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General introduction

I
Developmental processes require strict regulation of tissue morphogenesis and cell inter-
action. For that, evolution makes use of a small number of signaling pathways that is used 
reiteratively, such as Notch, Wnt, Hedgehog, TGFβ, RTK, and others. One of the most com-
monly used pathways is the evolutionary conserved Notch signaling pathway. Notch is a 
single-pass transmembrane receptor which is part of a short-range signaling pathway that 
plays essential roles controlling spatial patterning, morphogenesis and homeostasis in em-
bryos and adults [1, 2]. Notch signals are transduced by the binding of the Notch receptor 
to membrane bound ligands (Delta or Jagged) on neighboring cells. Due to its fundamental 
importance in developmental processes it is not surprising that Notch dysfunction is associ-
ated with disease. Deregulated Notch signaling may result in several developmental defects 
and cancer [3-5].

History of Notch

Using genetic experiments in Drosophila at the beginning of the 20th century Thomas Hunt 
Morgan and colleagues described a strain of fruit flies (Drosophila melanogaster) with 
notches at the end of the wing margin [6]. This phenotype was caused by a partial loss of the 
X-linked Notch gene, and resulted in imperfect serrated wings in hemizygous females, while 
hemizygous males and homozygous females died embryonically. Lethality could be attribut-
ed to the failure to form two out of three germ layers, lacking mesoderm and endoderm [7]. 
An additional phenotype was observed that was termed ‘neurogenic’ due to hypertrophy 
of the nervous system [8]. Additional screens for embryonic phenotypes identified genes/
loci that resembled the neurogenic phenotype observed by Notch loss-of-function, such as 
Delta (Dl), mastermind, neuralized, presenilin, Su(H), and kuz [9-12]. Later studies would 
reveal that these ‘neurogenic’ genes were all implicated in the Notch signaling pathway. 
Nearly 70 years after the description of the notched wings, the Notch gene was first cloned 
in Drosophila [13, 14], followed by C.elegans [15-17] and Xenopus [18]. 

Structure of Notch 

Notch is evolutionary conserved and although in time duplications of the gene have oc-
curred, overall structure has remained similar. Drosophila expresses a single prototypical 
Notch receptor, and two ligands Delta and Serrate. C. elegans expresses two Notch-like re-
ceptors, LIN-12 and GLP-1 and two ligands (LAG-2/APX-1) are identified. Mammals have four 
Notch genes, Notch 1, -2, -3, and -4, and five ligands, Jagged1 and -2, and Delta-like (Dll) 1, 
-3, -4 (Figure 1) [19]. Notch receptors are large type I transmembrane proteins that in their 
extracellular domain contain multiple tandem array Ca2+ binding epidermal growth factor-
like (EGF-like) repeats, with a species-specific variation from 36 in Drosophila to 11 in C. 
elegans. The array of EGF repeats is followed by the negative regulatory region (NRR), which 
comprises three cysteine-rich Lin12-Notch repeats (LNR-A, -B, and -C) and a heterodimer-
ization domain (HD). Notch passes the plasma membrane via its transmembrane domain 
(TMD). The intracellular domain consists of a RAM (RBP-jκ association module) domain, nu-
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clear localization sequences (NLSs), a seven ankyrin repeat (ANK) domain, and a transactiva-
tion domain (TAD) that contains a conserved proline/glutamic acid/serine/threonine-rich 
motif (PEST) [19]. The mammalian Notch ligands Delta and Jagged consist of similar EGF-
like repeats at their extracellular domains. In addition, preceding the EGF-like repeats they 
both exhibit DSL (Delta/Serrate/LAG-2) and DOS (Delta and OSM-11-like proteins) domains 
at their N-terminus, which are involved in receptor binding [20, 21]. Jagged type ligands 
have an extra cysteine-rich domain in close proximity to the transmembrane domain [22]. 
The intracellular domains of most ligands contain multiple Lysine residues and a C-terminal 
PDZ ligand motif, thought to be involved in ligand signaling and cytoskeleton interaction 
[23]. Additional proteins consisting only of extracellular EGF-like domains and lacking DSL 
and/or DOS domains can act as non-canonical (co)ligands and will not be discussed further 
[24]. Ligand-receptor interactions are mediated by the Notch EGF-like repeats 11–12 and 
24–29 [19]. The EGF-like repeats of both Notch ligands and receptors harbor consensus sites 
for posttranslational modification by O-linked glycosylation. First, fucose is added to Serine 
or Threonine residues by O-fucosyltransferase (Pofut in mammals). The fucose groups can 
subsequently be elongated by the addition of glucose by Fringe O-glycosyltransferase pro-
teins. Glycosylation of Notch receptors is essential for Notch activity and influences receptor 
maturation, surface expression and differential affinity for Delta (high) than for Jagged (low) 
type of ligands [25]. 

