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Notch bursts onto the scientific
scene in 1915. 



Why study Notch signaling?
• although discovered in flies, Notch operates throughout all animals 
       to determine cell fates and pattern tissues

• because of its fundamental roles in development, 
       aberrant/dysfunctional N pathway activity underlies many diseases

• in humans, N pathway mutations cause Alagille syndrome (affects 
liver,skeleton, eye…) and CADASIL (mutations which predispose
individuals to dementia, migraines and strokes.)

Notch pathway mutations also 
linked to various cancers, 
including T-ALL (T cell acute 
lymphoblastic leukemias), 
cervical, mammary, skin, prostate.
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Today's menu:

1. What are the “core” components of the Notch signaling pathway?
 - Notch is a system for cell communication

2. How does this pathway transmit a signal? 
 - Notch as a membrane-bound transcriptional coactivator

  - CSL repressor->activator “switch” model

3.  What does activation of this pathway tell the cell? 
- inhibition of cell fates
- inductive signaling
- consequences of aberrant signaling for disease and cancer 



1. What are the "core" components
  of the Notch signaling pathway?



Many key N pathway factors were recognized genetically, 
 due to their similar phenotypes

a classic setting is during fly neurogenesis: “neurogenic” mutants 
 develop excess neurons at expense of epidermis 
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Two homes for the receptor Notch
Some signaling cascades are truly cascades, and involve a
complicated sequence of proteins that pass a message from the
outside of the cell into the nucleus. At the opposite end of the
spectrum lies Notch signaling, which operates by a remarkably
direct mechanism. The route towards understanding how Notch
works, however, has not been so direct. 

For many different types of signal-activated cell-surface
receptors, removal of the extracellular domain creates a mutant
receptor that is permanently in the active mode. This is the case
for Notch: an artificial, truncated Notch protein consisting of
only its intracellular domain (Notchintra) has strong constitutive
activity in flies and worms (Lieber et al., 1993; Struhl et al.,
1993). Interestingly, these engineered Notchintra proteins
localized to the nuclei of transgenic animals, which indicated
that the transmembrane receptor Notch might have a nuclear

function. Consistent with this model, a direct protein-protein
interaction has been observed between Notchintra and the CSL
transcription factor (Fortini and Artavanis-Tsakonas, 1994).
However, a competing model based upon tissue culture data
proposed that the purpose of Notch-CSL binding was to hold
CSL in the cytoplasm until receptor activation, at which point
CSL would be released and travel to the nucleus (Fortini and
Artavanis-Tsakonas, 1994).

Both models were challenged by the locations of the natural
proteins in tissues engaged in Notch signaling: endogenous
nuclear Notch is essentially never seen, while CSL appears
constitutively nuclear. Eventually, the evidence came together
to support strongly the Notch nuclear translocation model. The
key findings were: (1) that Notch is proteolyzed in response to
its interaction with ligand, which releases a soluble
intracellular fragment (a natural Notchintra molecule; see Box
2) (Kopan et al., 1996; Schroeter et al., 1998; Struhl and
Adachi, 1998); (2) that Notchintra is a transcriptional co-
activator (Jarriault et al., 1995; Hsieh et al., 1996); and (3) that
exceedingly small, histochemically invisible, amounts of
Notchintra suffice to activate target genes (Schroeter et al.,
1998; Struhl and Adachi, 1998). The current ‘canonical’ view
of Notch signaling is that ligand-induced activation of Notch
triggers the cleavage and liberation of a small amount of
Notchintra, which then translocates to the nucleus and serves as
a CSL transcriptional co-activator (Fig. 1, but see Box 3 for
some examples of ‘non-canonical’ Notch signaling).

Notchintra flips a CSL transcriptional switch 
If CSL proteins reside in the nucleus, do they do anything when
Notch is at the cell surface? CSL function was initially
perplexing; vertebrate CSL proteins were first characterized as
transcriptional repressors (Dou et al., 1994), but genetic tests
in flies showed that CSL activated target genes during Notch
signaling (Bailey and Posakony, 1995; Lecourtois and
Schweisguth, 1995). How can the same protein be both a
repressor and an activator?

Insight into this puzzle came from a virus. The EBNA2
protein from Epstein-Barr Virus (EBV) is a transcriptional co-
activator that binds to and hijacks CSL in infected B cells.
Interestingly, EBNA2 converts CSL from a default repressor
into an activator of transcription (Hsieh and Hayward, 1995;
Waltzer et al., 1995). Notchintra was later found to use the same
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Fig. 1. Basic operation of the Notch pathway. The key players are a
Delta-type ligand, the receptor Notch and the CSL transcription
factor (see Table 1). Delta and Notch are transmembrane proteins
containing extracellular arrays of EGF repeats (depicted by
rectangles). Activation of Notch by its ligand triggers two proteolytic
cleavages of Notch (S2 and S3, see also Box 2). S3 cleavage releases
the Notch intracellular domain (Notchintra), which translocates to the
nucleus. Notchintra activates CSL. The CSL co-repressor complex is
displaced by a co-activator complex containing Notchintra (Co-A,
green icons), which mediates Notch target gene activation. In the
absence of nuclear Notchintra, CSL associates with a co-repressor
complex (Co-R, red icons), which actively represses the transcription
of Notch target genes. 

Table 1. Names of core components of Notch signaling
(ligand, receptor and transcription factor) in different

species
Core component C. elegans D. melanogaster Mammals
Ligand LAG-2 Delta Delta-like1 (DLL1)

APX-1 Serrate Delta-like2 (DLL2)
ARG-2 Delta-like3 (DLL3)
F16B12.2 Jagged 1 (JAG1)

Jagged 2 (JAG2)

Receptor (Notch) LIN-12 Notch Notch1
GLP-1 Notch2

Notch3
Notch4

Transcription factor LAG-1 Suppressor of CBF1/RBPJκ
(CSL) Hairless [Su(H)] RBPL
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Figure 7. Model for Neur Function

Neur is composed of two NHR domains (blue
ovals), which appear to mediate association
with the plasma membrane and recognition
of Dl, and a C-terminal RING finger (red),
which is a ubiquitin ligase domain. Neur may
ubiquitinate Dl (green) at the plasma mem-
brane, promoting endocytosis of a Neur/Dl-
containing complex. Internalized Dl is rapidly
degraded by a mechanism which likely in-
volves both the proteasome and lysosome.
Neur-mediated reduction of cell surface Dl
increases the ability of that cell to activate
the N receptor (yellow) and allow target gene
transcription by the nuclear NIC/Su(H) complex.

control, we attempted to immunoprecipitate Sprouty in a RING-dependent fashion and the two are associated
in a protein complex in vivo. Finally, dpp-Gal4-driven(Sty), another plasma membrane-associated protein
Neur is effective in mediating the removal of endoge-(Casci et al., 1999), with Dl; no interaction was detected
nous Dl as well as high levels of ectopic Dl produced(Figure 6C, lanes 1 and 5). A small amount of Myc-Neur
by an hs-Dl transgene. Since the amount of ectopic Dlwas co-IPed with Dl under these conditions (Figure 6C,
in the latter case is in great excess of endogenous N,lanes 2 and 6), although a Myc-crossreacting band ob-
clearance of Dl from the plasma membrane by Neurscured the presence of lower molecular weight Neur
does not require stoichiometric amounts of N and is thusprotein (Figure 6C, lane 4, asterisk). A much stronger
likely to reflect internalization of uncomplexed ligand. Aco-IP of Myc-Neur!RF with Dl was obtained (Figure 6C,
parsimonious interpretation of the data is that ubiquiti-lanes 3 and 7). This result suggests that a complex
nation of Dl by Neur at the plasma membrane serves ascontaining these proteins is more stable when the ability
a signal for endocytosis and subsequent degradationof Neur to mediate degradation of Dl has been abro-
of Dl (Figure 7). In support of this, Deblandre, Lai, andgated, although it should be noted that these discs have
Kintner have demonstrated that Xenopus Neur pro-both elevated levels of Dl due to misexpression of
motes the ubiquitination of Xenopus Dl in vitro (Deblan-Neur!RF (i.e., Figure 4E) and higher levels of Neur!RF
dre et al., 2001 [this issue of Developmental Cell]).relative to Neur (i.e., Figures 5B and 5K). Regardless,

Although the ubiquitination pathway has long beenthese results indicate that a protein complex containing
appreciated for its role in targeting soluble proteins forDl and Neur/Neur!RF also exists in vivo.
rapid degradation, recent years have seen the identifica-
tion of a large number of transmembrane proteins that

Discussion are ubiquitinated (Bonifacino and Weissman, 1998; Rotin
et al., 2000). In many of these cases, monoubiquitination

Neur Is a Ubiquitin Ligase that Promotes serves as a signal for their internalization via the endo-
Internalization and Degradation of Dl cytic pathway, ultimately ending in their degradation
In this paper, we present genetic and biochemical evi- by the lysosome or vacuole (Hicke, 2001; Hicke and
dence that Neur is a RING-type E3 ubiquitin ligase. We Riezman, 1996; Staub et al., 1997; Strous et al., 1996).
further demonstrate that Dl is a focus of Neur activity, Our data strongly indicate that the transmembrane pro-

tein Dl is regulated by Neur via a similar mechanism.since Neur targets Dl for internalization and degradation



Notch Receptor StructureLigand (eg Delta) Structure

DSL domain

both ligand and receptor are single pass TM proteins 
with large arrays of extracellular EGF repeats



Evidence for Delta and Notch as a ligand-receptor pair?

1293Regulation of Notch activity by the Abruptex extracellular domain

RESULTS

Notch signalling requires correct relative levels of Dl
and Notch
Dl and Notch are amongst the rare haplo-insufficient
Drosophila genes, whose elimination in one copy results in a
dominant mutant phenotype (Lindsley and Zimm, 1992).
Surprisingly, however, the wing phenotypes caused by
heterozygous deficiencies of Dl or Notch are different, as
illustrated in Fig. 1. In Dl heterozygous flies, the veins L2 and
L5 are irregularly broader than wild-type veins, an effect that
is most obvious at the distal tips of these veins (Fig. 1A). In
contrast, the thickened veins of N heterozygous flies have
smooth borders, and only L3 and L5 veins are noticeably
thicker than wild-type veins (Fig. 1B). In addition, N/+ wings
have moderate scalloping of the wing margin, a phenotype that
is never observed in Dl heterozygotes. These differences are
paradoxical, because if Dl and Notch were only involved in
interactions that result in activation of the receptor, reductions
in the level of either the ligand or the receptor should cause the
same phenotypic alteration. Furthermore, in flies where both
Dl and Notch are heterozygous (N−/+; Dl−/+), the veins and
wing margin are normal, instead of having a more abnormal
phenotype as expected for combinations that
reduce both ligand and receptor (data not
shown). Conversely, if the copy number
of Notch is increased (using Notch+

duplications), the wings have phenotypes
indistinguishable from those of Dl mutations
(Fig. 1C,D). This phenotype becomes
exaggerated when a copy of Dl is removed (in
DpN+/+; Dl−/+ flies; Fig. 1E) and suppressed
when an extra copy of Dl (DpN+/+;
DpDl+/+) is present (data not shown). The
phenotype of DpN+ flies is also observed
when high levels of Notch are expressed
ectopically using the Gal4 system (Fig. 1F),
confirming that this phenotype is directly
caused by an increase in the levels of Notch
expression. These genetic data therefore led
to the conclusion that it is the relative levels
of Dl and Notch gene products that
determines the efficiency of signalling (de la
Concha et al., 1988; de Celis and Garcia-
Bellido, 1994). One explanation for the
paradoxical results from N/Dl dosage
combinations is that, in addition to
interactions between Dl and Notch that result
in the activation of the receptor, there are
other interactions between these proteins that
suppress the activity of Notch. Here we have
explored whether the NAx gain-of-function
alleles of Notch identify a domain in the
Notch receptor that mediates antagonistic
interactions between Notch and its ligands.

Abruptex proteins fail to restrict
Notch activity to the dorsoventral
boundary
As a prelude to analysing the consequences
of manipulating the expression of Notch

ligands in NAx mutant backgrounds, we have characterised the
expression of several markers in NAx mutant discs. First we
examined the expression of ct and wg, which is restricted to
the dorsal and ventral cells forming the dorsoventral boundary
in wild-type wing discs, but expands into a broad territory in
some NAx mutants (Baker, 1988; Jack et al., 1991; Blochinger
et al., 1993; de Celis et al., 1996; Micchelli et al., 1997). To
determine whether there is a relationship between the severity
of the NAx phenotype and the extent of ct and wg expression,
we analysed several different NAx alleles and allelic
combinations. The weak viable alleles Ax28 and Ax16172 do not
modify ct and wg expression (data not shown). However,
several NAx allelic combinations gave rise to characteristic
patterns of ectopic ct and wg expression (Fig. 2A-D). For
example, a transheterozygous combination of the viable alleles
Ax28 and Ax16172 results in a subtle broadening of the domain
of ct expression, whereas either of the lethal alleles AxM1 and
Ax59d in hemizygosity causes a moderate extension of ct
expression into the dorsal compartment (Fig. 2A-C and data
not shown). The strongest phenotypes are observed in
transheterozygotes between the lethal allele AxM1 and the
viable allele Ax16172, where almost all cells in the wing blade
express the dorsoventral boundary markers (Fig. 2D). A similar

Fig. 1. Dose interactions between Dl and Notch. (A,B) Adult wing phenotypes of flies
heterozygous for DlM1 (Dl/+; A) and N55e11 (N/+; B). (C,D) Wing phenotype of flies
carrying one (DpN+/+; C) or two (DpN+/DpN+; D) extra copies of Notch
(Dp(1;2)w+51b7). Note the similarity in the vein pattern between Dl mutant wings and
wings with two extra copies of Notch. (E) Wing phenotype of the combination DpN+/+;
Dl/+ showing an increase in the vein thickening phenotype. (F) Wing phenotype of
ectopic expression of Notch in pupal wings using Gal4-1348 as a driver.
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ectopic expression of Notch in pupal wings using Gal4-1348 as a driver.

More paradoxical genetics: 
an extra copy of N looks like Dl heterozygote
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Phenotypes of Delta and Notch LOF mutants 
suggest they function in a common pathway

Also, Dl and N are two of the very small # of 
morphologically haploinsufficient genes in flies

Dosage experiments suggested
N and Dl might be a receptor/ligand pair:

N/+ = wing nicks

Dl/+ = wing deltas
N/+;Dl/+N/+; Dl/+ = wildtype wings



Cell aggregation studies of Notch+Delta
define domains of interaction:

Dl-DSL domain binds N-EGF repeats 11-12

N Dl

N

N
Dl

Dl Dl

mixing Dl+ and N+ cells gives clumping

Rebay and Artavanis-Tsakonas Cell 1991



How to distinguish the ligand from the receptor?

• analyze cell autonomy of signal activation

ligand
should act

cell non-autonomously

receptor
should act

cell autonomously

direction 
of signaling



Cell Autonomy experiments:
remember that N signaling represses neural fate

experiment: analyze whether mutant cells at clone borders
adopt neural or epithelial fate

Dl --> N --| neural fate
       epidermal fate

N-/- cells are always neural,
bordering WT cells always epidermal
N mutant cells act “autonomously”,

b/c cant be inhibited by 
neighboring WT

N-
N- N-

N-
mutant
cells

WT
cells

green: neural
gray: epidermal

clone 
boundary

Dl-/- cells at border
          are epidermal 

     (i.e. they retain ability to
     activate N signaling;

thus Dl acts non-autonomously) 

Dl- Dl-

WT
cells

mutant
cells

Dl-

Dl- Dl-

Dl-

Heitzler and Simpson Cell 1991



Notch processing and signal activation

signal-sending cell

signal-receiving cell



Evidence for “nuclear” Notch and its role in transcriptional regulation

• Engineered N[intra] acts as constitutive GOF and localizes to nucleus
• But, endogenous Notch never seen in the nucleus

endogenous N at 
plasma membrane

N[intra] in nucleus



N[intra] works at “subdetectable” levels
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with the membrane-bound fraction of all NDE proteins (Fig. 3a, b,
lanes 6–8, dark dots). The same is found for all the NICV1744

constructs (Fig. 3a, b; lanes 9–11). Significantly, CSLRBP3 preferen-
tially interacts with NICD in these cell extracts. Although only a
small fraction of NDE is processed, most of the protein precipitated with
CSLRBP3 corresponds to NICD (Fig. 3, inset). Similar enrichment of
NICD is seen with the NDE(V1744) mutants. The amounts of NICD
produced in cells expressing these proteins correlates with their
activity, as follows: NICV1744. NDE . NDEðV1744KÞ $ NDEðV1744LÞ . NLNG.

