
ceptor multimetization (2, 
3, 7 7. 75) that is stabil'ied 
by interactions between 
the intracellular Ankynn 
repeats of Notch and the 
cytoplasmic protein Del- 
tex (48,52). These events 
might control the putative 
nuclear translocation of 
the DNA-binding protein 
Suppressor of Hairless 
(49) and its known associ- 
ation with the Hairless 
protein (59). The tran- 
scriptional induction of the 
Enhancer of split E( . ) ]  
bHLH genes appears to 
depend on Notch signal- 
ing (62) and the molecular 
role of Mastermind remains to be determined. 

Suppressor 

I Mastermind 0 

binds to the Notch Ankyrin repeat region. 
This region of similarity may include the 
putative nuclear localization sequence of 
Su(H), which raises the possibility that 
Su(H) may be sequestered in the cytoplasm 
by direct occlusion of this sequence upon 
binding to Notch (49). If so, Notch signal- 
ine mav share certain mechanistic features 
wi& thk regulation of the nuclear import of 
NF-KB/rel transcription factors by inhibito- 
ry IKB proteins. The cytoplasmic proteins of 
the IKB family contain between five and 
seven Ankyrin repeats that bind to NF-KB/ 
re1 proteins, thereby masking their nuclear 
localization sequences and resulting in cy- 
toplasmic retention of the NF-KB/IKB com- 
plex (56). If this analogy is correct, Notch 
may function as a transmembrane, ligand- 
responsive IKB-like regulator of the Su(H) 
DNA-binding protein. 

Molecular Aspects of 
Notch Signaling 

The ability of two different proteins, Deltex 
and Suppressor of Hairless, to interact with 
the intracellular Ankyrin repeats of Notch 
raises several questions. It is not known 
whether Deltex and Su(H) compete for 
Notch binding or if they act cooperatively, 
what controls the specificity of Notch in- 
teractions with each of these proteins, or 
how these interactions are related to lieand 
binding and Notch activation. Further Gork 
is needed to answer these questions, but a 
tentative model is worth considering (Fig. 
5). Several genetic and molecular studies 
suggest that upon ligand binding, Notch 
and Lin- 12 undergo receptor multimeriza- 
tion, and that this event is essential for 
receptor activation (2, 3, 11, 15). In cul- 
tured S2 cells, binding of Notch to Delta 
presented on the surface of apposed cells 
results in the recruitment of Deltex protein 
to the Notch-Delta complexes and in the 
nuclear translocation of Su(H) protein, 
which indicates that Deltex may bind pref- 
erentially to Notch multimers, thereby dis- 
placing bound Su(H) (48, 49). Similar 
competitive interactions between Deltex 
and Su(H) are observed when the two Dro- , , 

teins are coexpressed at high levels in 
Notch-expressing S2 cells in the absence of 
any Delta-expressing cells (52). 

Taken together, these observations sug- 
gest that Delta and Deltex may act in con- 
cert to multimerize Notch proteins and to 
interfere with the cytoplasmic retention of 
Su(H) by Notch, thus activating the Notch 
signaling pathway. This scenario is consis- 
tent with the similar embryonic null phe- 
notvDes of Notch and Delta. the similar loss- 
of-Lction wing of Delta and 
deltex, and epistasis data that place both 
Delta and deltex genetically upstream of 
Notch receptor activation (43, 52). More- 
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over, phenotypes caused by overexpression 
of Su(H) or Deltex in transgenic flies re- 
semble those generated by activated Notch 
(44, 52,  57), as would be expected if excess 
Su(H) or Deltex saturates the available sup- 
ply of Notch, resulting in translocation of 
some Su(H) to the nucleus. and conseauent ~, 

activation of the pathway. This model is 
undoubtedlv an  oversim~lification because 
it fails to explain why complete elimination 
of Notch in vivo does not result in nuclear 
translocation of Su(H) and the production 
of activated phenotypes. One possibility is 
that Su(H) may by modified in some way 
through its interaction with Notch. Addi- 
tional studies are required to test and refine 
this speculative model and to elucidate the 
complex interactions between Notch, its 
ligands, and its intracellular partners. 

Nuclear Events and Nuclear 
Notch Proteins 

The differentiation state of a particular cell 
ultimately depends on its transcriptional ac- 
tivity. Presumably, the Notch signaling 
pathway must control nuclear events in or- 
der to influence the progression of uncom- 
mitted cells to a more differentiated state. 
Three loci encoding putative nuclear pro- 
teins, Hairless, Enhancer of split, and master- 
mind, have been implicated in these nuclear 
events. Genetic studies have shown that 
Hairless, which encodes a novel basic protein 
(58), and Su(H) act antagonistically in the 
specification of adult sensory organs (57). 
Consistent with this genetic relations hi^. - 
Hairless can associate in vitro with Su(H) 
and its mammalian homolog RBP-JK, thus 
preventing the transcription factor from 
binding to DNA (59) (Fig. 5). Preliminary 
analysis suggests that the Hairless protein is 
found in the nucleus, which links Su(H) 
directly to another nuclear protein (60). 

In contrast to direct associations between 
the Su(H) and Hairless proteins, the Enhanc- 
er of split genes seem to be regulated by 
Notch signaling at the transcriptional level. 
The Enhancer of split complex encodes seven 
small basic Helix-Loop-Helix (bHLH) pro- 
teins that are functionally redundant as well 
as another predominantly nuclear protein 
containing WD-40 repeats (61). These two 
types of proteins are not homologous but 
seem to functionally interact with one an- 
other (61). The expression of at least some of 
the Enhancer of split bHLH genes are depen- 
dent on Notch signaling activity, although 
the mechanism of this transcri~tional induc- 
tion is not yet known (62). A putative 
Su(H) bindine site has been found in the ~, " 
regulatory sequences of the Enhancer of split 
genes and might result in Su(H)-dependent 
transcription of these genes (55). If so, other 
targets for Su(H) must remain to be discov- 
ered, for the Enhancer of split genes are only 

expressed in limited subsets of CNS neuro- 
nal precursor cells and chromosomal defi- 
ciencies that remove the Su(H) binding site 
and nearby genes are not lethal (61, 62). 