Figure 1: Structure of mammalian Notch receptors and ligands
A) The Notch receptors are comprised of a Notch extracellular domain (NECD) and Notch intracellular domain (NICD). The 
NECD has 29-36 EGF-like repeats needed for ligand binding, and the heterodimerization domain consisting of the Negative 
Regulatory Region (NRR) with its three LNR modules and a juxtamembrane domain. The NICD harbors a RAM23 domain 
for transcriptional activation, Ankyrin repeats for co-activator binding, and a PEST domain for negative regulation. The 
activation of Notch is regulated by three cleavages, which are depicted in the structures. B) The extracellular domains of 
mammalian Notch pathway ligands Jagged and Delta-like (Dll) are comprised of DSL and DOS domains, needed for recep-
tor binding, and EGF-like repeats. In addition Jagged-type of ligands have an additional Cysteine-rich domain. 
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Regulation of Notch activity 

Following translation the 300 kDa Notch1 receptor is transported to the membrane via the 
secretory pathway. In the Golgi-system Notch is cleaved at its extracellular domain by a 
furin convertase (S1) [26, 27], resulting in the cell surface expression of a heterodimeric 
transmembrane receptor composed of a Notch extracellular domain (NECD) and membrane 
associated Transmembrane and Intracellular fragment (TMIC). This association of both 
parts of the heterodimer is calcium-ion dependent [28, 29]. The majority of the mammalian 
Notch expressed at the cell membrane is heterodimeric, but a small fraction of cell-surface 
expressed Notch is not cleaved by furin convertases [30]. 

Ligands expressed on a neighboring cell bind the Notch receptor and induce a substantial 
conformational change triggering two consecutive cleavages that will activate the recep-
tor. First, an ectodomain cleavage at Site-2 (S2) is mediated by a metalloprotease, which 
sheds off the Notch extracellular domain (NECD). Early studies indicated cleavage takes 
place at Val1711 of mNotch1 and this was mediated by A Disintegrin and Metalloprotease 
17 (ADAM17) [31, 32]. However, studies in invertebrates such as C.elegans and Drosophila 
demonstrated ADAM10/Kuzbanian/SUP-17 to be involved in S2 cleavage [33-35]. Moreover, 
whereas Notch1 knockout mice die around day 9.5 [36-39], ADAM17 null mice do not display 
such a severe phenotype [40]. Mice knockout for its close relative ADAM10 do phenocopy 
Notch1 nulls, showing disturbed somitogenesis and defects in brain and heart development 
[41]. Indeed, genetic and biochemical experiments in mammalian cells indicated that not 
ADAM17, but ADAM10 is the main protease involved in ligand-dependent Notch activation 
[42, 43]. ADAM10 knockout cells show a significant reduction in S2 cleavage, however, not a 
total loss. This observed residual cleavage could be mediated by ADAM17. Furthermore, it is 
reported that matrix metalloproteinase 7 (MMP7) is able to cleave Notch in pancreatic cells 
[44]. In contrast to ligand-dependent signalling, cancer-prone ligand-independent Notch 
receptors described in T-cell acute lymphoblastic leukemia (T-ALL) [45], are processed by 
ADAM17 [42]. Ligand stimulation of T-ALL mutated Notch receptors still requires ADAM10 
[42]. 

In the absence of ligand, the Notch Negative Regulatory Region (NRR) inhibits extracellu-
lar proteolysis and activation [43, 46]. Structural studies revealed the S2 cleavage site lies 
deeply buried in the NRR covered by three LNR modules [46, 47]. In order to activate Notch 
a substantial conformational change has to occur to expose the S2 cleavage site enabling 
ADAM10 to cleave. Two models explain Notch activation upon ligand binding; the ‘pulling 
force model’ and the ‘lift-and-cut model’. First, the pulling-force model proposes activation 
of Notch occurs by the dissociation of the heterodimer upon ligand binding, after which S2 
cleavage takes place [48]. Consequently, the NECD is transendocytosed by ligand into the 
signal-sending cell [48, 49]. Analysis of ADAM metalloprotease inhibitors indicate that after 
heterodimer dissociation S2 cleavage can be inhibited [48], demonstrating the sequence of 
events. The second model proposes that ligand binding leaves the receptor intact, but lifts 
the NECD in such a way that the NRR unfolds and S2 cleavage can occur [46]. By system-
atically removing the protective LNR modules present in the NRR, Notch activity increases 
significantly providing support for this model [46]. Neither of these is mutually exclusive 
and both are based on the fact that a certain force is generated to either lift or dissociate 
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the receptor, possibly involving ligand or receptor endocytosis (see below). Elegant studies 
determined NRR dynamics using hydrogen ion exchange mass spectrometry. This demon-
strated that although in the hydrophobic core harboring the S2 site hydrogen ion exchange 
is not detected initially, it does incorporate hydrogen ions over time. This shows the S2 site 
is not in an absolute autoinhibited state. Artificial receptor stimulation by the Ca2+-scavenger 
EDTA showed a more rapid incorporation of hydrogen ions in the hydrophobic core [50]. 