Although CSL proteins do not appear to localize with Notch
together in the cytoplasm in vivo24,25, transient interactions may be
occurring at the membrane. However, CSL preferentially binds
NICD in transfected cells (Fig. 3a, b, lanes 6–8), whereas in vitro-
translated NICV1744 and NDE interact with CSLRBP3 with comparable
affinity (not shown). Moreover, DNA-binding NIC/CSLRBP3 com-
plexes are found in nuclear extracts11. These results indicate that
processing of Notch-1 at V1744 is required to release an intracellular
fragment to the nucleus, where the fragment acts with CSL to
activate transcription. Inhibiting this step with mutations affects
their activity.

The NDE(V1744) mutants and NLNG do exhibit some activity.
Therefore NICD must act at very low nuclear concentrations. To
study this possibility, we first estimated how much protein is
produced from pCS2+ expression vectors by titrating pCS2+ b-
galactosidase DNA over a range of concentrations. b-Galactosidase
protein accumulates linearly as a function of pCS2+ DNA concen-
tration (Fig. 5a). From 0.2 to 2 ng ml-1 of DNA, we detect 0.2–2 pg
b-galactosidase protein per extract. These values are just above
detectable levels in this assay. The HES-1 promoter, however,
responds logarithmically, saturating at concentrations above

10 ng ml-1 pCS2+ NICV1744 DNA (Figs 4b and 5a). This implies
that by the time that detectable amounts of NICV1744 have accumu-
lated, the response to NICV1744 has already occurred and is at .50%
of saturation.

Next we estimated amounts of NICD required in single cells to
produce a response from a HES-1–b-galactosidase reporter. Acti-
vation of this reporter occurred at concentrations below our Notch-
1 detection level. Accumulation of NICV1744 protein was monitored
by antibody staining in transiently transfected cells over a range of
pCS2+ NICV1744 DNA concentrations. At the same time, HES-1
promoter activity was scored by staining for b-galactosidase
(Fig. 5). To increase the sensitivity of Notch-1 detection, the OPA/
PEST domains were replaced with six Myc tags13. Using the anti-
Myc antibody 9E10, NICV1744 can be detected at DNA concentrations
starting at 2 ng ml-1, indicating that detection by this antibody is
similar in sensitivity to the enzymatic assay used for b-galactosi-
dase. The number of cells expressing HES-1–b-galactosidase
increases as the pCS2+ NICV1744 DNA concentration increases
(Fig. 5b). However, NICV1744 at a concentration of 2 ng ml-1 is
detected in only 2% of the immunoreactive cells and no NICV1744

is found in the cells receiving less pCS2+ NICV1744 DNA (Fig. 5b, d). It
is only at higher Notch-1 DNA concentrations (20–100 ng; Fig. 5b,
e) that most HES-1–b-galactosidase positive cells express detectable
amounts of NICV1744 protein. Moreover, even at these higher DNA
concentrations, cells expressing only b-galactosidase are found in
numbers significantly higher than background (Fig. 5b). These cells
must also be expressing undetectable levels of Notch-1. These data
confirm that the activation threshold of the HES-1 promoter is at very
low nuclear concentrations of Notch-1 and may explain why nuclear
NICD has not been detected by antibodies in developing tissues.
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Figure 5 Notch-1 acts below threshold of detection. a, Production of b-

galactosidase (bGal) protein from the pCS2+ vector is linear. Production of

NICV1744 from pCS2+ induces a logarithmic response from the HES-1 promoter. b,

pCS2+ NICV1744 titrated in the presence of the HES-1–bGal reporter, monitored by

immunofluorescence. Total nunbers of stained cells (,20,000 scanned) are

shown above each bar. The threshold of HES-1 activation is lower than the

threshold of detection of Notch-1. The percentage of bGal-positive cells

decreases in cells expressing mutant NDE(V1744) or NLNG. c–e, High-magnification

view of NICV1744 transfected cells described in (b). Red, Notch-1; green, bGal; blue,

nuclei.

control
reporter

N reporter

N reporter
NICD

N reporter
NICD

green: activation of N reporter
red: staining for N[intra]
titration shows that reporter is turned on long before you can “see” N[intra]

Schroeter and Kopan
Nature 1998



GV= insertion of Gal4-VP16 into the N protein
N-GV constructs introduced into UAS-lacZ background

Visualizing nuclear access of N[intra] produced from full-length Notch

GV #3 insertion into intracellular domain results in lacZ activation,
 in a ligand-dependent fashion

C ell
650

the transcriptional activating domain of the viral VP16
protein (Sadowski et al., 1988). The U AS-lacZ gene con-
tains four copies of the UAS-binding site for G al4 and
is transcribed in response to G al4 as well as the G al4-
VP16 protein in Drosophila melanogaster (Fischer et al.,
1988; data not shown). We reasoned that expression of
the U AS-lacZ gene would provide a sensitive assay for
nuclear access of the inserted G al4-VP16 domain and
hence for events that lead to nuclear import of the Notch
intracellular domain.

The G al4-VP16 coding sequence was inserted at ei-
ther of two positions in the intracellular domain: just
carboxy-terminal to the transmembrane domain to gen-
erate the chimeric protein N1-GV3 and after the domain
containing the C D C10 repeats to generate the chimeric
protein N1-GV4 (Figure 1). Heat shock–induced expres-
sion of each of these proteins during embryogenesis
caused expression of the U AS-lacZ gene in the ventral
ectoderm and the developing central nervous system,
as well as in other tissues (Figures 2 and 6; data not
shown). C ells in each tissue appeared to respond in a
salt and pepper fashion similar to that caused by low
level expression of the G al4-VP16 protein alone (data
not shown). Our initial assays were performed using a
severe heat shock (378C for 1 hr, followed by a 2 hr
recovery), which generates levels of N1-GV protein that
are similar to that of endogenous Notch (data not
shown). However, mild heat shock (e.g., 338C for 60
min, followed by a 2 hr recovery) resulted in detectable
expression of the U AS-lacZ gene, even though the level
of N1-GV protein is severalfold lower than the level of
endogenous Notch (data not shown). We have examined
the subcellular localization of the G al4 DNA-binding do-
main inserted in both proteins, as well as in all of the
remaining G al4 derivatives shown in Figures 1 and 4, in
the embryonic ectoderm. In all cases, the G al4 DNA-
binding domain appears to be localized predominantly
at the cell periphery (data not shown), as is the case
for both extracellular and intracellular epitopes of the
endogenous Notch protein (F ehon et al., 1991).

We also assayed the ability of these chimeric proteins
to provide Notch transducing activity. Specifically, we
have asked whether their expression can suffice to res-

Figure 1. Summary of Experiments Assaying Nuclear Access and cue formation of the ventral epidermis in N2 embryos
Transducing Activity of Notch in which all cells of the ventral ectoderm would otherwise
The general structural features of Notch are diagrammed in the top develop as neuroblasts. To facilitate the analysis, we
panel with the E G F repeats, Lin12/Notch repeats (LNR), transmem- used arm2 N2 embryos: when Notch function is restoredbrane domain (TM), NLSs, C D C10 repeats, O PA repeats, and PEST

in such embryos, they secrete a ventral cuticle that dis-sequences indicated. The G al4-VP16 domain was inserted at four
plays the Armadillo segmentation phenotype allowingsites (arrows) and the resulting N1-GV proteins designated by the

insertion site (1–4; 0 5 no G al4-VP16 insertion; 1\2 5 an insertion them to be identified unambiguously (Lieber et al., 1993;
of G al4-VP16 in place of the domain normally positioned between Figure 5). For both the N1-GV3 and N1-GV4 proteins,
sites 1 and 2). The N E C N, NSev11, and NE G F derivatives of these proteins we observed rescue (data not shown).
are diagrammed in the panels underneath (details of these con- To test whether nuclear access of the inserted G al4-structs are given in Table 1; note that the NSev11 derivative is com-

VP16 domain depends on its being located within theposed of the extracellular and transmembrane domains of the Sev11
intracellular domain, we assayed the activities of theprotein [hatched and black, respectively] joined to the intracellular

domain of Notch). All of the derivatives shown were tested for nu-
clear access of the inserted G al4-VP16 domain by assaying their
ability to activate transcription of a U AS-lacZ target gene. In addi-
tion, all were tested for their ability to activate the Notch transduction ment in DlX43 hh10E embryo s. The assays use d (see E xperimental Pro-
pathway by assaying whether they could rescue epidermal develop- cedures) generally yielded qualitatively distinct results as illustrated
ment in NXK11 armYD35 embryos. Finally, selected derivatives were in Figures 2, 5, and 6, except for U AS-lacZ expression activated
tested for ligand-dependent nuclear access and Notch transducing by N1-GV3 protein in Dl2 embryos. In this case, rare U AS-lacZ–
activity by assaying their ability to activate U AS-lacZ expression in expressing cells were observed (Figure 2) and the result indicated
Dl2 versus hsp70-Dl Dl2 embryos and to rescue epidermal develop- as “(2)” rather than “2”.

Nuclear Access and Action of Notch In Vivo
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Figure 2. Ligand Dependence of Notch Nu-
clear Access

Embryos carrying the U AS-lacZ reporter
gene and expressing the wild-type, E C N,
Sev11, and E G F derivatives of N-GV3 and
N-GV4 protein (Figure 1) are shown stained
for b-gal protein expression. For the N-GV3
derivatives, only the wild-type and E C N forms
induce b-gal expression. Moreover, the wild-
type form does so in a ligand-dependent
fashion, as indicated by the relative absence
of b-gal expression in Dl2 embryos compared
to Dl1 embryos and to Dl2 embryos supple-
mented with ectopic Delta expressed under
heat shock control (the few cells that express
b-gal in Dl2 embryos may reflect a response
of the N1-GV3 protein to another ligand, pos-
sibly Ser). In contrast, the E C N form induces
similar amounts of b-gal expression in Dl2

embryos compared to Dl1 embryos, indicat-
ing that it does so in a ligand-independent
fashion. For the N-GV4 derivatives, all induce
b-gal expression even in the absence of li-
gand (N1-GV4 in Dl2 embryos) or when por-
tions of the extracellular domain normally re-
quired for ligand-dependent activation of
Notch are deleted (NSev11-GV4 and NE G F-GV4).
However, the ability of N1-GV4 protein to in-
duce b-gal expression retains some depen-
dence on ligand (compare b-gal expression
in Dl2 with Dl2 hsDl embryos). Here, as in Fig-
ure 6, all embryos are staged around the end
of germband shortening, with anterior to the
left; similar results were obtained in embryos
staged as early as the completion of germ-
band extension and as late as the completion
of dorsal closure.

chimeric proteins N1-GV1 and N1-GV2, which contain find that expression of the N-GV1\2 chimeric protein can
rescue the formation of ventral epidermis not only in N2G al4-VP16 insertions in either of two sites in the extra-

cellular domain, just before the LNR domain and just embryos but also in Dl2 embryos (Figure 1). Neverthe-
less, the N1-GV1\2 chimeric protein does not drive U AS-before the transmembrane domain (Figure 1). In contrast

to the results obtained with the N1-GV3 and N1-GV4 lacZ expression (Figure 1). We conclude that the G al4-
VP16 domain present in the N1-GV1\2 protein does notproteins, no U AS-lacZ expression was observed in em-

bryos expressing N1-GV1 or N1-GV2 protein (data not have access to the nucleus, even though the chimeric
receptor is constitutively active.shown). However, neither the N1-GV1 nor the N1-GV2

protein was able to restore epidermal development in Thus, G al4-VP16 insertions within the Notch intracel-
lular domain, both amino-terminal and carboxy-terminalarm2 N2 embryos (Figure 1), indicating that the chimeric

protein cannot function normally to transduce Notch to the C D C10 domain, appear to have access to the
nucleus in vivo, in contrast to G al4-VP16 insertions insignals. We therefore expressed another chimeric pro-

tein, N1-GV1\2, in which the G al4-VP16 coding se- the extracellular domain, which do not. In principle, this
access could be afforded by translocation of the entirequence was inserted in place of the LNR domain. As

previously shown, deletion of the LNR domain renders receptor from the membrane to the nucleus. Alterna-
tively, access may be afforded by one or more cleavageNotch constitutively active (Lieber et al., 1993), and we

Gary Struhl 
Cell 1998



Membrane localized Notch is cleaved--how?

we’ll focus on “S3” cleavage by “gamma secretase complex”

N[intra]
N[ICD]

S2: ADAM
metalloprotease

(Kuzbanian)

Notch Cleavage: Nicastrin Helps
Presenilin Make the Final Cut

Dispatch

Eric C. Lai

Presenilin is thought to be the proteolytic compo-
nent of γγ-secretase, responsible for the intramem-
branous cleavage of substrates that include the
activated Notch receptor. Recent studies have iden-
tified the novel protein Nicastrin as another essential
component of the Presenilin/γγ-secretase complex.

Notch is a transmembrane receptor that is the focal
member of a widely utilized, eponymous signal trans-
duction cascade; it mediates cell–cell interactions and
pattern formation in all metazoan organisms examined
to date. Nearly a decade ago, several groups inde-
pendently noticed that a constitutively active Notch
fragment consisting of its intracellular domain (NIC) is
nuclearly localized, a provocative observation that
suggested a function for this transmembrane protein
in the nucleus (reviewed in [1]). Although the evidence
for this hypothesis took some years to accumulate, it
is now generally accepted that activation of Notch at
the cell surface by ligand triggers proteolytic cleavage
and release of NIC , which then translocates to the
nucleus and functions as a transcriptional coactivator.
Now a new player has been identified: the novel
protein Nicastrin, which recent studies [2–4] show
plays an important part in the Presenilin-mediated
cleavage and release of NIC from the plasma
membrane.

Notch Cleavage: It’s As Easy As S1, S2, S3
Notch processing is unexpectedly complex and
includes multiple proteolytic events (Figure 1) referred
to as the S1, S2 and S3 cleavages (reviewed in [5]). S1
cleavage in the extracellular domain of Notch occurs
constitutively in the trans-Golgi network and is
mediated by a furin-like convertase; reassembly of the
fragments creates a heterodimeric Notch receptor at
the cell surface. This event has been most closely
characterized with respect to mammalian Notch, but
there is evidence that fly Notch is similarly processed.
S2 cleavage by a disintegrin/metalloprotease occurs
in response to ligand binding and releases the major-
ity of the extracellular domain. This cleavage is
believed to be mediated by TACE in vertebrates and
may be mediated by the related but distinct protein
Kuzbanian in Drosophila, although the precise role of
the latter protein is controversial at present.

The resulting membrane-anchored fragment,
referred to as Notch extracellular truncation (NEXT), is
subject to intramembranous S3 cleavage by γγ-secre-
tase, which finally releases NIC. The mechanism of this

particular cleavage has attracted considerable interest
for two reasons. First, it is the key event that regulates
nuclear translocation of NIC and its second life as a
transcriptional coactivator. Second, a processed
carboxy-terminal fragment of the ββ-amyloid precursor
protein (ββ-APP) is subject to a highly similar intramem-
branous cleavage, an event that underlies the forma-
tion of cytotoxic plaques found in patients afflicted
with Alzheimer’s disease. Understanding the
mechanism of γγ-secretase-mediated cleavage is thus
potentially of great medical relevance as well.