The mastermind gene encodes a novel 
ubiquitous nuclear protein whose relation- 
ship to Notch signaling has not yet been 
determined (63). However, we believe that 
it is part of the Notch pathway because it 
has been recovered repeatedly by many in- 
dependent genetic screens for Notch mod- 
ifiers (49, 50, 64) and because mastermind 
null mutations display a Notch-like neuro- 
genic embryonic phenotype (27, 33). Fur- 
ther studies are needed to address the bio- 
chemical interactions between these puta- 
tive nuclear components of Notch signaling 
and to identifv functionallv relevant tran- 
scriptional targets of the Su(H) protein. 
Assuming that Notch regulates a common 
step that allows cells to respond to differen- 
tiation signals throughout development, the 
biochemical nature of this process remains a 
major unanswered question. 

The studies described earlier with trun- 
cated, activated forms of Notch reveal that 
Notch proteins without transmembrane 
and extracellular domains are translocated 
to the nucleus in transgenic flies and in 
transfected mammalian or Drosophila cells 
(3,  14, 43-45). However, the activated 
Notch phenotypes may not depend on nu- 
clear translocation of Notch because both 
membrane-bound and nuclear truncated 
proteins produce indistinguishable pheno- 
types in the Drosophila eye (14). Sequence 
comparisons and deletion analysis have lo- 
cated two nuclear localization sequences 
that reside on either side of the Ankyrin 
repeats (44). The presence of these se- 
quences makes it unlikely that the nuclear 
translocation of the Notch intracellular 
fragment results from binding of the 
Ankyrin repeats to  a second protein, such as 
Su(H), which then ferries Notch into the 
nucleus. However, these observations have 
prompted speculation that a cleaved frag- 
ment of wild-type Notch may participate 
directly in nuclear processes (3,  14, 43-45). 

Extensive immunohistochemical studies 
in Drosophila have failed to reveal the pres- 
ence of Notch proteins in nuclei and thus it 
is unclear if receptor processing is part of 
normal Notch signaling (1 1 ,  39). Neverthe- 
less, protein immunoblot assays of wild-type 
tissues consistently detect an -1000 amino 
acid intracellular Notch fragment in Dro- 
sophila and humans ( 1 1, 2 1 , 32). Pulse chase 
experiments in mammalian cells have dem- 
onstrated that full-length Notch is rapidly 
processed into this -1000 amino acid frag- 
ment, which is the major immunoreactive 
species in the steady state (21 ). It is not yet 
known whether this Notch species reflects a 
functionally relevant processing event or is 
simply a proteolytic breakdown product. 

Whereas there are presently no  compel- 
ling data to support the contention that 
nonengineered forms of the Notch receptor 
are ever found in Drosophila nuclei, nuclear 
Notch antigens have been detected in hu- 
man cervical tissue and rat retina (21, 65). 
In preliminary studies, this immunoreactiv- 
ity appears to be associated with cell popu- 
lations that are considered to be terminally 
differentiated. It is conceivable that a trun- 
cated nuclear form of Notch could result in 
ligand-independent activation of the path- 
way in a particular cell. If so, that cell may 
be frozen in a particular differentiation 
state. In certain circumstances, activation 
of Notch might thus be used not to modu- 
late local interactions among uncommitted 
cells but rather to maintain the differenti- 
ated state of cells. 

Conclusions 

The accumulated data from Drosophila, C. 
elegans, and vertebrates suggest that Notch 
signaling plays a fundamental role in the 
differentiation of uncommitted cells. It 
seems that the role of this signaling path- 
way is not to transmit specific developmen- 
tal signals but rather to modulate the ability 
of cells to respond to such signals. A n  ex- 
ample of how Notch signaling might regu- 
late specific differentiation pathways in- 
volves the Ras pathway in the developing 
Drosophila eye, which is used to transmit an 
inductive signal generated by ligand-in- 
duced activation of the Sevenless receptor 
tyrosine kinase, and may be blocked by 
appropriately timed activation of the Notch 
pathway (14). This observation suggests 
that Notch acts in a parallel pathway that 
might also modulate indirectly a number of 
other signaling pathways, including those 
mediated by Wingless and Scabrous (25, 
26). Of course, mechanisms must exist that 
enable an  uncommitted cell to integrate 
information that it receives from numerous 
different signaling pathways in a coherent 
manner such that a single cell fate is ulti- 
mately expressed. 

We anticipate that Notch signaling ac- 
tivity will be important for both normal and 
abnormal development in mammals, in 
which most tissues are renewed throughout 
life from reserves of uncommitted stem cells. 
Because the execution of these developmen- 
tal programs presumably involves local cell 
signaling, stem cells may require the Notch 
pathway to be either on or off to progress 
through each stage. The accumulation of 
somatic mutations in stem cells is thought to 
promote a variety of pathological condi- 
tions, including neoplasias. By analogy to 
studies in Drosophila, in which manipulation 
of Notch activity in uncommitted cells can 
force the cells to adopt aberrant cell fates, 
manipulation of Notch activity in immature 
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mammalian cell populations might alter 
their cell fates. Consequently, interfering 
with Notch activity in mammalian stem cell 
populations might have important applica
tions for understanding and treating patho
logical disorders. 
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