ADAM10 cleavage results in a truncated Notch receptor that is subsequently cleaved in the 
transmembrane domain by the aspartyl protease presenilin, part of the γ-secretase com-
plex [51-53]. The γ-secretase complex consists of four components that cooperate in order 
to mature and stabilize the protease complex. Presenilin is the catalytic component with 
two juxtaposed conserved Asp residues responsible for catalytic activity [54]. In order to 
become catalytically active the complex needs to undergo autoproteolysis resulting in a 
N- and C-terminal fragment both incorporated in the γ-secretase complex [55, 56]. To make 
up an active γ-secretase complex expression of either single NTF or CTF is not sufficient, 
only the combination of two functionally NTF and CTF constitutes γ-secretase activity [57]. 
Mammals have two presenilin proteins, that are highly similar but mutually exclusive in 
the γ-secretase complex. Furthermore, three other components make up the γ-secretase 
complex: Nicastrin, which is demonstrated to stabilize the complex but is also proposed to 
recognize substrates, Aph-1, stabilizing the complex, and Pen-2 needed for endoproteolysis 
of Presenilin and stabilization of the complex [58]. A γ-secretase complex consisting of three 
components, lacking Nicastrin, has also been described [59] to be active in vitro, but no such 
active complex has been observed in vivo. The presenilin-dependent γ-secretase cleavage 
at Site-3 occurs intramembranously at Val1744 and is termed Site-3 (S3) [53]. This two-
step activation mechanism termed Regulated Intramembrane Proteolysis (RIP) is central to 
physiological and pathological Notch signaling. Similar to presenilin-depedent processing of 
the Amyloid β precursor protein (APP), an additional transmembrane cleavage of Notch is 
observed [60]. This S4 cleavage takes place between a stretch of Alanines in the centre of 
the transmembrane and releases a short peptide termed Nβ in analogy of Aβ of the APP. 
This cleavage is probably meant to remove residual Notch fragments from the plasma mem-
brane. 

The γ-secretase cleavage releases the Notch intracellular domain (NICD) which translocates 
to the nucleus where it displaces the co-repressors SMRT [61], SKIP [62], and MINT [63, 64] 
from the transcription factor CBF1/Su(H)/Lag1 (CSL or RBP-Jκ in mice), and binds CSL itself 
via its RAM and Ankyrin repeat domains [65, 66]. The NICD-CSL complex subsequently binds 
the co-activator Mastermind [67-69], which recruits the Mediator transcription activation 
complex and initiates transcription [70]. Most Notch signalling occurs through CSL binding 
and transcriptional activation and is referred to as the canonical pathway [19].

Endocytosis 

As mentioned above, endocytosis plays an important role in Notch activation upon ligand 
binding. A Drosophila mutant shibire, a null mutation in dynamin, shows attenuated Notch 
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signaling [71], resulting in a neurogenic phenotype. Dynamin is a GTPase essential for most 
forms of clathrin-dependent endocytosis [72]. Classical endocytosis occurs through recogni-
tion of cargo by ubiquitination, which will be recognized by ubiquitination-interaction motif 
(UIM) containing proteins. These will recruit adaptor molecules such as assembly protein-2 
(AP-2), which will recruit the ubiquitinated membrane proteins into clathrin-coated pits. 
Clathrin molecules bind the adaptor proteins that will invaginate and form vesicles which 
are pinched off by Dynamin. Ubiquitination occurs via numerous E3 ligases that are spe-
cific for each membrane protein [73]. Upon endocytosis cargo is transported to early endo-
somes. From here it can be directed to three destinations: i. recycling to the membrane, ii. 
return to Golgi/ER, or iii. to late endosomes, which will form multivesicular bodies (MVB), 
and fuse to lysosomes resulting in degradation [74]. Both Notch ligands as well as receptors 
can be internalized by endocytosis [75].