Presenilin and Nicastrin in S3 Cleavage
A wealth of studies using invertebrate and vertebrate
model systems demonstrated that Presenilin is a key
component of γγ-secretase which is biochemically
required for Notch S3 cleavage and genetically
essential for Notch signal transduction (reviewed in
[5]). Presenilin is an eight-transmembane domain,
putative aspartyl protease which is widely thought to
be the enzyme that cleaves γγ-secretase substrates.
Presenilin co-purifies with the γγ-secretase complex
and is labeled by transition-state analogue inhibitors
of γγ-secretase. However, direct demonstration of
Presenilin-mediated substrate cleavage in vitro has

Current Biology, Vol. 12, R200–R202, March 19, 2002, ©2002 Elsevier Science Ltd. All rights reserved. PII S0960-9822(02)00749-2
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Figure 1. Summary of Notch cleavage events.
S1 cleavage in the extracellular domain of Notch (red), catal-
ysed by a furin-like convertase, occurs constitutively in the
Golgi. The two halves are reassembled as an intramolecular
heterodimer present at the plasma membrane. Interaction with
ligand induces S2 cleavage by a disintegrin/metalloprotease
(TACE , and possibly Kuzbanian), generating the Notch extra-
cellular truncation (NEXT). NEXT is processed by the γγ-secre-
tase complex (oval), which includes Nicastrin (blue) and
Presenilin (green). Nicastrin is a single pass transmembrane
protein that might aid in the assembly or trafficking of the γγ-
secretase complex to the plasma membrane and/or help to
recruit substrates. Presenilin is an eight-transmembrane
domain, putative aspartyl protease thought to be the catalytic
component of γγ-secretase. The order and timing of γγ-secre-
tase/substrate assembly is not well defined, and they may exist
as a complex as Notch is trafficked to the cell surface (i.e., prior
to S2 cleavage). However, only the NEXT fragment, and not
heterodimeric Notch, is efficiently cleaved by γγ-secretase. S3
cleavage in the transmembrane domain releases NIC , which
subsequently translocates to the nucleus.

S3

S2S1

NEXT
NIC

Current Biology



Making the final cut: gamma-secretase complex
originally defined as an activity that cleaves APP;
 aberrant cleavage underlies accumulation of APP
 in neural plaques and tangles in Alzheimer's patients

pharmacological studies suggest gamma-secretase
 has an aspartyl protease activity

mutations in presenilin (PS) 1 or 2 are most common cause of
 autosomal dominant Alzheimers’ disease

** PS mutation in worms suppresses a GOF N receptor
** PS mutations in flies and mice phenocopy N



Identity of gamma-secretase protease was controversial

PS was an attractive candidate,
but not possible to show that PS cuts N or APP by in vitro reconstitution 

active site chemical inhibitors of gamma-secretase
 bind directly to presenilin

identification of PS active site allowed its 
 recognition as an atypical aspartyl protease

4 factors needed for functional gamma-secretase 
 Presenilin, Nicastrin, Aph-1, Pen-2



Genetic demonstration of the importance of N cleavage

• knock in point mutation of the S3 cleavage site:  what happens?

de Strooper and Kopan Nature 1999

N point mutant at cleavage site
(V1744G) almost phenocopies N null

letters to nature

968 NATURE | VOL 405 | 22 JUNE 2000 | www.nature.com

homozygous N1V→G/N1V→G embryos at E10.5, and carried out
reverse transcription using primers within exon F and exon G, to
distinguish between amplification of genomic DNA and comple-
mentary DNA generated from messenger RNA or heteronuclear
RNA (hnRNA) (Fig. 2a). Sequencing the amplified messenger RNA
product (Fig. 2a, asterisk) confirmed that embryos homozygous for
the Notch1 intracellular processing mutation produced mRNA
coding for glycine at position 1,744 (glycine, GGG, instead of
valine, GTG; Fig. 2b). If most of the embryonic mRNA lacks exon
F owing to aberrant splicing at the E/F junction, we would expect
little if any Notch1 protein to be translated owing to frameshifts.
To demonstrate that Notch1 protein is efficiently translated in
N1V→Glox/N1V→Glox embryos, equivalent amounts of total protein (as
determined by !-catenin immunodetection, Fig. 2d) were analysed
by western blot using an antibody raised against the CDC-NCR
region of Notch1 (Fig. 2c). Comparable amounts of mature Notch1
protein are present in both the processing-deficient embryos and
their heterozygous and wild-type littermates. Notch1 protein is
not detected in N1∆1 homozygous embryos, demonstrating the
specificity of this antibody to Notch1, as homozygous null embryos
do express Notch2 (ref. 4). Thus, we conclude that the targeted
Notch1 intracellular processing-deficient allele is both transcribed
and translated with similar efficiency to the wild-type allele.
Production of a processing-deficient Notch1 mutant protein even
at wild-type levels is therefore functionally analogous to a Notch1
protein null in regard to viability.
A comparison between homozygous N1V→Glox and N1∆1 null

embryos3 might identify developmental decisions either that are
independent of Notch1 processing or that can occur with inefficient
Notch1 processing. We compared the phenotypes of N1∆1and
N1V→Glox at E10.5 to determine whether embryos lacking Notch1
protein display developmental abnormalities not observed in the
processing-deficient embryos (Fig. 3a–c). Morphological compar-
ison revealed that N1∆1 null and N1V→Glox embryos are almost
indistinguishable. The development of Notch1 mutant embryos is
retarded as compared with their heterozygous and wild-type litter-
mates. N1V→Glox embryos at E9.5 form 19–23 somites compared
with 22–26 for their heterozygous and wild-type littermates. The
N1∆1embryos are even more delayed, forming only 14–18 somites
by E9.5. Another prominent phenotype is a distended pericardial
sac in both N1∆1 and N1V→Glox embryos, but both develop a beating
heart. Embryos of both genotypes form morphologically normal
forelimb buds, and otic and optic vesicles.
A new phenotype, which may contribute to embryonic lethality,

was described for Notch1 null embryos in the C57Bl6/J congenic
background (ref. 18; and T. Gridley, personal communication).
These embryos have severe defects in angiogenic vascular remodel-
ling in the yolk sac at E9.5 (ref. 18). A similar yolk-sac defect is
observed in embryos lacking all Presenilin activity11. In all N1V→Glox

embryos that we examined, the yolk sac displays similar defects to
those described for Notch1 null (N1in32)18 and the Presenilin double
mutant11 embryos (Fig. 3e).
We performed whole-mount in situ mRNA hybridization to

ascertain whether there are any other detectable phenotypic differ-
ences between N1V→Glox and N1∆1 embryos. The myotome and the
sclerotome lineages (as detected by myogenin, Fig. 4c and data not
shown; andUncx4.1, Fig. 4a, b, d–g) are formed in theN1V→Glox as in
the N1∆1 embryos3. Somitogenesis is not completely disrupted in
N1∆1, but rather the consistentmetameric repeated pattern is poorly
maintained. Uncx4.1, whose expression reflects this metameric
pattern in the caudal compartment of the sclerotome19, further
illustrates this point (Fig. 4a, b, d–g). Disruptions in size and
bilateral symmetry of the somites are observed inN1∆1 null embryos
(Fig. 4a, b). The anterior somite phenotype of theN1V→Glox embryos
shows similar disruptions in the metameric pattern (Fig. 4c), but at
lower penetrance than in the N1∆1. No irregularities in somite size
were detected in the posterior region of the 22 N1V→Glox embryos
that we analysed (Fig. 4e, f). Neural tube kinks are observed in the
N1∆1 embryos, extending posterior to the forelimb (Fig. 4a).
Whereas only 1 out of 23 wild-type embryos displayed similar
kinks in the anterior region, 14 out of 22 N1V→Glox embryos
displayed neural tube kinks anterior to the forelimb (Fig. 4c, g).
No neural tube defects are seen posterior to the forelimb (Fig. 4e, f).
Thus, in the anterior region of both mutant Notch1 alleles, the
phenotype is comparable albeit at lower penetrance.
Alteration in ligand expression is detected in N1∆1 embryos.

Delta1 is expressed in the presomitic mesoderm, the caudal half of
each somite, the forebrain and the neuroepithelium of the pre-
sumptive midbrain region, and in isolated cells in the neural tube20.
In E8.5 embryos, Delta1 expression in all Notch1 alleles is almost
indistinguishable from wild type (Fig. 5a–c); however, as shown
previously21, Delta1 expression is upregulated in the neural tube in
E8.5 N1∆1 embryos (Fig. 5c), although to a lesser extent than

Figure 3 Overall morphological phenotypes of the following genotypes: a, N1∆1=þ;
b, N1∆1=N1∆1 (Notch1 null); c,e, N1V→Glox=N1V→Glox ; d, N1V→Glox =þ. Extra-embryonic
tissue was used to genotype each embryo. Arrows point to the variable deficit in posterior
development (b and c) and the expanded pericardial sac at E10.5. N1V→Glox/N1V→Glox

embryos show a lack of vascular morphogenesis18 at E9.5 (e) compared with their
heterozygous litter mate (d).

Table 1 The number of homozygous N1V→Glox embryos at embryonic day 8.5
to birth

V→Glox/+ × V→Glox/
+

+/+ V→Glox/+ V→Glox/V→Glox

.............................................................................................................................................................................
E8.5 7 (28%) 13 (52%) 5 (20%)
Expected 6 (25%) 13 (50%) 6 (25%)

E9.5 40 (24%) 77 (46%) 50 (30%)
Expected 42 (25%) 83 (50%) 42 (25%)

10.5 22 (29%) 38 (50%) 16 (21%)
Expected 19 (25%) 38 (50%) 19 (25%)

E12.5 5 (36%) 5 (36%) 4 (28%)*
Expected 3.5 (25%) 7 (50%) 3.5 (25%)

At birth 37 (37%) 64 (63%) 0
Expected 25 (25%) 51 (50%) 25 (25%)
.............................................................................................................................................................................
The percentage of each genotype is shown with the expected numbers of each genotypic class
given in parentheses. E designates embryonic day.
* Absorbed embryos.
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Signaling by RIP (regulated intramembranous proteolysis) – considerations 

1. Not just Notch: APP (amyloid precursor protein), N-cadherin, and others do it.
2. Irreversible: the ligand binding domain is dissociated from the 
 intracellular signaling domain, hence each receptor can signal once
3. Signaling is direct; no second messengers necessary
4. Sometimes (eg Notch) requires "pulling force" to expose the cleavage site (mechanobiology)
5. Can release of extracellular domain could regulate ligands? (titration)

Notch Cleavage: Nicastrin Helps
Presenilin Make the Final Cut

Dispatch

Eric C. Lai

Presenilin is thought to be the proteolytic compo-
nent of γγ-secretase, responsible for the intramem-
branous cleavage of substrates that include the
activated Notch receptor. Recent studies have iden-
tified the novel protein Nicastrin as another essential
component of the Presenilin/γγ-secretase complex.

Notch is a transmembrane receptor that is the focal
member of a widely utilized, eponymous signal trans-
duction cascade; it mediates cell–cell interactions and
pattern formation in all metazoan organisms examined
to date. Nearly a decade ago, several groups inde-
pendently noticed that a constitutively active Notch
fragment consisting of its intracellular domain (NIC) is
nuclearly localized, a provocative observation that
suggested a function for this transmembrane protein
in the nucleus (reviewed in [1]). Although the evidence
for this hypothesis took some years to accumulate, it
is now generally accepted that activation of Notch at
the cell surface by ligand triggers proteolytic cleavage
and release of NIC , which then translocates to the
nucleus and functions as a transcriptional coactivator.
Now a new player has been identified: the novel
protein Nicastrin, which recent studies [2–4] show
plays an important part in the Presenilin-mediated
cleavage and release of NIC from the plasma
membrane.

Notch Cleavage: It’s As Easy As S1, S2, S3
Notch processing is unexpectedly complex and
includes multiple proteolytic events (Figure 1) referred
to as the S1, S2 and S3 cleavages (reviewed in [5]). S1
cleavage in the extracellular domain of Notch occurs
constitutively in the trans-Golgi network and is
mediated by a furin-like convertase; reassembly of the
fragments creates a heterodimeric Notch receptor at
the cell surface. This event has been most closely
characterized with respect to mammalian Notch, but
there is evidence that fly Notch is similarly processed.
S2 cleavage by a disintegrin/metalloprotease occurs
in response to ligand binding and releases the major-
ity of the extracellular domain. This cleavage is
believed to be mediated by TACE in vertebrates and
may be mediated by the related but distinct protein
Kuzbanian in Drosophila, although the precise role of
the latter protein is controversial at present.

The resulting membrane-anchored fragment,
referred to as Notch extracellular truncation (NEXT), is
subject to intramembranous S3 cleavage by γγ-secre-
tase, which finally releases NIC. The mechanism of this

particular cleavage has attracted considerable interest
for two reasons. First, it is the key event that regulates
nuclear translocation of NIC and its second life as a
transcriptional coactivator. Second, a processed
carboxy-terminal fragment of the ββ-amyloid precursor
protein (ββ-APP) is subject to a highly similar intramem-
branous cleavage, an event that underlies the forma-
tion of cytotoxic plaques found in patients afflicted
with Alzheimer’s disease. Understanding the
mechanism of γγ-secretase-mediated cleavage is thus
potentially of great medical relevance as well.

Presenilin and Nicastrin in S3 Cleavage
A wealth of studies using invertebrate and vertebrate
model systems demonstrated that Presenilin is a key
component of γγ-secretase which is biochemically
required for Notch S3 cleavage and genetically
essential for Notch signal transduction (reviewed in
[5]). Presenilin is an eight-transmembane domain,
putative aspartyl protease which is widely thought to
be the enzyme that cleaves γγ-secretase substrates.
Presenilin co-purifies with the γγ-secretase complex
and is labeled by transition-state analogue inhibitors
of γγ-secretase. However, direct demonstration of
Presenilin-mediated substrate cleavage in vitro has
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Figure 1. Summary of Notch cleavage events.
S1 cleavage in the extracellular domain of Notch (red), catal-
ysed by a furin-like convertase, occurs constitutively in the
Golgi. The two halves are reassembled as an intramolecular
heterodimer present at the plasma membrane. Interaction with
ligand induces S2 cleavage by a disintegrin/metalloprotease
(TACE , and possibly Kuzbanian), generating the Notch extra-
cellular truncation (NEXT). NEXT is processed by the γγ-secre-
tase complex (oval), which includes Nicastrin (blue) and
Presenilin (green). Nicastrin is a single pass transmembrane
protein that might aid in the assembly or trafficking of the γγ-
secretase complex to the plasma membrane and/or help to
recruit substrates. Presenilin is an eight-transmembrane
domain, putative aspartyl protease thought to be the catalytic
component of γγ-secretase. The order and timing of γγ-secre-
tase/substrate assembly is not well defined, and they may exist
as a complex as Notch is trafficked to the cell surface (i.e., prior
to S2 cleavage). However, only the NEXT fragment, and not
heterodimeric Notch, is efficiently cleaved by γγ-secretase. S3
cleavage in the transmembrane domain releases NIC , which
subsequently translocates to the nucleus.
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And now to the nucleus...
 ...linking N activation at cell surface 
    to nuclear transcriptional changes

transcriptional regulation by CSL transcription factors,
before and after N activation

CSL = CBF1 (mammalian), Suppressor of Hairless (fly), Lag-1 (worm)  



fly Su(H) and worm Lag-1 genetically required for N signaling
• Su(H) binds to N[intra]

• Su(H) binds to YGTGDGAA motifs located in N target gene enhancers

3448

the wing disc in response to expression of Nintra (Fig. 6I,J). As
with mα, we observe under these conditions a suppression of
m2’s stripe of transcript accumulation along the dorsoventral
boundary, normally one of the stronger components of its
expression (see Fig. 6F,G,J).

We find that transcript accumulation from the endogenous
m6 gene responds powerfully to expression of Nintra. Strong
induction is observed throughout the adepithelial cell
population (Fig. 6R), such that the normally restricted pattern
of m6 expression in the wing disc (Fig. 6O) now clearly
resembles that of a variety of general adepithelial cell
markers, including Twist (see Fig. 4K; Bate et al., 1991), Cut
(Blochlinger et al., 1993), and D-Mef2 (Cripps et al., 1998).
m6 is also ectopically expressed in a regular pattern of cells in
the developing retina, posterior to the morphogenetic furrow
(data not shown). Our results for imaginal tissue contrast with

those of Wurmbach et al. (1999), who failed to observe a
response of m6 expression, in the embryo, to activated N.