Ubiquitination of ligands is mediated by two E3 ligases, Neuralized (Neur) and Mind bomb 
(Mib). Neuralized was originally identified as a neurogenic gene [76], causing a Notch phe-
notype upon loss-of-function. Mind bomb was identified causing a neurogenic phenotype 
in zebrafish [77]. Although it has been suggested that Neur and Mib have DSL ligand specific 
functions, they can functionally substitute for each other [78, 79]. Ubiquitinated ligands are 
likely to be recognized by Epsin, a ubiquitin binding protein interacting with AP-2 and clath-
rin [72]. The function of ligand endocytosis remains a subject of debate, and two models 
explain its significance. The first model proposes that newly synthesized ligand is not active 
yet, and needs to be endocytosed in order to acquire the capability to signal [78]. In epsin 
mutants, a conserved adaptor protein of Clathrin, Dl was unable to signal since it could not 
enter the specialized endocytic route needed for ligand activation [78]. Furthermore, de-
fects in several components involved in the endosomal recycling machinery display Notch 
loss-of-function phenotypes [80-82]. The second model supports the ‘pulling force’ and ‘lift-
and-cut’ models discussed above, where endocytosis of ligand exerts force to either dissoci-
ate the Notch heterodimer, or stretches the receptor to unfold the NRR. In either scenario 
the NECD of Notch is trans-endocytosed into the signal-sending cell [48, 49]. However, it 
remains to be established whether the transendocytosed Notch fragment is generated by S2 
cleavage, or whether dissociation of the heterodimer at the non-covalent S1 site is sufficient 
for transendocytosis into the signal-sending cell. 

There are several E3 ligases involved in receptor endocytosis, Deltex (Dx), Suppressor of 
Dx (Su(Dx) or AIP4/Itch in mammals), and Nedd4 [83]. Dx has been described to be both a 
positive and negative regulator of Notch signaling [84, 85]. Loss of Dx leads to attenuation 
of context-dependent Notch signaling, whereas ectopic expression results in Notch activa-
tion which is ligand- and CSL-independent [86-88]. By forming a complex with the β-arrestin 
Kurtz, Dx promotes Notch degradation [85]. Both E3 ligases Su(Dx) and Nedd4 negatively 
regulate Notch by directing the receptor to lysosomal degradation [86, 89]. Loss of both 
ligases results in Notch gain-of-function phenotypes, while ectopic expression causes the 
opposite, Notch loss-of-function. In addition, the protein adaptor Numb can interact with 
AIP4/Itch/Su(Dx) in order to promote Notch degradation [90, 91]. 

The role of endocytosis of Notch in ligand-independent receptor activation is interesting 
with respect to cleavage. Initially endocytosis was thought to be essential for S3 cleavage, 
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as an endocytosis defective Notch mutant (K1749R) remained membrane localized upon 
ligand activation, and did not result in nuclear accumulation active Notch in the nucleus 
[92]. However, this was challenged by the finding that S3 cleavage is variable depending on 
cellular location [93]. Membrane-bound Notch molecules were processed at the classical 
Val1744 S3 site, whereas endocytosed Notch molecules were processed at Ser1747. Pro-
cessing of Notch at other residues than Val1744 result in unstable NICD variants that trans-
duce weak signaling. The described K1749R (Lys>Arg) mutation was shown not be processed 
at Val1744, but primarily at the highly unstable Leu1746, Ser1747 and the newly introduced 
Lysine at 1749 instead [93]. This demonstrated endocytosis was not essential for Notch S3 
cleavage upon ligand-dependent activation. However, in Drosophila Sara endosomes, a mul-
tivesicular body (MVB), accumulated Notch receptors are likely to encounter ligands that 
may activate Notch in a ligand-dependent way [94]. Ligand-independent activation may 
rely on endocytosis [95, 96]. In Drosophila Notch is transported for lysosomal degradation 
from a Hepatocyte Growth Factor-Regulated Tyrosine Kinase Substrate (Hrs)-positive early 
endosome to a late endosome/MVB by Lethal Giant Discs (lgd) that constitutively targets 
uncleaved Notch for lysosomal degradation. Upon loss of lgd, Notch accumulates in Hrs-
positive endosomes and is activated ligand-independently [95], which may occur through 
heterodimer destabilization due to changes in pH/ionic environments in endocytic organ-
elles [28, 97]. Defects in proteins associated with acidification of endosomal compartments 
such as V-ATPase, do indeed affect Notch signaling [98]. Overall, the involvement of vesicle 
trafficking routes introduces an additional level of Notch regulation by fine-tuning the signal 
output.

Notch function 

Notch is a crucial determinant of cell fate decisions in various tissues during development 
and adult life. The specification of cell lineages from clusters of cells or the definition of 
borders between fields of cells are regulated by Notch signaling. Classical examples of Notch 
function in cell fate specification are given the AC/VU decision in C. elegans, the sensory or-
gan precursor (SOP) lineage, and dorsal ventral boundary formation in the Drosophila wing. 
These processes are highly conserved and used reiteratively. Neighboring cells in develop-
ing tissues communicate via Notch signaling to adopt different cell fates. Depending on the 
context Notch can either inhibit or induce differentiation. 

In the formation of the C.elegans vulva two equivalent cells can both become either an an-
chor cell (AC), which will become a terminally differentiated cell, or ventral uterine precur-
sor cell (VU) cell, contributing to the ventral uterus (Figure 2A). However, only one of these 
cells will become the AC, and the other will adopt the VU fate, depending on a stochastic 
process where the amount of receptors and ligands determines cell fate. Notch signaling 
can go unidirectional, whereby one cell acts as a signal-sending cell (high Dl expression) 
stimulating the signal-receiving cell (high Notch expression). Upon Notch activation, a feed-
back mechanism in the signal receiving cell promotes Notch expression but Dl repression, 
resulting in an amplification of signaling directionality that inhibits its immediate neighbors 
to adopt the same cell fate, a process known as lateral inhibition. Activation of Notch will 
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result in the VU fate (signal-receiving cell), whereas the signal-sending cell will adopt the 
default AC fate. 

Next to lateral inhibition Notch coordinates asymmetric cell divisions which is illustrated by 
the specification of mechanosensory bristles in Drosophila (Figure 2B). During development 
the SOP (sensory organ precursor) cells undergo two cell division giving rise to four different 
cell types needed for bristle formation: socket, hair, sheath, and neuronal (sensory) cells. 
Importantly, the negative regulator of Notch, Numb plays a pivotal role in these asymmetric 
divisions. During the first division of the SOP which occurs parallel to the anterior-posterior 

Figure 2: Different modes of Notch-action
A) Lateral inhibition: By a stochastic process a group of equivalent cells adopt different cell fates. Small differences of 
Notch signaling (black arrows) are amplified within roughly equivalent populations of cells by a negative feed-back loop 
promoting unidirectional Notch signaling. White cells have activated Notch, black cells express Delta. B) Asymmetric 
division: Notch signaling between two daughter cells is dependent on asymmetrical inheritance of Notch regulators such 
as Numb (grey crescent). Cells inheriting Numb do not have active Notch signaling. Conversely, cells lacking Numb show 
Notch activity. Numb-rich cells develop into pIIb, hair and neuronal cells, whereas pIIa, socket and sheath cells are rich 
in Notch. C) Boundary formation: Notch signaling occurs between two populations of cells and can segregate the two 
groups. Both cell types express Notch, but in addition white (dorsal) cells express Serrate and Fringe and black (ventral) 
cells express Delta. Fringe glycosylates Notch sensitizing the receptor for Delta-dependent signaling, allowing ventral-to-
dorsal signaling (arrows).
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axis, the Numb protein will be enriched in the anterior side of the SOP, downregulating 
Notch. The plane of division results in the formation of the pIIb cell that inherits Numb (i.e. 
Notch inactive), while the other cell (pIIa), does not (Notch active). Subsequent division 
of the pIIa cell involves the same segregation of cell fate determinants, resulting in a hair 
(Numb-rich) cell and socket (Notch-rich) cell. For the pIIb cell the division results in a neuron 
(Numb-rich) and sheath (Notch-rich) cell. Thus by asymmetric segregation of regulators of 
Notch activity prior to cytokinesis, a Notch blueprint is transmitted to daughter cells.

A third process involving unidirectional Notch signaling is exemplified by dorsal-ventral 
boundary formation of the wing blade in Drosophila (Figure 2C). In both compartments the 
Notch receptor, and the ligands Delta and Serrate (dJagged) are expressed. The modulator 
for ligand-receptor binding Fringe is crucial in this process. In the wing primordium Delta is 
expressed in ventral cells, signaling to dorsal cells. Conversely, dorsal cells express Serrate, 
which is implicated in dorsal to ventral signaling. The expression of Serrate is under the 
control of the Apterous gene, that concomitantly controls Fringe expression [25]. Fringe gly-
cosylates dorsally expressed Notch receptors making them exclusively responsive to Delta 
signaling. In this way receptor glyocosylation by Fringe proteins is used to establish direc-
tionality in signaling to generate the D/V boundary.

Notch function in mammals 

In mammalian development Notch plays an important role in somite segmentation, a strict 
time-dependent process in which every 2 hours a pair of somites is formed in mice from the 
pre-somitic mesoderm (PSM). Loss of Notch signaling results in defects in somite formation 
[99]. The Notch target gene Hes7 is expressed during somitogenesis in the PSM at restricted 
time points [100, 101]. The Hes7 gene is transcribed in the posterior end of the PSM and 
spreads to the anterior. Expression of Hes7 itself leads to its own repression by binding to 
repressive sites in the Hes7 promoter. Repression ends upon ubiquitination directed break-
down of the Hes7 protein, and transcription of Hes7 mRNA can start again. In this way Hes7 
maintains a negative feedback loop that is essential for periodic somite segmentation [102]. 
Similar oscillation mechanisms have been described for Lunatic Fringe in somite segmenta-
tion [103], and Hes1 in embryonic and neuronal stem cells inducing differentiation [104, 
105].