The capacity of all four Brd family genes in the E(spl)-C to
respond to an activated form of the N receptor is fully
consistent with the dependence of their normal expression
patterns on Su(H) function, and with the presence of multiple
binding sites for Su(H) in their upstream cis-regulatory DNA.
Collectively, these data indicate that all four genes are normally
regulated in imaginal tissue by N signaling activity, very likely
as direct targets of Su(H).

Overexpression of m2 and m6 modulates N pathway
activity
Since mis-expression or overexpression of five other members
of the Brd gene family (Brd, Bob, m4, mα and Tom) interferes
with N signaling-dependent events in imaginal development

E. C. Lai, R. Bodner and J. W. Posakony

Fig. 5. Binding sites for proneural proteins and for Su(H) in the proximal upstream regions of
E(spl)m2, E(spl)m6 and Ocho. (A) Predicted binding sites (bold) for proneural bHLH
activators. (B) Candidate Su(H) binding sites (bold or underlined). ‡Sites bound only weakly
or moderately by Su(H). §Possible sites (underlined) not bound significantly by Su(H).
(C,D) Labeled oligonucleotide probes containing predicted proneural protein or Su(H)
binding sites (A,B) were tested for binding in vitro by the corresponding purified proteins in
the electrophoretic mobility shift assay (EMSA). (C) As observed previously with other well-
characterized proneural protein binding sites (Van Doren et al., 1991), the m2 (−1086) site is
not bound detectably by GST-Ac alone (lane 1), is bound weakly by GST-Da alone (lane 2;
probably Da/Da homodimers), and is bound strongly by a combination of GST-Ac and GST-
Da (lane 3; probably Ac/Da heterodimers: note the increased mobility of this complex
relative to that observed with Da alone). The other three predicted binding sites (one each in
m2, m6 and Ocho) are also bound efficiently by Ac/Da protein complexes. (D) For Su(H),
either purified GST-Su(H) or purified 6xHis-Su(H) was used in the EMSA. Of 10 possible
Su(H) binding sites in m2 tested, eight are bound significantly in vitro (lanes 7-15, 21; see
summary in B); of five possible sites in m6, four are bound detectably (lanes 16-20); all five
predicted sites in Ocho are bound efficiently (lanes 22-26).

A
mα (-454') ACGGGGCAGGTGTTCCTTG
m2 (-1086') GCTGAGCAGCTGTTATTGC
m4 (-161') AAACGGCAGGTGTGTTTTT
m6 (-440') GAGTGGCAGCTGTTTGCAA
Consensus      GCAGSTGKK

m2 (-827) AGGGAACAGGTGCTATT
Ocho (-94') GGCAGGCAGGTGCAAGG

B
m2 (-1368) TGCAGTGTGGGAACCTGC
‡m2 (-1243') AACGGGATGGGAATCGGA
m2 (-1218) CGGAGCGTGTGAACCACA
m2 (-958') TCGAGTGTGGGAAAGGGC
m2 (-841') GCGAGCGTGGGACTAAGA
§m2 (-761') GATGC  GGTGGGAG GAGGA
m2 (-687) GGTACCGTGTGAATGTGA
m2 (-301) ACGTGCATGGGAAAAGTA
§m2 (-175') GCCGG  GGTGAGAG GTGAG
‡m2 (-145) CTGTGTGTGAGAGTGCAC

‡m6 (-1402) CAATCCGTGGGATGCTTA
m6 (-1311) CACATCATGGGAAAAACA
§m6 (-1287) AAGTT  AATGGGAG GAGAG
m6 (-430) CGAACCGTGGGATACTTT
m6 (-343) TTATCCATGGGAACCACA

Ocho (-710') CAGCCTGTGAGAATTTGT
Ocho (-481) CTGAACGTGAGAATTCTC
Ocho (-247') CTTGGCGTGGGAACAGCA
Ocho (-181') CGAAGCGTGGGAATCTCG
Ocho (-122) ACTAACGTGTGAAATTTC
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A discrepancy in activity:

• however, vertebrate ortholog (CBF) originally characterized as a 
transcriptional repressor in tissue culture

• fly Su(H) and worm Lag-1 required for Notch signaling
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Two homes for the receptor Notch
Some signaling cascades are truly cascades, and involve a
complicated sequence of proteins that pass a message from the
outside of the cell into the nucleus. At the opposite end of the
spectrum lies Notch signaling, which operates by a remarkably
direct mechanism. The route towards understanding how Notch
works, however, has not been so direct. 

For many different types of signal-activated cell-surface
receptors, removal of the extracellular domain creates a mutant
receptor that is permanently in the active mode. This is the case
for Notch: an artificial, truncated Notch protein consisting of
only its intracellular domain (Notchintra) has strong constitutive
activity in flies and worms (Lieber et al., 1993; Struhl et al.,
1993). Interestingly, these engineered Notchintra proteins
localized to the nuclei of transgenic animals, which indicated
that the transmembrane receptor Notch might have a nuclear

function. Consistent with this model, a direct protein-protein
interaction has been observed between Notchintra and the CSL
transcription factor (Fortini and Artavanis-Tsakonas, 1994).
However, a competing model based upon tissue culture data
proposed that the purpose of Notch-CSL binding was to hold
CSL in the cytoplasm until receptor activation, at which point
CSL would be released and travel to the nucleus (Fortini and
Artavanis-Tsakonas, 1994).

Both models were challenged by the locations of the natural
proteins in tissues engaged in Notch signaling: endogenous
nuclear Notch is essentially never seen, while CSL appears
constitutively nuclear. Eventually, the evidence came together
to support strongly the Notch nuclear translocation model. The
key findings were: (1) that Notch is proteolyzed in response to
its interaction with ligand, which releases a soluble
intracellular fragment (a natural Notchintra molecule; see Box
2) (Kopan et al., 1996; Schroeter et al., 1998; Struhl and
Adachi, 1998); (2) that Notchintra is a transcriptional co-
activator (Jarriault et al., 1995; Hsieh et al., 1996); and (3) that
exceedingly small, histochemically invisible, amounts of
Notchintra suffice to activate target genes (Schroeter et al.,
1998; Struhl and Adachi, 1998). The current ‘canonical’ view
of Notch signaling is that ligand-induced activation of Notch
triggers the cleavage and liberation of a small amount of
Notchintra, which then translocates to the nucleus and serves as
a CSL transcriptional co-activator (Fig. 1, but see Box 3 for
some examples of ‘non-canonical’ Notch signaling).

Notchintra flips a CSL transcriptional switch 
If CSL proteins reside in the nucleus, do they do anything when
Notch is at the cell surface? CSL function was initially
perplexing; vertebrate CSL proteins were first characterized as
transcriptional repressors (Dou et al., 1994), but genetic tests
in flies showed that CSL activated target genes during Notch
signaling (Bailey and Posakony, 1995; Lecourtois and
Schweisguth, 1995). How can the same protein be both a
repressor and an activator?

Insight into this puzzle came from a virus. The EBNA2
protein from Epstein-Barr Virus (EBV) is a transcriptional co-
activator that binds to and hijacks CSL in infected B cells.
Interestingly, EBNA2 converts CSL from a default repressor
into an activator of transcription (Hsieh and Hayward, 1995;
Waltzer et al., 1995). Notchintra was later found to use the same
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Fig. 1. Basic operation of the Notch pathway. The key players are a
Delta-type ligand, the receptor Notch and the CSL transcription
factor (see Table 1). Delta and Notch are transmembrane proteins
containing extracellular arrays of EGF repeats (depicted by
rectangles). Activation of Notch by its ligand triggers two proteolytic
cleavages of Notch (S2 and S3, see also Box 2). S3 cleavage releases
the Notch intracellular domain (Notchintra), which translocates to the
nucleus. Notchintra activates CSL. The CSL co-repressor complex is
displaced by a co-activator complex containing Notchintra (Co-A,
green icons), which mediates Notch target gene activation. In the
absence of nuclear Notchintra, CSL associates with a co-repressor
complex (Co-R, red icons), which actively represses the transcription
of Notch target genes. 

Table 1. Names of core components of Notch signaling
(ligand, receptor and transcription factor) in different

species
Core component C. elegans D. melanogaster Mammals
Ligand LAG-2 Delta Delta-like1 (DLL1)

APX-1 Serrate Delta-like2 (DLL2)
ARG-2 Delta-like3 (DLL3)
F16B12.2 Jagged 1 (JAG1)

Jagged 2 (JAG2)

Receptor (Notch) LIN-12 Notch Notch1
GLP-1 Notch2

Notch3
Notch4

Transcription factor LAG-1 Suppressor of CBF1/RBPJκ
(CSL) Hairless [Su(H)] RBPL



Dual activity of CSL TFs may explain N target specificity:
CSL proteins act as repressors AND as activators of transcription

(dynamic vs static genomic occupancy by CSL still remains to be clarified)
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triggers the cleavage and liberation of a small amount of
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a CSL transcriptional co-activator (Fig. 1, but see Box 3 for
some examples of ‘non-canonical’ Notch signaling).

Notchintra flips a CSL transcriptional switch 
If CSL proteins reside in the nucleus, do they do anything when
Notch is at the cell surface? CSL function was initially
perplexing; vertebrate CSL proteins were first characterized as
transcriptional repressors (Dou et al., 1994), but genetic tests
in flies showed that CSL activated target genes during Notch
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repressor and an activator?
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An example: N signaling activates single-minded (sim) 
• in mesectoderm, a single line of cells at mesodermal/ectodermal boundary
• sim is a direct N target; has a ton of Su(H) sites in its regulatory region

wt: single line of sim
N mutant: loss of sim

loss of Su(H) causes weakened but broadened activation of some N targets

pose a model in which uniform repression by Su(H) and
local derepression by Notch contribute to define a single
row of mesectodermal cells in the blastoderm embryo.

Results

Notch activity is required for sim expression
in the mesectoderm

Notch activity is required for the expression of sim in
gastrulating embryos (Martin-Bermudo et al. 1995). To
test whether Notch signaling is required for the initial
activation of the E promoter, the early expression of the
sim gene was studied by in situ hybridization. In wild-
type embryos, sim transcripts were first detected in a
single row of mesectodermal cells at mid-cellularization
(Fig. 2A). Expression of sim in these cells persisted dur-
ing gastrulation, as they formed the midline (Fig. 2B,C).
The role of Notch in activating sim transcription was
analyzed in Notch mutant embryos derived from germ-
line clones (GLCs), referred to as Notch mutant embryos
hereafter. At stages 5–6, low levels of sim transcripts
were detected in very few cells in the presumptive mes-
ectoderm (Fig. 2D,E). By stage 8, sim was expressed in a
few midline cells (Fig. 2F). These cells accumulated high
levels of sim transcripts, possibly because sim autoregu-
lation does not require Notch activity (see below). These
data show that Notch signaling is required to activate
sim expression in the mesectoderm at stage 5. High lev-
els of sim transcripts were seen at the posterior pole,
indicating that Notch activity is specifically required for
sim expression in the mesectoderm.

Expression of activated forms of Notch and Su(H)
led to the ectopic expression of sim
in the ventral neuroectoderm

We next studied the effect of ectopic activation of Notch

signaling on sim expression. Ubiquitous expression of a
constitutively activated form of Notch, Nintra, in a ma-
ternal-Gal4 [Mata4–GAL–VP16 (Hacker and Perrimon
1998)]/UAS–Nintra embryo led to the ectopic accumu-
lation of sim transcripts in two to three rows of cells in
the ventral neuroectoderm at stage 5 (Fig. 3A; see also F
and G). Ectopic expression of sim was not observed in
more dorsal neuroectodermal cells. Uniform expression
of Nintra did not result in sim expression in the meso-
derm. We conclude that the competence of the sim pro-
moter to respond to Notch activation is patterned along
the DV axis. For instance, a minimal concentration of
nuclear Dorsal might be required for Nintra to ectopi-
cally activate sim expression, whereas repression by
Snail in the mesoderm would prevent activation by Nin-
tra. Ectopic expression of sim in the neuroectoderm per-
sisted during gastrulation until stage 10 (Fig. 3B). At this
stage, expression of sim could either be due to the direct
effect of Nintra or to sim autoregulation. To distinguish
between these two hypotheses, accumulation of Nintra
was induced at different stages of development with a
hs-Nintra transgene. Conditional expression of Nintra at
stage 5 resulted in the ectopic expression of sim in the
ventral neuroectoderm (Fig. 3C). As described above for
UAS–Nintra, ectopic expression was not detected in the
mesoderm, and, in the neuroectoderm, was found to
gradually decrease dorsally. In contrast, heat-induced ex-
pression of Nintra at stages 6–10 did not alter sim ex-
pression (Fig. 3D). This result shows that the compe-
tence of the sim promoter to respond to Notch activation
is temporally restricted to the early phase of sim activa-
tion at stage 5. Thus, the ectopic expression seen in
Mata4–GAL–VP16/UAS–Nintra embryos at stages 8–10
(Fig. 3B) is likely to result from sim autoregulation.

Transcriptional activation by Nintra is thought to be
mediated by Su(H). To investigate whether Su(H) can
stimulate sim transcription, an activated form of Su(H),

Figure 2. Regulation of sim expression by Notch signaling. In situ hybridization of wild-type (A–C) and Notch mutant (D–F) embryos
showing the distribution of sim transcripts at stages 5 (A,D), 6 (B,E), and 8 (C,F). (A,B) Expression of sim was detected in a single row
of mesectodermal cells in wild-type embryos [ventrolateral (A) and ventral (B) views]. Accumulation of sim transcripts at the posterior
pole is out of focus. (C) Expression of sim in midline cells in a wild-type stage 8 embryo (ventral view). (D,E) In Notch mutant embryos,
the expression of sim was restricted to a few cells in the mesectoderm. High levels of sim transcripts were seen at the posterior pole
[ventrolateral (D) and ventral (E) views]. (F) The expression of sim was detected in very few midline cells in Notch mutant embryos
at stage 8 (ventral view). Two null mutant alleles of Notch, N55e11 (D–F) and N5419 (not shown), were used in this study and gave similar
results. In A–F anterior is to the left.