Other examples of Notch signaling are found in the hematopoietic and vascular system. 
In the vasculature Notch is a key regulator of arteriovenous differentiation. Zebrafish with 
disrupted Notch signaling, genetically or pharmacologically, develop malformed dorsal aor-
tas and posterior cardinal veins. They exhibit a loss of arterial markers and an increase in 
venous markers instead, whereas gain-of-function Notch mutants show the opposite [106]. 
Dll4/Dll1-Notch signaling determines arterial fate, as Dll4 or Dll1 loss-of-function mutants 
do not express arterial markers such as EphrinB2 [107-110]. During angiogenesis Dll4/Jag1-
Notch1 signaling regulates vessel sprouting in response to a gradient of vascular endothe-
lial growth factor (VEGF) angiogenesis [111]. Dll4-Notch signaling results in anti-angiogenic 
signals [112], whereas Jag1-Notch signals act antagonistically resulting in pro-angiogenic 
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responses [113]. Interestingly, similar to Dll4 inhibition, conditional loss of Notch1 in endo-
thelial cells resulted in excessive sprouting and eventually vascular tumors [114]. 

Notch plays pivotal roles in definitive hematopiesis and lymphoid specification [115]. Loss-
of-function of Notch1 results in the generation of B-cells, at the expense of T-cells [39, 
116]. Similar phenotypes are observed upon loss of RBP-Jκ [117], and upon inhibition of 
γ-secretase [115]. Conversely, gain-of-function mutants of Notch show increased T-cell for-
mation at the expense of B-cells [118], eventually leading to T-cell leukemias [119]. Further-
more, Notch ligands Dll1, Dll4 and Jagged 1 can promote self-renewal of lymphoid progeni-
tors [120-122].

The epithelium of the adult intestine is renewed every 4-5 days, representing a highly pro-
liferative organ. Stem cells in the crypt continuously proliferate to preserve the proper func-
tion of the gut. Notch signals maintain stem cells in their proliferative state. Both Notch1 
and Notch2 are active in the intestinal precursor cells of mammals [5, 123], where they 
function redundantly [124]. Complete loss of Notch signaling by deleting either both Notch1 
and 2, or RBP-Jκ resulted in a loss of proliferative cells [4, 124], specifically increasing the 
number of secretory goblet cells. Ectopic expression of Villin-Cre driven activated Notch1 
however, expands the proliferative intestinal progenitors [125]. Strikingly, whereas in mam-
mals the intestinal stem cells harbor active Notch [5, 126], the Drosophila midgut intestinal 
stem cell (ISC) exhibits high Dl expression [127]. The ISC divides asymmetrically into a new 
ISC and an immature daughter cell, the enteroblast (EB), which further differentiates into 
an absorptive enterocyte (EC) or secretory enteroendocrine (ee) cell [128, 129]. The newly 
formed Dl-expressing ISC activates Notch in the neighboring EB, that blocks ISC proliferation 
and which promotes development of EB into EC, but blocks differentiation of EB into ee. The 
parental ISC that has minute Dl-expression is unable to activate Notch in the EB, which then 
develops into an ee cell [127]. This indicates species-specific differences.

Next to pro-proliferative functions, Notch has also been attributed anti-apoptotic properties 
leading to enhanced cellular survival. Inhibition of apoptosis by Notch1 appears to occur 
via several mechanisms. Notch1 signaling can repress pro-apoptotic factors such as Nur77 
[130] and XIAP [131], but also via JNK [132], p53 [133-135], or the PKB/Akt pathway [135, 
136]. In breast epithelial cells Notch protects against apoptosis due to the induction of PKB/
Akt signaling [137]. Thus, Notch activity leads to anti-apoptotic and pro-survival effects. In 
the immune system, when infected cells need to be cleared through induced apoptosis by 
natural killer (NK) cells or cytotoxic T-lymphocytes (CTLs), this anti-apoptotic effect of Notch 
needs to be neutralized. Therefore upon target cell recognition, NK cells and CTLs release 
their granules containing pro-apoptotic serine proteases, called granzymes, and perforin. 
The pore forming protein Perforin allows granzymes to enter the target cell where they trig-
ger apoptosis by activating caspases, which cleave critical substrates leading to cell death 
[138]. Of the granzymes, the granzyme B (GrB) is the most potent inducer of apoptosis. In an 
in vitro screen in search of GrB substrates, Notch1 was identified. Notch1 is directly cleaved 
by GrB in its intracellular domain independent of activated caspases [139]. A more detailed 
examination of GrB cleavage of Notch resulted in the identification of the cleavage sites. As 
expected, cleavage of Notch1 by GrB leads to inactivation of Notch1 signaling, likely result-
ing in a loss of anti-apoptotic signals (this thesis). 
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Notch and cancer 

Dysfunction of the Notch signaling pathway may result in several developmental defects and 
neoplastic transformation [3-5]. Notch functions differ depending on the tissue where it is 
expressed, by either inhibiting or promoting differentiation. In cancer, Notch can therefore 
act as an oncogene or tumor-suppressor.

Notch as an oncogene 

The first indication of an oncogenic role for Notch1 was given by the identification of a chro-
mosomal breakpoint at t(7;9) in human T-cell lymphoblastic leukemias (T-ALL) [140]. This 
resulted in a truncated Notch1 gene expressed from the TCRβ locus, expressing a ligand-
independent constitutively active form of Notch1 [141]. Consistent overexpression of this 
activated Notch1 variant in bone marrow of mice lead to T-cell neoplasms [119]. Sequenc-
ing human T-cell leukemia samples revealed oncogenic mutations in the NOTCH1 gene in 
more than 50% of the patients [45]. These mutations mapped to the HD and PEST domain, 
resulting in ligand-independent activation [43, 142] and prolonged Notch activity, respec-
tively [45]. The HD mutations can be classified to their activation mechanism [142]. Class 1 
present mutations that destabilize the Notch heterodimer, which can be subdivided into 1A 
that display spontaneous enhanced heterodimer dissociation, whereas Class 1B causes a 
slower but still ligand-independent dissociation or increased S2 site exposure. Class 2 muta-
tions do not affect heterodimer stability, but due to insertions a novel S2 site is introduced 
positioned outside of the protective NRR resulting in precocious proteolytic activation [142]. 
An additional class of Notch HD insertions is the juxtamembrane expansion mutants (JEM) 
[143], that show a activation mechanism similar to Class 2 mutants. The PEST domain muta-
tions are short insertions or deletions causing a frame-shift resulting in (partial) deletion of 
the PEST domain [45], disabling rapid breakdown of Notch by the E3 ubiquitin ligase Fbw7 
[144]. 

Many solid tumors exhibit an increase in deregulated Notch expression. Viral integration 
of the mouse mammary tumor virus MMTV in the Notch4 gene truncates the Notch4 pro-
tein creating a ligand-independent constitutive active protein and formation of mammary 
tumors [145, 146]. MMTV integration in Notch1 resulted in similar phenotypes [147]. More-
over, immunohistochemical analysis of breast cancer specimens, a high Notch1 expression 
was observed in correlation with the oncogene H-Ras [148]. MMTV driven human NICD1 in 
transgenic mice leads to invasive ductal carcinomas [149], which are dependent on activa-
tion of the Notch1 target gene c-Myc [150]. 

Due to the essential role of Notch in stem cell homeostasis in the adult gut, it is not sur-
prising the pathway plays a role in tumorigenesis. The pro-proliferative stem cell pool is 
increased upon ectopic expression of active Notch1 [125]. However, when Notch is ectopi-
cally expressed in a cancer-prone background such as the heterozygous loss of Apc, a key 
negative regulator of β-catenin/TCF, the formation and number of intestinal adenomas is 
accelerated and increased respectively [151]. Most of the adenomas formed in Apc/Notch 
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mice display activated Notch1 signaling, increased proliferation, and active Wnt signaling 
[151], indicative of a cross-talk of Wnt/Notch signaling pathways in cancer. The Wnt effec-
tor β-catenin can directly regulate Jagged1 expression [152]. In addition, whereas Jagged1 
is normally expressed in enteroendocrine cells, an increase in Jagged1 expression was ob-
served in colorectal adenocarcinomas [153]. Moreover, in human colon cancer tissue sam-
ples an increased Hes1 staining is observed in adenomas, but not in higher stage adenocar-
cinomas [151]. This indicates Notch1 signaling contributes to the initiation of carcinomas. 
Recent studies have demonstrated Notch activation is necessary for metastasis [154]. Nor-
mally, Notch activation is inhibited by the Aes metastasis suppressor protein, but cancer 
cells losing Aes expression initiate Notch-dependent transcription and stimulate intravasa-
tion in blood vessels. Other examples where Notch may act as an oncogene are non-small 
cell lung carcinomas [155], pancreas cancer [156], and melanomas [157]. 