Transcriptional repression of the sim gene by Su(H)
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tides shown previously to be essential for target site rec-
ognition by Su(H) (Fig. 6, C, lane 4, and D, lanes 7–9; Tun
et al. 1994; Bailey and Posakony 1995). Thus, these re-
sults indicate that the sim regulatory sequences contain

at least 10 binding sites for Su(H). Eight of these sites are
clustered in a 500-bp region that was shown previously
to contain functional binding sites for Dorsal, Twist, and
Snail (Kasai et al. 1992, 1998; Wharton et al. 1994). More-

Figure 6. Identification of Su(H)-binding sites in the sim regulatory region. (A) Alignment of the predicted Su(H)-binding sites (Su1
to Su10) contained within a 2.8-kb upstream regulatory region of sim to the consensus Su(H)-binding site. The core consensus is shown
in black uppercase letters; the two residues flanking the core consensus are less conserved. Sites Su4, Su5, Su7, Su8, Su9, and Su10
perfectly match the core consensus. Sites Su1, Su2, Su3, and Su6 differ at one conserved position (as indicated in red). Putative site c
differs at a position shown previously to be essential for CBF-1/RBP-Jk binding (Tun et al. 1994). The sim regulatory sequence contains
no other sites differing by less than two conserved nucleotides. Two binding sites from the Enhancer of split m8 gene [E(spl)-m8] were
used as positive controls (Bailey and Posakony 1995; Lecourtois and Schweisguth 1995). For each putative site, the relative binding
affinity, as estimated from gel shift assays, is indicated on the right. (+++, ++, +, +/−) Very high, high, medium, and weak binding
affinity, respectively; (−) no detectable binding. Site c, which differs from the consensus at a strictly conserved position, did not bind
Su(H). (B) Schematic diagrams of the upstream regions of the sim genes from D. virilis and D. melanogaster (Kasai et al. 1998). The
position of the predicted Su(H)-binding sites is shown relative to the predicted Snail-, Twist-, and Dorsal-binding sites. The conserved
regions that include known binding sites are underlined. These correspond to regions 2a, 3, 5, 10, 14, 15, and 16 described in Kasai et
al. (1998). Four binding sites predicted to bind strongly Su(H) (Su9, Su8, Su7, and Su5) appeared to be clustered with predicted Snail-,
Twist-, and Dorsal-binding sites in both D. virilis and D. melanogaster. Nucleotide numbering refers to the translation initiation
codon. (C) Gel retardation analysis of Su(H) binding to putative sites from the sim regulatory region. Radiolabeled 17-mer oligonucleo-
tides centered around putative Su(H) binding sites were tested for their ability to form retarded complex with Su(H) in an EMSA. One
site perfectly matching the core consensus, Su7, as well as all the sites differing by one nucleotide to the core consensus (Su6, Su3, Su2,
Su1, and c) were analyzed. For each probe, free lysate was used as a negative control (lanes 1,3,5,7,9,11,13). In vitro translated Su(H)
proteins bound strongly to Su7 (lane 2). Weak binding was also observed with Su6, Su3, Su2, and Su1 (lanes 6,8,10,12, respectively).
No detectable binding was observed with putative site c (lane 14). Binding specificity was demonstrated with an oligonucleotide
containing two mutations in the Su7 site, Su7m (lane 4). These results are consistent with the binding specificity displayed by the
mouse homolog of Su(H) (Tun et al. 1994), as the Su7m and c sites are the only ones that contain nucleotides differing from the
consensus at strictly conserved position. (D) Determination of relative binding affinities by competition EMSA. Increasing amounts
(5×, 10×, and 20×) of nonlabeled oligonucleotides were tested for their ability to compete with the formation of radiolabeled Su7–Su(H)
complex (lanes 1–3). The m8a (lanes 10–12) and Su7 (lanes 4–6) oligonucleotides efficiently competed the binding of Su(H) to Su7. The
m8b (lanes 13–15), Su6 (lanes 16–18), Su3 (lanes 19–21), Su2 (lanes 22–24), and Su1 (lanes 25–27) oligonucleotides competed only
weakly. The Su7m (lanes 7–9) and c (lanes 28–30) oligonucleotides did not show significant competition activity. The plot underneath
the EMSA gel shows the quantitation of the radioactivity contained within retarded complexes as measured by PhosphorImager
analysis. The radioactivity measured in the absence of specific competitor was chosen as the 100% reference (lane 3).
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Su(H) site

• Su(H) mutants: sim expression is patchy, 
          and ectopic staining seen (>single line)

sim transcription in the mesectoderm is mediated by
Notch via Su(H).

Because Su(H) acts as a Notch-independent repressor,
and because transcriptional activation by Notch requires
the Su(H) binding sites, we conclude that activation of
the Notch receptor in mesectodermal cells relieves the
repression otherwise exerted by Su(H).

Discussion

This study demonstrates that Su(H) acts as a direct tran-
scriptional repressor of the sim gene in blastoderm em-
bryos, and that Notch signaling relieves this repression
in cells directly juxtaposed to the mesoderm. This mo-
lecular switch is essential for precisely translating the
DV gradient of nuclear localization of Dorsal into a
single row of sim-expressing cells.

The sim gene is a direct transcriptional target
of Notch signaling

Previous studies have established two phases in the tran-
scriptional regulation of the sim gene in the mesecto-
derm. In the early activation phase, sim transcription is
positively regulated by the transcription factors Dorsal
and Twist, and repressed by Snail in the mesoderm. In
the later phase, Sim regulates its own transcription in a

positive feedback loop (Kasai et al. 1992; Wharton et al.
1994). Our results show that Notch acts as a positive
regulator of sim transcription during the initial activa-
tion phase: The activity of Notch is required for the tran-
scriptional activation of sim; whereas expression of Nin-
tra results in the ectopic expression of sim. Using a heat-
inducible promoter, however, we have shown that
Nintra is able to activate sim expression only during the
initial phase of sim regulation. This effect of Nintra is
restricted to cells devoid of Snail but with a minimal
amount of Dorsal and/or Twist, that is, cells of the ven-
tral neuroectoderm. Thus, the initial activation of sim
transcription appears to be under the combinatorial con-
trol of a signaling input from the Notch receptor and of
selector proteins Dorsal, Twist, and Snail. This regula-
tory mechanism might ensure that the sim gene is re-
sponsive to Notch signaling in only a few cells and at a
defined developmental stage.

Regulation of sim expression by Notch signaling is
likely to be directly mediated by Su(H): (1) Ten Su(H)-
binding sites were identified in a 2.8-kb DNA fragment
containing the upstream regulatory sequences of the sim
gene; (2) these binding sites are required for a high level
of sim expression in mesectodermal cells; (3) these sites
mediate the regulatory effects of Nintra; (4) finally, loss
of Notch activity has no effect on a sim promoter carry-
ing mutated Su(H)-binding sites. We propose that Su(H)

Figure 8. Su(H) acts via the Su(H)-binding sites to repress sim transcription. Lateral views of wild-type embryos (A,A8,B,B8) and
ventrolateral views of Su(H)del47 P[l(2)35Bg+] mutant embryos (C,C8,D,D8) and Mata4–GAL–VP16/UAS–Su(H)–VP16 embryos
(E,E8,F,F8) showing the expression pattern of sim–lacZ (A,A8,C,C8,E,E8) and simmut–lacZ (B,B8,D,D8,F,F8) transgenes at stage 6. All
embryos have only one copy of the same transgene. A reduced level of staining was observed in embryos carrying one copy of the
sim–lacZ or simmut–lacZ transgenes (A–B8) compared with embryos homozygous for the same transgenes (Fig. 7A–B8). For both
sim–lacZ (C,C8) and simmut–lacZ (D,D8), low levels of lacZ expression were detected in two to three cell rows in Su(H) mutant
embryos. Expression of Su(H)–VP16 resulted in the ectopic expression of sim–lacZ in the neuroectoderm (E,E8). In contrast, expression
of simmut–lacZ did not appear to be significantly up-regulated by Su(H)–VP16 (cf. F,F8 with B,B8).
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sim transcription in the mesectoderm is mediated by
Notch via Su(H).

Because Su(H) acts as a Notch-independent repressor,
and because transcriptional activation by Notch requires
the Su(H) binding sites, we conclude that activation of
the Notch receptor in mesectodermal cells relieves the
repression otherwise exerted by Su(H).

Discussion

This study demonstrates that Su(H) acts as a direct tran-
scriptional repressor of the sim gene in blastoderm em-
bryos, and that Notch signaling relieves this repression
in cells directly juxtaposed to the mesoderm. This mo-
lecular switch is essential for precisely translating the
DV gradient of nuclear localization of Dorsal into a
single row of sim-expressing cells.

The sim gene is a direct transcriptional target
of Notch signaling

Previous studies have established two phases in the tran-
scriptional regulation of the sim gene in the mesecto-
derm. In the early activation phase, sim transcription is
positively regulated by the transcription factors Dorsal
and Twist, and repressed by Snail in the mesoderm. In
the later phase, Sim regulates its own transcription in a

positive feedback loop (Kasai et al. 1992; Wharton et al.
1994). Our results show that Notch acts as a positive
regulator of sim transcription during the initial activa-
tion phase: The activity of Notch is required for the tran-
scriptional activation of sim; whereas expression of Nin-
tra results in the ectopic expression of sim. Using a heat-
inducible promoter, however, we have shown that
Nintra is able to activate sim expression only during the
initial phase of sim regulation. This effect of Nintra is
restricted to cells devoid of Snail but with a minimal
amount of Dorsal and/or Twist, that is, cells of the ven-
tral neuroectoderm. Thus, the initial activation of sim
transcription appears to be under the combinatorial con-
trol of a signaling input from the Notch receptor and of
selector proteins Dorsal, Twist, and Snail. This regula-
tory mechanism might ensure that the sim gene is re-
sponsive to Notch signaling in only a few cells and at a
defined developmental stage.

Regulation of sim expression by Notch signaling is
likely to be directly mediated by Su(H): (1) Ten Su(H)-
binding sites were identified in a 2.8-kb DNA fragment
containing the upstream regulatory sequences of the sim
gene; (2) these binding sites are required for a high level
of sim expression in mesectodermal cells; (3) these sites
mediate the regulatory effects of Nintra; (4) finally, loss
of Notch activity has no effect on a sim promoter carry-
ing mutated Su(H)-binding sites. We propose that Su(H)

Figure 8. Su(H) acts via the Su(H)-binding sites to repress sim transcription. Lateral views of wild-type embryos (A,A8,B,B8) and
ventrolateral views of Su(H)del47 P[l(2)35Bg+] mutant embryos (C,C8,D,D8) and Mata4–GAL–VP16/UAS–Su(H)–VP16 embryos
(E,E8,F,F8) showing the expression pattern of sim–lacZ (A,A8,C,C8,E,E8) and simmut–lacZ (B,B8,D,D8,F,F8) transgenes at stage 6. All
embryos have only one copy of the same transgene. A reduced level of staining was observed in embryos carrying one copy of the
sim–lacZ or simmut–lacZ transgenes (A–B8) compared with embryos homozygous for the same transgenes (Fig. 7A–B8). For both
sim–lacZ (C,C8) and simmut–lacZ (D,D8), low levels of lacZ expression were detected in two to three cell rows in Su(H) mutant
embryos. Expression of Su(H)–VP16 resulted in the ectopic expression of sim–lacZ in the neuroectoderm (E,E8). In contrast, expression
of simmut–lacZ did not appear to be significantly up-regulated by Su(H)–VP16 (cf. F,F8 with B,B8).
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• Su(H)VP16: sim in several 2-3 rows of cells

Morel and Schweisguth
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Dual activity of CSL solves a genetic puzzle

loss of Su(H) is not as “bad” as loss of N

- evidence for Su(H)-independent N signaling?

- or, reflects that Su(H) mutants get rid of both 
 Su(H)-mediated repression and activation
 whereas, N mutants get rid only of activation

- N target genes are actively repressed in the absence of signaling,
 • what is this good for?



Summary of key points in N signaling

1. Delta (ligand) requires ubiquitination/endocytosis
 to be active for signaling (generates "pulling force")

2. Activated Delta physically interacts with Notch

3. Activated N is cleaved to release N[intra], 
   which goes to the nucleus

4. N[intra] converts CSL from a repressor into
 an activator of target gene expression

extras/ongoing: 
• Notch is a mechanoreceptor
• dynamics of CSL-chromatin interactions?
• Notch trafficking?
• CSL/N genomics? 

ligand endocytosis-
"pulling force"



3. What does N signaling tell a cell?

1945



it is difficult to name a tissue or developmental process
that N signaling does NOT regulate...

these diverse N-regulated processes can be broadly grouped
into two general categories: inhibitory and inductive

Spyros Artavanis-Tsakonas: "There are two kinds of scientists:
those that study Notch and those that don't yet know they are studying Notch"
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wing development. Notch signaling between the dorsal and
ventral compartments of the future wing specifies the wing
margin, a line of cells that organizes the outgrowth of the wing.
A loss of Notch signaling eliminates the wing margin and wing
tissue (visible as the eponymous wing ‘notching’), while
ectopic Notch signaling results in extra wing tissue (Fig. 3C-
E). In this setting, a key output of Notch activation is to directly
turn on vestigial in the presumptive wing margin (Kim et al.,
1996). Vestigial is a transcriptional co-activator that is essential
for wing development, and ectopic Vestigial will direct the
formation of wing-like outgrowths in inappropriate locations.

Notch signaling also works at boundaries during vertebrate
somitogenesis. The segmented vertebrate body plan is founded
upon regularly spaced blocks of mesoderm known as somites.
Somites split off progressively from the presomitic mesoderm,
a process driven by periodic oscillations in gene expression that
are called the segmentation ‘clock’. Notch signaling appears to
be central to the segmentation clock, as the expression of many
Notch pathway components oscillates within the presomitic
mesoderm, and mutation of members of the Notch pathway
causes defects in clock oscillation and segmentation (Fig. 3F,G)
(Conlon et al., 1995; Palmeirim et al., 1997) (reviewed by
Bessho and Kageyama, 2003). Oscillating gene expression
involves an auto-repressive activity of the Notch-activated
bHLH repressors Hes1 and Hes7, which turn their own
expression off. As these repressor proteins are short lived, their
rapid degradation permits a new cycle of Hes1/7 transcription
to begin (reviewed by Bessho and Kageyama, 2003). 

It remains to be fully understood, though, how the
segmentation clock physically leads to somitogenesis, and
whether or not Notch/CSL or Hes proteins directly regulate
any genes that mediate somite partitioning. More generally,
there are many ‘inductive’ Notch-regulated developmental
processes, in which Notch signaling promotes rather than
represses a cell type or behavior, for which the relevant target
genes remain to be identified. For example, it is not well
understood how Notch promotes germline proliferation in C.
elegans (Berry et al., 1997) (Fig. 3H,I) or specifies cell fates
such as mammalian astrocytes, fly glia and early worm
blastomeres (Table 2). Although bHLH repressors are
expressed in some ‘Notch-inductive’ settings, most of the well-
characterized examples also involve the direct activation of
genes that encode positively acting transcriptional regulators
or proteins specific to terminally differentiated cells. Whether
this is generally true or not will be revealed by a more detailed

understanding of genes directly regulated by Notchintra/CSL
during normal development.

Giving direction to Notch signaling
As we have now seen, the major biological role of Notch
signaling is to control the developmental fates of cells and to
make cells different from one another. Therefore, cells become
distinguished from one another according to whether they

Development 131 (5)

Table 2. A non-exhaustive list of developmental processes that are regulated by Notch signaling in different species
C. elegans D. melanogaster Vertebrates
Regulation of early blastomere specification Inhibition of neurogenesis Inhibition of neurogenesis
Regulation of AC/VU decision Regulation of gliogenesis, neural lineage fates Regulation of fate choices in the inner ear
Regulation of vulval precursor fates Inhibition of wing venation Inhibition of non-neural ectodermal derivates
Induction of left-right asymmetry Inhibition of myogenesis, cardiogenesis (Xenopus ciliated cells, chick feather buds)
Induction of germline proliferation Inhibition of midgut precursors Inhibition of myogenesis, cardiogenesis

Induction of mesectoderm Induction of left-right asymmetry
Induction of wing margin Regulation of limb bud development
Induction of leg segments Regulation of somitogenesis
Induction of dorsoventral eye polarity Regulation of lymphopoiesis
Induction of cone cells in the eye Regulation of vascular development
Regulation of hematopoiesis Regulation of kidney development

This is only a sampling of the spectrum of Notch functions; new examples continue to be discovered.

Box 3. ‘Non-canonical’ Notch signaling

In the vast majority of developmental settings, Notch signaling
involves the activation of the receptor Notch by a Delta-type
ligand, which leads to changes in gene expression via the CSL
transcription factor. However, every rule has its exception, and
Notch signaling does not always operate as this canonical trio.

Other ligands? 

Although Delta proteins are the major in vivo ligands for Notch,
other proteins have been suggested to act as Notch ligands.
Convincing evidence indicates that F3/contactin, a member of
the immunoglobulin superfamily, is also a Notch ligand. Like
Delta-type ligands, F3 binds Notch directly and induces Notch
cleavage, nuclear translocation and a specific target gene
response (Hu et al., 2003). Notch signaling via F3 specifically
promotes oligodendrocyte maturation and myelination in the
vertebrate central nervous system. 

Do Notch and CSL have other signaling partners?

The existence of CSL-independent Notch signaling is
controversial, but genetic and physical interactions between
members of the Notch and Wingless signaling pathways have
suggested an alternate path for Notch signal transduction via
components of the Wingless pathway (Axelrod et al., 1996;
Ramain et al., 2001). The converse situation of Notch-
independent gene activation by CSL occurs during EBV
infection (and CSL co-option by EBNA2) (Henkel et al., 1994).
In addition, Notch-independent CSL auto-activation occurs in
socket cells of Drosophila peripheral sense organs, where it is
required for socket cell physiology (Barolo et al., 2000).

Non-nuclear mechanisms?

Notch is present on growth cones and can regulate axon
guidance. It has been proposed that Notch may directly regulate
the actin cytoskeleton via components of protein complex that
includes the tyrosine kinase Abl (Giniger, 1998).
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domains where Notch transcripts accumulate at higher levels
are still present (Fig. 4A), suggesting that the modulation of
Notch expression in the wing pouch is independent of the
establishment of the veins per se. However expression of
E(spl)mβ is severely reduced in the wing pouch of ve vn discs
(Fig. 4C), demonstrating that Notch is not activated in
vein/intervein boundaries. The lack of Dl and E(spl) expression
associated with the developing veins in ve vn discs is compat-
ible with the observation that clones of Notch (de Celis and

Garcia-Bellido, 1994), or clones of Dl or E(spl) (Fig. 1I,J),
cannot rescue vein differentiation in ve vn mutant wings. In 24
hAPF ve vn pupal wings, the expression of Dl and E(spl)mβ is
also absent in the wing blade (Fig. 4F and data not shown).
Furthermore, there is no accumulation of Notch mRNA in
vein/intervein boundaries (Fig. 4E), indicating that this
depends on an independent mechanism from that used to
establish the initial intervein expression in the disc. We
observed a similar failure to accumulate Notch in vein/intervein

J. F. de Celis, S. Bray and A. Garcia-Bellido

A B C D

E F G H

I J K L
Fig. 6. Effects of modified Notch function on ve expression and vein differentiation. (A) Expression of ve in wild-type third instar disc.
(B) Expression of GAL4-sal in a central domain of the disc that includes the veins LIII and LIV revealed in discs GAL4-sal/UAS-IMP. No
further expression is detected 4-6 hAPF (data not shown). C) Ectopic expression of E(spl)mβ in the central domain of GAL4-sal/UAS-E(spl)mβ
discs eliminates ve expression from this territory. (D) Elimination of ve expression associated with the longitudinal veins and wing margin in
Ax59d third instar disc. Only expression of ve associated with the dorsal radius sensillum remains. (E) Wild-type expression of ve in pupal
wings. (F) Expression of the line GAL4-179 detected in GAL4-179/UAS-IMP pupal wing 24-28 hAPF is generalised but occurs at higher levels
in the veins. This line is also expressed in most of the wing blade of the wing disc (not shown). (G-H) Residual expression of ve in GAL4-
179/UAS-E(spl)mβ pupal wings (G), and expansion of ve expression in fand pupal wings (H). (I-K) Venation patterns in a wild-type wing (I)
compared to a GAL4-179/UAS-E(spl)mβ wing, where most veins are absent (J), and a GAL4-sal/UAS-E(spl)mβ wing (K), where only LIV is
truncated. (L) The presence of ectopic ve rescues the characteristic vein loss typical of ectopic E(spl)mβ, and results in thicker veins in GAL4-
sal/UAS-E(spl)mβ; UAS-ve/+ wings.

Table 1. Vein thickness in wild-type and mosaic wings
LIId* LIIv† LIIId* LIIIv† LVd* LVv†

Wild type 1±0 (10) 2.7±0.5 3.1±0.3 1.3±0.3 3±0 2±0.2
l(1)N3 3.3±1.1 (3) 6.6±0.8 (9) 10±1.2 (5) 6.6±1.4 (8) 10±1.5 (3) 7±0.6 (5)

2.6±0.6 3±0.9 4.2±0.5 4.5±0.5 5±1.2 5±2
N55e11 6±0 (3) 9.1±1.1 (9) 11.4±1.5 (5) 8.5±1.8 (6) 11.8±1.9 (8) 8.2±0.7 (6)

6.5±0.7 5±0.8 7±1.4 7.8±0.9 6.8±1.1 7.3±1.2
DlM2 5.8±0.7 (6) 9.4±0.9 (5) 9±1.4 (4) 9±1 (3) 9.7±0.9 (4) 9±1.4 (5)

6.8±0.7 5.5±1 7±1 8±1.5 7.2±1.2 8±0.7
Su(H)AR9 2 (2) 5.5±0.5 (6) 8±1 (7) 5.3±1.5 (3) 6.2±0.9 (4) 5.6±0.5 (3)

3±0.7 2.2±0.4 2.7±0.5 4±0 3±0 4±1
E(spl)b32.2 1.7±0.5 (4) 4.7±0.5 (6) 9.1±0.9 (7) 6±1.1 (4) 7.3±1.5 (3) 4.7±0.6 (3)

3±0 1.2±0.4 2.7±0.5 3.2±0.5 3.3±0.3 3±0

*LIId, LIIId, LVd: Dorsal veins LII, LIII and LV, respectively.
†LIIv, LIIIv, LVv: Ventral veins LII, LIII and LV, respectively.
Upper number: mean number of vein cells in the surface where the clone is present; lower number: mean number of vein cells in the opposite wing surface.
Number of veins (wild type) and clones per vein and surface (mutants) analysed are in parentheses.

wt

gain N

loss N

Important N target genes for inhibitory signaling include bHLH repressor genes 

example: Dl --> N/CSL --> E(spl)bHLH --| proneural bHLH repressor



Inductive N signaling: making new cell types and tissues

Important N targets for inductive signaling include 
  transcriptional activators and signaling molecules
 
example: Dl > N/CSL > vestigial (nuclear factor, wing development)



Inductive N signaling often at borders b/w distinct cell populations

wing margin develops between
dorsal and ventral compartments of wing disc

D     V



in stem cells,
N maintains the

undifferentiated state

pleiotropic effects of Notch signaling mean that
aberrant Notch signaling in self-renewing tissues is dangerous

N controls
cell fate

determination

in transit-amplifying cells,
(eg skin) N induces 

terminal differentiation

both gain and loss
of N signaling can

induce tumorigenesis

• in different settings, Notch can also suppress proliferation 
 OR induce proliferation OR induce apoptosis...context is everything
• what are implications for doing experiments only in cultured cells?



loss of N signaling
can be tumorigenic

N -/- clones induce epithelial tumors

gain of N signaling can be 
pro-growth and/or tumorigenic
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Notch1 functions as a tumor suppressor in mouse skin

Michael Nicolas1,2, Anita Wolfer1, Kenneth Raj2, J. Alain Kummer3, Pleasantine Mill4, Mascha van Noort5,
Chi-chung Hui4, Hans Clevers5, G. Paolo Dotto6 & Freddy Radtke1
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Biology, The Hospital for Sick Children and Department of Molecular and Medical Genetics, University of Toronto, Toronto, Canada. 5Department of
Immunology, Erasmus University Rotterdam/University 3000 DR Rotterdam and Departments of Immunology and Cell Biology, University Medical Center
Utrecht, Heidelberglaan 100, 3584 CX Utrecht, Netherlands. 6Cutaneous Biology Research Center, Massachusetts General Hospital and Harvard Medical
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Notch proteins are important in binary cell-fate decisions and
inhibiting differentiation in many developmental systems1,
and aberrant Notch signaling is associated with tumorigene-
sis2–5. The role of Notch signaling in mammalian skin is less
well characterized and is mainly based on in vitro studies,
which suggest that Notch signaling induces differentiation in
mammalian skin6,7. Conventional gene targeting is not applic-
able to establishing the role of Notch receptors or ligands in
the skin because Notch1–/– embryos die during gestation8–12.
Therefore, we used a tissue-specific inducible gene-targeting
approach to study the physiological role of the Notch1 recep-
tor in the mouse epidermis and the corneal epithelium of
adult mice. Unexpectedly, ablation of Notch1 results in epi-
dermal and corneal hyperplasia followed by the development
of skin tumors and facilitated chemical-induced skin carcino-

genesis. Notch1 deficiency in skin and in primary ker-
atinocytes results in increased and sustained expression of
Gli2, causing the development of basal-cell carcinoma–like
tumors. Furthermore, Notch1 inactivation in the epidermis
results in derepressed β-catenin signaling in cells that should
normally undergo differentiation. Enhanced β-catenin signal-
ing can be reversed by re-introduction of a dominant active
form of the Notch1 receptor. This leads to a reduction in the
signaling-competent pool of β-catenin, indicating that Notch1
can inhibit β-catenin-mediated signaling. Our results indicate
that Notch1 functions as a tumor-suppressor gene in mam-
malian skin.
Loss-of-function studies of Notch1 during skin homeostasis are
hampered as conventional gene-targeting results in early embry-
onic lethality8,9. Using cre–loxP technology, we inactivated
Notch1 specifically in mouse skin epidermis by treating 8-day-old
Notch1lox/lox K5–cre–ERT (induced Notch1–/–) mice and
Notch1lox/lox littermates (controls) with tamoxifen for five con-
secutive days7. Using this protocol, we have previously shown
that inactivation of Notch1 in young mice induces hyperprolifer-
ation of the basal epidermal layer and deregulated expression of
multiple differentiation markers. This suggests a role for Notch1
signaling in preventing proliferation and inducing early differen-
tiation events in the epidermis7.

To investigate the consequences of long-term Notch1 defi-
ciency, we analyzed epidermal skin in older induced Notch1–/–

mice. All of these mice 3 months or older developed an opaque
plaque on the eye surface causing blindness (Fig. 1). With advanc-
ing age the size of such plaques increased, and they became vascu-
larized (Fig. 1d). Histological examination showed extensive
hyperplasia and keratinization of the corneal epithelium (Fig.
1e,f). The corneal epithelium in littermate controls did not stain
with Ki67 (Fig. 1g), whereas induced Notch1–/– mice showed
intense Ki67 staining, indicating proliferation (Fig. 1h). Deletion
efficiency of Notch1 in the cornea was verified by PCR (data not
shown). Further to the hyperproliferative cornea, induced

Published online 18 February 2003; doi:10.1038/ng1099

Fig. 1 Hyperplasia of the corneal epithelium induced by inactivation of Notch1
in adult mice. a–d, An opaque plaque was present on the surface of the eye of
induced Notch1–/– mice (b,d) but absent in age-matched littermate controls
(a,c). These plaques are highly vascularized. Blood vessels are indicated by
arrows. e, Histological analysis showed that the normal cornea consists of a
thin layer of non-keratinized, stratified squamous epithelium with no sign of
proliferation (g, Ki67 negative). f, In contrast, a strong hyperplasia with abun-
dant keratinization was seen in the induced Notch1–/– mice. h, The prolifera-
tive nature of this lesion is shown by Ki67 staining. Scale bars: e–h, 100 µm.
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aberrant Notch signaling in self-renewing tissues is dangerous



Recurrent GOF mutations in Notch in various cancers  

Activating Mutations of
NOTCH1 in Human T Cell Acute

Lymphoblastic Leukemia
Andrew P. Weng,1*. Adolfo A. Ferrando,2* Woojoong Lee,1

John P. Morris IV,2 Lewis B. Silverman,2 Cheryll Sanchez-Irizarry,1

Stephen C. Blacklow,1 A. Thomas Look,2 Jon C. Aster1-

Very rare cases of human T cell acute lymphoblastic leukemia (T-ALL) harbor
chromosomal translocations that involve NOTCH1, a gene encoding a trans-
membrane receptor that regulates normal T cell development. Here, we report
that more than 50% of human T-ALLs, including tumors from all major mo-
lecular oncogenic subtypes, have activating mutations that involve the ex-
tracellular heterodimerization domain and/or the C-terminal PEST domain of
NOTCH1. These findings greatly expand the role of activated NOTCH1 in the
molecular pathogenesis of human T-ALL and provide a strong rationale for
targeted therapies that interfere with NOTCH signaling.

T-ALL is an aggressive cancer that prefer-
entially affects children and adolescents. It is
commonly associated with acquired chromo-
sosomal translocations and other genetic or
epigenetic abnormalities, which lead to aber-
rant expression of a select group of tran-
scription factors (1). NOTCH1 was discovered
as a partner gene in a (7;9) chromosomal
translocation found in G1% of T-ALLs (2). It
encodes a transmembrane receptor that is
required for the commitment of pluripotent
progenitors to T cell fate (3) and the sub-

sequent assembly of pre–T cell receptor com-
plexes in immature thymocytes (4).

Cleavage of pro-NOTCH1 by a furinlike
protease during transit to the cell surface (5)
produces a NOTCH1 heterodimer comprised
of noncovalently associated extracellular
(NEC) and transmembrane (NTM) subunits
(6). The heterodimerization domain (HD) re-
sponsible for stable subunit association consists
of a 103 amino acid region of NEC (HD-N)
and a 65 amino acid region in NTM (HD-C)
(7). Physiologic activation of NOTCH recep-
tors occurs when ligands of the Delta-Serrate-
Lag2 (DSL) family bind to the NEC subunit
and initiate a cascade of proteolytic cleavages
in the NTM subunit. The final cleavage, cat-
alyzed by ,-secretase (8, 9), generates intra-
cellular NOTCH (ICN), which translocates to
the nucleus and forms a large transcriptional
activation complex that includes proteins of
the Mastermind family (10–12).

Prior work has shown that enforced
NOTCH1 signaling is a potent inducer of T-

ALL in the mouse (13–15) and is required to
sustain the growth of a human t(7;9)-positive
T-ALL cell line (16). To investigate the
possibility of a more general role for NOTCH
signaling in human T-ALL, we tested T-ALL
cell lines lacking the t(7;9) for NOTCH
dependency by treating these cells with a ,-
secretase inhibitor (17). Of 30 human T-ALL
cell lines tested, 5 showed a G0/G1 cell-cycle
arrest that equaled or exceeded that of T6E, a
reference NOTCH1-dependent murine T-
ALL cell line (Fig. 1A). This drug-induced
growth suppression was abrogated by retro-
viral expression of ICN1 (Fig. 1B) and
reproduced (fig. S1) by retroviral expression
of dominant negative Mastermindlike-1 (16).
These results indicated that the growth of
these five cell lines depends on NOTCH-
transduced signals.

Because physical dissociation of the
NOTCH extracellular domain has been linked
to receptor activation (6, 18), we reasoned
that the HD domain of NOTCH1 (7) could
be the site of gain-of-function mutations. A
second logical candidate region for oncogen-
ic mutations is the negative regulatory PEST
sequence lying at the C terminus of the
NOTCH1 NTM (19), as retroviral inser-
tions that cause deletion of this region have
been reported in murine T-ALL (14, 15).
Remarkably, sequencing revealed mutations
that involve both the HD-N domain and the
PEST domain in four of the five NOTCH-
dependent cell lines (summarized in Fig. 2).
Missense mutations affecting HD-N caused
nonconservative changes at amino acid po-
sitions that are invariant in vertebrate
NOTCH1 receptors (fig. S2). One cell line,
DND-41, had two different HD-N mutations
within the same NOTCH1 allele. The PEST
mutations were short insertions or deletions
causing shifts in reading frame that are
predicted to result in partial or complete
deletion of the PEST domain (fig. S4).
Sequencing of cDNAs revealed that the

1Department of Pathology, Brigham and Women’s
Hospital, Harvard Medical School, Boston, MA 02115,
USA. 2Department of Pediatric Oncology, Dana Farber
Cancer Institute, Harvard Medical School, Boston, MA
02115, USA.
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.Present address: Department of Pathology, British
Columbia Cancer Agency, Vancouver, BC V5Z 4E6,
Canada.
-To whom correspondence should be addressed.
E-mail: jaster@rics.bwh.harvard.edu

Fig. 1. Identification of T-ALL cell lines that require NOTCH signals for
growth. (A) Effects of compound E, a ,-secretase inhibitor (GSI), on cy-
cling cell fractions (S and G2/M). After treatment for 4 to 8 days with
compound E (1 6M) or dimethyl sulfoxide (DMSO) carrier (mock), the
DNA content of propridium iodide-stained cell populations was deter-
mined by flow cytometry. (B) Abrogation of ,-secretase inhibitor-induced
cell-cycle arrest by MSCV-GFP-ICN1 retrovirus. Starting 2 days after
transduction with empty MSCV-GFP or MSCV-GFP-ICN1, cells were treated with either compound E (GSI, 1 6M) or DMSO carrier (mock) for 7 to 10
days. After staining with DRAQ5, the proportion of growth-arrested cells (G0 þ G1 fractions) in the GFP– and GFPþ subpopulations was determined by
flow cytometry.
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Very rare cases of human T cell acute lymphoblastic leukemia (T-ALL) harbor
chromosomal translocations that involve NOTCH1, a gene encoding a trans-
membrane receptor that regulates normal T cell development. Here, we report
that more than 50% of human T-ALLs, including tumors from all major mo-
lecular oncogenic subtypes, have activating mutations that involve the ex-
tracellular heterodimerization domain and/or the C-terminal PEST domain of
NOTCH1. These findings greatly expand the role of activated NOTCH1 in the
molecular pathogenesis of human T-ALL and provide a strong rationale for
targeted therapies that interfere with NOTCH signaling.

T-ALL is an aggressive cancer that prefer-
entially affects children and adolescents. It is
commonly associated with acquired chromo-
sosomal translocations and other genetic or
epigenetic abnormalities, which lead to aber-
rant expression of a select group of tran-
scription factors (1). NOTCH1 was discovered
as a partner gene in a (7;9) chromosomal
translocation found in G1% of T-ALLs (2). It
encodes a transmembrane receptor that is
required for the commitment of pluripotent
progenitors to T cell fate (3) and the sub-

sequent assembly of pre–T cell receptor com-
plexes in immature thymocytes (4).

Cleavage of pro-NOTCH1 by a furinlike
protease during transit to the cell surface (5)
produces a NOTCH1 heterodimer comprised
of noncovalently associated extracellular
(NEC) and transmembrane (NTM) subunits
(6). The heterodimerization domain (HD) re-
sponsible for stable subunit association consists
of a 103 amino acid region of NEC (HD-N)
and a 65 amino acid region in NTM (HD-C)
(7). Physiologic activation of NOTCH recep-
tors occurs when ligands of the Delta-Serrate-
Lag2 (DSL) family bind to the NEC subunit
and initiate a cascade of proteolytic cleavages
in the NTM subunit. The final cleavage, cat-
alyzed by ,-secretase (8, 9), generates intra-
cellular NOTCH (ICN), which translocates to
the nucleus and forms a large transcriptional
activation complex that includes proteins of
the Mastermind family (10–12).

Prior work has shown that enforced
NOTCH1 signaling is a potent inducer of T-

ALL in the mouse (13–15) and is required to
sustain the growth of a human t(7;9)-positive
T-ALL cell line (16). To investigate the
possibility of a more general role for NOTCH
signaling in human T-ALL, we tested T-ALL
cell lines lacking the t(7;9) for NOTCH
dependency by treating these cells with a ,-
secretase inhibitor (17). Of 30 human T-ALL
cell lines tested, 5 showed a G0/G1 cell-cycle
arrest that equaled or exceeded that of T6E, a
reference NOTCH1-dependent murine T-
ALL cell line (Fig. 1A). This drug-induced
growth suppression was abrogated by retro-
viral expression of ICN1 (Fig. 1B) and
reproduced (fig. S1) by retroviral expression
of dominant negative Mastermindlike-1 (16).
These results indicated that the growth of
these five cell lines depends on NOTCH-
transduced signals.

Because physical dissociation of the
NOTCH extracellular domain has been linked
to receptor activation (6, 18), we reasoned
that the HD domain of NOTCH1 (7) could
be the site of gain-of-function mutations. A
second logical candidate region for oncogen-
ic mutations is the negative regulatory PEST
sequence lying at the C terminus of the
NOTCH1 NTM (19), as retroviral inser-
tions that cause deletion of this region have
been reported in murine T-ALL (14, 15).
Remarkably, sequencing revealed mutations
that involve both the HD-N domain and the
PEST domain in four of the five NOTCH-
dependent cell lines (summarized in Fig. 2).
Missense mutations affecting HD-N caused
nonconservative changes at amino acid po-
sitions that are invariant in vertebrate
NOTCH1 receptors (fig. S2). One cell line,
DND-41, had two different HD-N mutations
within the same NOTCH1 allele. The PEST
mutations were short insertions or deletions
causing shifts in reading frame that are
predicted to result in partial or complete
deletion of the PEST domain (fig. S4).
Sequencing of cDNAs revealed that the
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Fig. 1. Identification of T-ALL cell lines that require NOTCH signals for
growth. (A) Effects of compound E, a ,-secretase inhibitor (GSI), on cy-
cling cell fractions (S and G2/M). After treatment for 4 to 8 days with
compound E (1 6M) or dimethyl sulfoxide (DMSO) carrier (mock), the
DNA content of propridium iodide-stained cell populations was deter-
mined by flow cytometry. (B) Abrogation of ,-secretase inhibitor-induced
cell-cycle arrest by MSCV-GFP-ICN1 retrovirus. Starting 2 days after
transduction with empty MSCV-GFP or MSCV-GFP-ICN1, cells were treated with either compound E (GSI, 1 6M) or DMSO carrier (mock) for 7 to 10
days. After staining with DRAQ5, the proportion of growth-arrested cells (G0 þ G1 fractions) in the GFP– and GFPþ subpopulations was determined by
flow cytometry.
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Leukaemogenesis induced by an activating b-catenin
mutation in osteoblasts
Aruna Kode1, John S. Manavalan1, Ioanna Mosialou1, Govind Bhagat2, Chozha V. Rathinam3, Na Luo1, Hossein Khiabanian4,
Albert Lee4, Vundavalli V. Murty5, Richard Friedman6, Andrea Brum1,7, David Park8, Naomi Galili9, Siddhartha Mukherjee10,
Julie Teruya-Feldstein8, Azra Raza9, Raul Rabadan4, Ellin Berman11 & Stavroula Kousteni1,12

Cells of the osteoblast lineage affect the homing1,2 and the number
of long-term repopulating haematopoietic stem cells3,4, haemato-
poietic stem cell mobilization and lineage determination and B cell
lymphopoiesis5–7. Osteoblasts were recently implicated in pre-leukaemic
conditions in mice8,9. However, a single genetic change in osteoblasts
that can induce leukaemogenesis has not been shown. Here we show
that an activating mutation of b-catenin in mouse osteoblasts alters
the differentiation potential of myeloid and lymphoid progenitors
leading to development of acute myeloid leukaemia with common
chromosomal aberrations and cell autonomous progression. Activated
b-catenin stimulates expression of the Notch ligand jagged 1 in osteo-
blasts. Subsequent activation of Notch signalling in haematopoietic
stem cell progenitors induces the malignant changes. Genetic or phar-
macological inhibition of Notch signalling ameliorates acute myeloid
leukaemia and demonstrates the pathogenic role of the Notch path-
way. In 38% of patients with myelodysplastic syndromes or acute
myeloid leukaemia, increased b-catenin signalling and nuclear accumu-
lation was identified in osteoblasts and these patients showed increased
Notch signalling in haematopoietic cells. These findings demonstrate
that genetic alterations in osteoblasts can induce acute myeloid leuk-
aemia, identify molecular signals leading to this transformation and
suggest a potential novel pharmacotherapeutic approach to acute
myeloid leukaemia.

Mice expressing a constitutively activeb-catenin allele in osteoblasts,
referred to here as Ctnnb1CAosb (CA, constitutively active; osb, osteo-
blast specific constitutive activity) are osteopetrotic10, and die before
6 weeks of age (Fig. 1a) for unknown reasons. Upon further examina-
tion, Ctnnb1CAosb mice were anaemic at 2 weeks of age with peripheral
blood monocytosis, neutrophilia, lymphocytopenia and thrombocyto-
penia (Extended Data Fig. 1a). Erythroid cells were decreased in the
marrow and extramedullary haematopoiesis was observed in the liver
(Fig. 1c and Extended Data Fig. 1b, l, m). Although the number of
myeloid (CD11b1/Gr11) cells decreased due to osteopetrosis, their
relative percentage increased, indicating a shift in the differentiation
of HSCs to the myeloid lineage (Fig. 1d and Extended Data Fig. 1c, d).
The haematopoietic stem and progenitor cell (HSPC) population
in the bone marrow (Lin2Sca1c-Kit1, LSK) cells decreased twofold
in Ctnnb1CAosb mice, but their percentage was twofold greater than in
wild-type littermates (Fig. 1e and Extended Data Fig. 1e, f). The long-term
repopulating HSC progenitors (LT-HSCs) increased in numbers and
percentage, whereas the lymphoid-biased multipotential progenitors,
LSK1/FLT31, and the granulocyte/monocyte progenitors (GMP) (Extended
Data Fig. 1g–j) decreased. The GMP percentage increased (Fig. 1f).
Identical abnormalities were observed in the spleen of Ctnnb1CAosb

mice (Extended Data Fig. 1n–p). The mutation was introduced in
osteoblasts but not in any cells of the haematopoietic compartment
(Extended Data Fig. 1q–t) of Ctnnb1CAosb mice.

Blasts (12–90%) and dysplastic neutrophils (13–81%) were noted in
the blood and there was dense and diffuse infiltration with myeloid and
monocytic cells, blasts (30–53% for n 5 12 mice) and dysplastic neu-
trophils in the marrow and spleen of Ctnnb1CAosb mice (Fig. 1g–k,
Extended Data Fig. 2a–c). In the liver, clusters of immature cells with
atypical nuclear appearance were seen (Fig. 1l). The increase in immature
myeloid cells was confirmed by staining with myeloid markers in bones,
spleen and liver (Extended Data Fig. 2d–h). Reduced B-cell lymphopoi-
esis without changes in T-cell populations was observed in Ctnnb1CAosb

mice (Extended Data Fig. 2i–t). Differentiation blockade was demon-
strated by the presence of immature myeloid progenitors in Ctnnb1CAosb

marrow and differentiation cultures (Fig. 1m, n and Extended Data
Fig. 2u–x). These cellular abnormalities fulfil the criteria of AML dia-
gnosis in mice11 with principle features of human AML12,13.

A clonal abnormality involving a Robertsonian translocation Rb(1;19)
was identified in myeloid cells of the spleen of a Ctnnb1CAosb mouse
(Extended Data Fig. 2y). Recurrent numerical and structural chromo-
somal alterations were also detected in myeloid cells of the spleen of all
mutant mice examined (Fig. 2a and Extended Data Table 1). Frequent
abnormalities were detected in chromosome 5, the mouse orthologue
of human chromosome 7q associated with common cytogenetic abnor-
malities in patients with myelodysplastic syndromes (MDS) or acute
myeloid leukaemia (AML)14. Whole-exome sequencing identified 4
non-silent somatic mutations in myeloid cells from 3 Ctnnb1CAosb

mice (Fig. 2b and Extended Data Fig. 2z), including a recurrent one
in Tnfrsf21 and a single somatic mutation in Crb1 previously reported
in human AML15, but sample size has insufficient statistical power to
determine if it is a driver or passenger mutation. Hence, constitutive
activation of b-catenin in osteoblasts facilitates clonal progression and
is associated with somatic mutations in myeloid progenitors.

Transplantation of bone marrow cells from Ctnnb1CAosb leukaemic
mice into lethally irradiated wild-type recipients induced all features of
haematopoietic dysfunction and AML observed in Ctnnb1CAosb mice
including blasts (15–80%) and dysplastic neutrophils (15–75%) in the
blood and blasts (30–40%) and abnormal megakaryocytes in the mar-
row and early lethality (Extended Data Fig. 3a–i). Transplantation of
wild-type bone marrow cells to lethally irradiated Ctnnb1CAosb mice
also resulted in AML with early lethality (Extended Data Fig. 3j–r).
Transplantation of LT-HSCs, but not other haematopoietic popula-
tions, from Ctnnb1CAosb mice to sub-lethally irradiated wild-type reci-
pients resulted in AML with early lethality (Fig. 2c, d and Extended
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Notch signalling in haematopoietic cells. These findings demonstrate
that genetic alterations in osteoblasts can induce acute myeloid leuk-
aemia, identify molecular signals leading to this transformation and
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Mice expressing a constitutively activeb-catenin allele in osteoblasts,
referred to here as Ctnnb1CAosb (CA, constitutively active; osb, osteo-
blast specific constitutive activity) are osteopetrotic10, and die before
6 weeks of age (Fig. 1a) for unknown reasons. Upon further examina-
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blood monocytosis, neutrophilia, lymphocytopenia and thrombocyto-
penia (Extended Data Fig. 1a). Erythroid cells were decreased in the
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(Fig. 1c and Extended Data Fig. 1b, l, m). Although the number of
myeloid (CD11b1/Gr11) cells decreased due to osteopetrosis, their
relative percentage increased, indicating a shift in the differentiation
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in the bone marrow (Lin2Sca1c-Kit1, LSK) cells decreased twofold
in Ctnnb1CAosb mice, but their percentage was twofold greater than in
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Data Fig. 1g–j) decreased. The GMP percentage increased (Fig. 1f).
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mice (Extended Data Fig. 1n–p). The mutation was introduced in
osteoblasts but not in any cells of the haematopoietic compartment
(Extended Data Fig. 1q–t) of Ctnnb1CAosb mice.

Blasts (12–90%) and dysplastic neutrophils (13–81%) were noted in
the blood and there was dense and diffuse infiltration with myeloid and
monocytic cells, blasts (30–53% for n 5 12 mice) and dysplastic neu-
trophils in the marrow and spleen of Ctnnb1CAosb mice (Fig. 1g–k,
Extended Data Fig. 2a–c). In the liver, clusters of immature cells with
atypical nuclear appearance were seen (Fig. 1l). The increase in immature
myeloid cells was confirmed by staining with myeloid markers in bones,
spleen and liver (Extended Data Fig. 2d–h). Reduced B-cell lymphopoi-
esis without changes in T-cell populations was observed in Ctnnb1CAosb

mice (Extended Data Fig. 2i–t). Differentiation blockade was demon-
strated by the presence of immature myeloid progenitors in Ctnnb1CAosb

marrow and differentiation cultures (Fig. 1m, n and Extended Data
Fig. 2u–x). These cellular abnormalities fulfil the criteria of AML dia-
gnosis in mice11 with principle features of human AML12,13.

A clonal abnormality involving a Robertsonian translocation Rb(1;19)
was identified in myeloid cells of the spleen of a Ctnnb1CAosb mouse
(Extended Data Fig. 2y). Recurrent numerical and structural chromo-
somal alterations were also detected in myeloid cells of the spleen of all
mutant mice examined (Fig. 2a and Extended Data Table 1). Frequent
abnormalities were detected in chromosome 5, the mouse orthologue
of human chromosome 7q associated with common cytogenetic abnor-
malities in patients with myelodysplastic syndromes (MDS) or acute
myeloid leukaemia (AML)14. Whole-exome sequencing identified 4
non-silent somatic mutations in myeloid cells from 3 Ctnnb1CAosb

mice (Fig. 2b and Extended Data Fig. 2z), including a recurrent one
in Tnfrsf21 and a single somatic mutation in Crb1 previously reported
in human AML15, but sample size has insufficient statistical power to
determine if it is a driver or passenger mutation. Hence, constitutive
activation of b-catenin in osteoblasts facilitates clonal progression and
is associated with somatic mutations in myeloid progenitors.

Transplantation of bone marrow cells from Ctnnb1CAosb leukaemic
mice into lethally irradiated wild-type recipients induced all features of
haematopoietic dysfunction and AML observed in Ctnnb1CAosb mice
including blasts (15–80%) and dysplastic neutrophils (15–75%) in the
blood and blasts (30–40%) and abnormal megakaryocytes in the mar-
row and early lethality (Extended Data Fig. 3a–i). Transplantation of
wild-type bone marrow cells to lethally irradiated Ctnnb1CAosb mice
also resulted in AML with early lethality (Extended Data Fig. 3j–r).
Transplantation of LT-HSCs, but not other haematopoietic popula-
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Activating Mutations of
NOTCH1 in Human T Cell Acute

Lymphoblastic Leukemia
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Very rare cases of human T cell acute lymphoblastic leukemia (T-ALL) harbor
chromosomal translocations that involve NOTCH1, a gene encoding a trans-
membrane receptor that regulates normal T cell development. Here, we report
that more than 50% of human T-ALLs, including tumors from all major mo-
lecular oncogenic subtypes, have activating mutations that involve the ex-
tracellular heterodimerization domain and/or the C-terminal PEST domain of
NOTCH1. These findings greatly expand the role of activated NOTCH1 in the
molecular pathogenesis of human T-ALL and provide a strong rationale for
targeted therapies that interfere with NOTCH signaling.

T-ALL is an aggressive cancer that prefer-
entially affects children and adolescents. It is
commonly associated with acquired chromo-
sosomal translocations and other genetic or
epigenetic abnormalities, which lead to aber-
rant expression of a select group of tran-
scription factors (1). NOTCH1 was discovered
as a partner gene in a (7;9) chromosomal
translocation found in G1% of T-ALLs (2). It
encodes a transmembrane receptor that is
required for the commitment of pluripotent
progenitors to T cell fate (3) and the sub-

sequent assembly of pre–T cell receptor com-
plexes in immature thymocytes (4).

Cleavage of pro-NOTCH1 by a furinlike
protease during transit to the cell surface (5)
produces a NOTCH1 heterodimer comprised
of noncovalently associated extracellular
(NEC) and transmembrane (NTM) subunits
(6). The heterodimerization domain (HD) re-
sponsible for stable subunit association consists
of a 103 amino acid region of NEC (HD-N)
and a 65 amino acid region in NTM (HD-C)
(7). Physiologic activation of NOTCH recep-
tors occurs when ligands of the Delta-Serrate-
Lag2 (DSL) family bind to the NEC subunit
and initiate a cascade of proteolytic cleavages
in the NTM subunit. The final cleavage, cat-
alyzed by ,-secretase (8, 9), generates intra-
cellular NOTCH (ICN), which translocates to
the nucleus and forms a large transcriptional
activation complex that includes proteins of
the Mastermind family (10–12).

Prior work has shown that enforced
NOTCH1 signaling is a potent inducer of T-

ALL in the mouse (13–15) and is required to
sustain the growth of a human t(7;9)-positive
T-ALL cell line (16). To investigate the
possibility of a more general role for NOTCH
signaling in human T-ALL, we tested T-ALL
cell lines lacking the t(7;9) for NOTCH
dependency by treating these cells with a ,-
secretase inhibitor (17). Of 30 human T-ALL
cell lines tested, 5 showed a G0/G1 cell-cycle
arrest that equaled or exceeded that of T6E, a
reference NOTCH1-dependent murine T-
ALL cell line (Fig. 1A). This drug-induced
growth suppression was abrogated by retro-
viral expression of ICN1 (Fig. 1B) and
reproduced (fig. S1) by retroviral expression
of dominant negative Mastermindlike-1 (16).
These results indicated that the growth of
these five cell lines depends on NOTCH-
transduced signals.

Because physical dissociation of the
NOTCH extracellular domain has been linked
to receptor activation (6, 18), we reasoned
that the HD domain of NOTCH1 (7) could
be the site of gain-of-function mutations. A
second logical candidate region for oncogen-
ic mutations is the negative regulatory PEST
sequence lying at the C terminus of the
NOTCH1 NTM (19), as retroviral inser-
tions that cause deletion of this region have
been reported in murine T-ALL (14, 15).
Remarkably, sequencing revealed mutations
that involve both the HD-N domain and the
PEST domain in four of the five NOTCH-
dependent cell lines (summarized in Fig. 2).
Missense mutations affecting HD-N caused
nonconservative changes at amino acid po-
sitions that are invariant in vertebrate
NOTCH1 receptors (fig. S2). One cell line,
DND-41, had two different HD-N mutations
within the same NOTCH1 allele. The PEST
mutations were short insertions or deletions
causing shifts in reading frame that are
predicted to result in partial or complete
deletion of the PEST domain (fig. S4).
Sequencing of cDNAs revealed that the
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Fig. 1. Identification of T-ALL cell lines that require NOTCH signals for
growth. (A) Effects of compound E, a ,-secretase inhibitor (GSI), on cy-
cling cell fractions (S and G2/M). After treatment for 4 to 8 days with
compound E (1 6M) or dimethyl sulfoxide (DMSO) carrier (mock), the
DNA content of propridium iodide-stained cell populations was deter-
mined by flow cytometry. (B) Abrogation of ,-secretase inhibitor-induced
cell-cycle arrest by MSCV-GFP-ICN1 retrovirus. Starting 2 days after
transduction with empty MSCV-GFP or MSCV-GFP-ICN1, cells were treated with either compound E (GSI, 1 6M) or DMSO carrier (mock) for 7 to 10
days. After staining with DRAQ5, the proportion of growth-arrested cells (G0 þ G1 fractions) in the GFP– and GFPþ subpopulations was determined by
flow cytometry.
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gastrointestinal and uterine tumors, which had the highest muta-
tion burden, also had the highest overall frequencies of pathway
alterations. This is possibly due to the frequent inactivating
mutations introduced by the predominant mutation mechanisms

in these tumor types (Boland and Goel, 2010; Rayner
et al., 2016).
The RTK-RAS pathway was the signaling pathway with the

highest median frequency of alterations (46% of samples)

Figure 2. Curated Pathways
Pathway members and interactions in the ten selected pathways. Genes are altered at different frequencies (color intensity indicates the average frequency of

alteration within the entire dataset) by oncogenic activations (red) and tumor suppressor inactivations (blue). The types of somatic alteration considered for each

gene (copy-number alterations, mutations, fusions or epigenetic silencing) are specified using a set of four vertical dots on the left of each gene symbol. An

expanded version including cross-pathways interactions is provided as Figure S1.

Cell 173, 321–337, April 5, 2018 325

also 25% NOTCH1 LOF
in SCLC, Nature 2015
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Head and neck squamous cell carcinoma (HNSCC) is a common, morbid, and frequently lethal
malignancy. To uncover its mutational spectrum, we analyzed whole-exome sequencing data
from 74 tumor-normal pairs. The majority exhibited a mutational profile consistent with tobacco
exposure; human papillomavirus was detectable by sequencing DNA from infected tumors. In addition
to identifying previously known HNSCC genes (TP53, CDKN2A, PTEN, PIK3CA, and HRAS), our analysis
revealed many genes not previously implicated in this malignancy. At least 30% of cases harbored
mutations in genes that regulate squamous differentiation (for example, NOTCH1, IRF6, and TP63),
implicating its dysregulation as a major driver of HNSCC carcinogenesis. More generally, the results
indicate the ability of large-scale sequencing to reveal fundamental tumorigenic mechanisms.

Head and neck squamous cell carcinoma
(HNSCC) is the sixth most common non-
skin cancer in the world, with an inci-

dence of ~600,000 cases per year and a mortality
rate of ~50% ( ). The major risk factors for
HNSCC are tobacco use, alcohol consumption,
and infection with human papillomavirus (HPV)
( ). Despite advances in our knowledge of its
epidemiology and pathogenesis, the survival rates
for many types of HNSCC have improved little
over the past 40 years ( ). As such, a deeper
understanding of HNSCCpathogenesis is needed
to promote the development of improved thera-
peutic approaches.

We performed solution-phase hybrid capture
and whole-exome sequencing on paired DNA
samples (tumors and matched whole blood) from
92 HNSCC patients. Most anatomic sites were
represented (oral cavity, oropharynx, hypopharynx,
larynx, and sinonasal cavity) (Fig. 1C and table
S1). Of the patients profiled in this study, 89 and
79% reported a history of tobacco and alcohol
use, respectively (table S1). Initially, 14% of all tu-
mors and 53% of oropharyngeal tumors were
found to be positive for HPV based on HPV-16
polymerase chain reaction (PCR)/in situhybridization

(Fig. 1 and table S1). Tumor copy-number analy-
sis with the use of single-nucleotide polymorphism
(SNP) arrays (fig. S1) replicated previous findings
of frequent amplifications; dele-
tions; and rarer , , , or
amplifications ( ), indicating that the collection
is genetically representative of HNSCC.

We achieved 150-fold mean sequence cov-
erage of targeted exonic regions, with 87% of
loci covered at >20-fold (figs. S2 and S3 and
table S2). We excluded from further analysis 18
tumors in which initial analysis revealed extensive
stromal admixture (figs. S3 and S4 and supple-
mental methods), leaving 74 samples for analysis.
We also performed whole-genome sequencing
(31-fold mean coverage) (table S3) on an oro-
pharyngeal tumor and a hypopharyngeal tumor.

On average, we identified 130 coding muta-
tions per tumor, 25% of which were synonymous
(Fig. 1A). We queried 321 of these mutations by
mass spectrometric genotyping and validated 288
(89.7%). However, the validation rate increased
to 95.7% for mutations whose allelic fraction was
>20% of total DNA, suggesting that the sensi-
tivity of mass spectrometric genotyping may be re-
duced in the setting of increased stromal admixture.

The overall HNSCC mutation rate was com-
parable to other smoking-related malignancies
such as small-cell lung cancer and lung adeno-
carcinoma ( , ). The mutation rate of HPV-
positive tumors was approximately half of that
found in HPV-negative HNSCC (mean = 2.28
mutations per megabase compared with 4.83 mu-
tations per megabase; = 0.004, rank sum test),
consistent with epidemiologic studies suggestive
of biological differences between HPV-positive
and -negative disease. The two tumors that un-
derwent whole-genome sequencing harbored
19 (HN_62469) and 111 (HN_62699) high-
confidence somatic rearrangements, respectively
(fig. S5 and tables S4 and S5).

Although base mutation rates varied widely
(0.59 to 24mutations permegabase; Fig. 1A), the
average rate of guanosine-to-thymidine (G→ T)
transversions at non-CpG sites (12 T 6%, stan-
dard deviation) was characteristic of tobacco ex-
posure (Fig. 1B). Among patients who reported
a smoking history, tumors with the highest
fraction of G→ T transversions showed a tend-
ency toward increased overall mutation rates
( = 0.02, Spearman rank correlation) (Fig. 1,
B andC). Thus, theG→T transversion frequency
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(0.59 to 24mutations permegabase; Fig. 1A), the
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dard deviation) was characteristic of tobacco ex-
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Recurrent LOF mutations in Notch in various cancers  



To better understand what N “does” in normal and disease conditions,
we need to think about pathway crosstalk, synergism, antagonism...  

N can synergize or act antagonistically with other pathways
for example: EGFR signaling

EGFR and N cooperate to turn on Dpax2
in cone cells of the fly eye
• induction of N signaling by oncogenic 
Ras maintains a neoplastic state

antagonism between N and EGFR
during worm vulval precursor selection
• many cases of N / EGFR antagonism
   in the fly

• there are also functional interactions between N and Wg/Wnt signaling 

Figure 5. Cell-specificity of D-Pax2 Regulation

(A–F) Clonal analysis of D-Pax2 expression (red) in cone cells. (G) Summary of D-Pax2 regulation by Lz, EGFR, and N. (H and I) Immunolocalization
of b-galactosidase (red) and dpERK (green, H) or Dl (green, I) in third-instar eye discs by confocal microscopy. (J–Q) Immunolocalization of
b-galactosidase reporter in third-instar eye discs by light microscopy. Posterior is to the left.
(A) hsp70-flp; Ay-Gal4 UAS-GFP. Flip-out clone in wild-type eye disc using hsp70-flp. Cells expressing both GFP and D-Pax2 show yellow
nuclei (arrows). Note that GFP (green) is both nuclear and cytoplasmic while D-Pax2 is exclusively nuclear.
(B) GMR-flp; Ay-Gal4 UAS-GFP. Single-cell flip-out clones in wild-type eye disc (GFP, green) induced by GMR-flp and stained with D-Pax2
antibody (red). Cone cells co-expressing GFP and D-Pax2 are yellow (arrows).
(C) hsp70-flp; Ay-Gal4 UAS-GFP; UAS-EGFR

DN. Flip-out clones generated at the early third larval instar. No overlap is seen between cells
expressing both EGFRDN and GFP (green) and those expressing D-Pax2 (red).
(D) GMR-flp; Ay-Gal4 UAS-GFP; UAS-EGFR

DN. Single-cell flip-out clones induced by GMR-flp and expressing EGFRDN at the third larval instar.
No overlap is seen between cells expressing both EGFRDN and GFP (green) and those expressing D-Pax2 (red). A total of 120 green cells were
examined in (C) and (D) at the stage when cone cells develop.
(E) hsp70-flp; Ay-Gal4 UAS-GFP; UAS-N

ECN. Flip-out clones generated at the early third larval instar. No overlap is seen between GFP and
NECN expressing cells (green) and D-Pax2 expressing cells (red).
(F) GMR-flp; Ay-Gal4 UAS-GFP; UAS-N

ECN. Single-cell flip-out clones induced by GMR-flp and expressing NDN at the third larval instar. No
overlap is seen between GFP and NECN expressing cells (green) and D-Pax2 expressing cells (red). A total of 150 green cells were examined
in (E) and (F) at the stage when cone cells develop.
(G) Cone cell-specific activation of D-Pax2 expression is dependent on three inputs: (i) Lz binding to the RD sites in the eye-specific enhancer
(SME), (ii) EGFR signal-dependent inactivation of Yan and activation of PntP2, which then binds to ETS domain binding sites in the SME, and
(iii) Notch signal-dependent activation of Su(H), which binds to the Su(H) binding sites in the SME.
(H and I) Cone cell precursors receive the proper signals.
(H) SME-lacZ. Optical section at the level of cone cell precursors. Activated, phosphorylated MAPK (green) is seen in cone cells, which
indicates that these cells receive an RTK signal at the time of SME-lacZ (red) expression. Activated MAPK is primarily cytoplasmic; however,
small amounts can been seen in nuclei (yellow). A single ommatidium is circled.
(I) SME-lacZ. Dl (green) is expressed in photoreceptor clusters (asterisk), but not in cone cells (circled). Expression of this N ligand is
downregulated when SME-lacZ (red) expression initiates, suggesting transduction of the N signal from the signaling photoreceptor cells to
the receiving cone cell precursors.
(J–M) Lack of EGFR signal prevents D-Pax2 expression in undifferentiated cells. The area shown in these three panels is entirely posterior to
the furrow.
(J) lz-Gal4:UAS2l-topDER; P[SME-lacZ w1]/1. Expression of this activated form of EGFR causes ectopic expression of SME-lacZ in all of
the undifferentiated cells posterior to the furrow.
(K) yan

e2D/yan
pokx8; P[SME-lacZ w1]/1. SME-lacZ is ectopically expressed in undifferentiated cells in this heteroallelic yan loss-of-function

combination.
(L) w

1118; P[SMEmETSx6
-lacZ w1]. Ectopic expression in undifferentiated cells is evident when all six ETS domain binding sites are mutated in

the SME. This demonstrates a direct role for Yan in the negative regulation of D-Pax2 in the undifferentiated cells.
(M) w

1118; P[SMEmETS(1,6)
-lacZ w1]. Ectopic expression in undifferentiated cells is lost when PntP2 binding sites are mutated, but two additional

Yan binding sites are maintained. This demonstrates a direct role for Yan in the negative regulation of D-Pax2 in undifferentiated cells.
(N) Lack of N signal prevents D-Pax2 expression in the R7 precursor. sev-N

act/1; P[SME-lacZ w1]/1. Ectopic expression of Nact in the R7
precursor leads to expression of SME-lacZ in this cell. A representative cluster with five cells expressing b-galactosidase is circled.
(O–Q) Lack of Lz and N signal prevents D-Pax2 expression in the R3/R4 precursors. The furrow is marked with an arrow.
(O) sev-lz/1; P[SME-lacZ w1]/1. Ectopic expression of Lz in the R3 and R4 precursors does not lead to expression of SME-lacZ in these
cells.
(P) sev-N

act/1; P[SME-lacZ w1]/1. Ectopic expression of activated N in the R3 and R4 precursors does not lead to expression of SME-lacZ

in these cells.
(Q) sev-lz/1; sev-N

act/1; P[SME-lacZ w1]/1. Coexpression of both Lz and activated N leads to expression of SME-lacZ in the R3/R4 precursors
(small arrows).
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Many unresolved questions about Notch signaling
How are Notch ligands activated by ubiquitination?

How does Notch function as a mechanoreceptor?

Mechanism of ligand-receptor interactions causing "cis-inhibition" in same cell

Other “components” of Notch pathway? (genetic/biochemical hits)

How does vesicular trafficking control the activity of N and Dl?

Is the genomic occupancy of CSL TFs regulated by N activation?

How do other pathways crosstalk with Notch signaling?

If Notch is used “everywhere” to do “everything”, how are setting-specific outputs achieved?

Do the 4 mammalian Notch receptors elicit any distinct effects?

Do additional ligands control N signaling?

Is there CSL-independent N signaling?