Notch as a tumor suppressor 

Initially, Notch1 was thought to act as a tumor suppressor in the skin, since Keratin5-driven 
loss of Notch1 lead to excessive epidermal proliferation and development of skin tumors 
[158]. This was confirmed by loss of various components of the Notch pathway such as 
a concomitant loss of Notch1/2/3, RBP-Jκ, and Presenilin 1/2 [159-161]. However, recent 
studies demonstrated that these skin tumors could also be induced non-cell autonomous 
Notch1 loss [162]. Mice expressing tamoxifen induced Cre, driven by the keratinocyte spe-
cific Msx promoter, leads to chimeric loss of Notch1 in the skin. Creating a tumor-prone en-
vironment by mutating the H-Ras oncogene results in a more rapid increase in papillomas. 
However, examining the number of skin tumors demonstrated that both Notch1-null and 
cells that still express Notch1 of single animals showed similar frequencies in the formation 
of tumors [162]. This formally demonstrated that Notch1 does not act as a tumor suppres-
sor per se in the skin. Only in the vascular system loss of Notch1 resulted in vascular tumors 
[114]. Inhibiting Notch1 in vasculature leads to severe disorganization of vasculogenesis and 
eventually resulted in vascular tumors [163, 164]. By specifically deleting Notch1 in Notch1 
expressing cells an increase in endothelial cells was observed, and vascular tumors arose. 
This demonstrated unequivocally a cell autonomous tumor suppressor function of Notch1.

Therapies inhibiting Notch in cancer

The frequent deregulated expression of Notch receptors, ligands, and target genes in vari-
ous cancers suggest that inhibition of Notch may be beneficial for therapeutic targeting. 
Several strategies have been developed blocking Notch activity in vivo. 

The use of inhibitory antibodies has been shown to be effective in the vasculature. Blocking 
Dll4 deregulates vasculogenesis resulting in a non-functional blood system, thus disabling 
nutrients and oxygen to be transported to tumors to support their growth [163, 165, 166]. 
However, prolonged Dll4 inhibition causes such a disorganized and non-regulated sprout-
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ing that eventually vascular tumors will arise [164]. Alternatively, antibodies have been de-
veloped that target Notch receptors [167-169]. Although several antibodies interfere with 
ligand-receptor binding, the most promising antibodies inhibit the unfolding of the NRR 
upon ligand stimulation. This strategy allows targeting of individual Notch receptors, instead 
of bulk inhibition of all receptors. In addition, the use of a ‘capping’ antibody binding to the 
freshly cleaved S2 site, preventing substrate recognition of the γ-secretase complex compo-
nent Nicastrin may be a novel way to specifically inhibit Notch [43, 170].

A different approach to inhibit Notch activation at the S2 cleavage level is by inhibiting the 
proteases involved, ADAM10 and ADAM17. The use of hydroxamate inhibitors, chelating the 
Zn2+-ions essential for ADAM activity, established a block of cleavage at the S2 specific Val1711 
site. However, it appeared that an alternative S2 site was used still allowing further processing 
into active Notch [43]. The fact that next to ADAM10 and ADAM17 more proteases may be in-
volved, and since ADAM10 has different substrates, further complicates this strategy [42, 43]. 

Most, if not all, Notch signalling relies on γ-secretase/S3 processing, and inhibition of 
γ-secretase cleavage using γ-secretase inhibitors (GSI) is very effective [51, 54, 171, 172]. 
Despite the efficacy of GSI, it exhibits very severe side-effects in vivo, inducing gut toxic-
ity [4, 173]. GSIs inhibit Notch signaling in the gut, resulting in an excessive conversion of 
uncommitted crypt epithelial cells into differentiated secretory cells. In the treatment of 
colorectal cancer this is beneficial, leading to differentiation of tumors [4]. However, treating 
other cancers such as T-ALL with GSI will also induce this gut toxicity, which is not desirable. 
Recent studies show new promising developments by combining glucocorticoid treatment 
with GSI partly overcoming GSI-induced gut toxicity and restoring normal gut homeostasis 
[174]. Thus combination therapies may be beneficial to reduce the side-effects caused by 
GSI treatment. 

In leukemia, a significant number of T-ALL cells develop resistance upon GSI treatment in 
vitro being refractory to growth inhibition and apoptosis. Recent investigations have identi-
fied mutations in tumor suppressor genes PTEN and FBW7 as an underlying cause of GSI 
resistance in T-ALL [175-177]. Inactivating mutations in PTEN, a negative regulator of the 
PI3K/Akt pathway, result in loss-of-function and thus constitutive activation of the PI3K/
Akt pathway. A regulatory loop has been identified where the Notch target genes Hes1 and 
c-Myc downregulate PTEN expression [175, 178]. Inhibition of Notch thus increases PTEN 
and attenuates Akt/PKB signaling. Recent studies demonstrate PTEN loss and GSI resistance 
are primarily observed in established T-ALL cell lines but not in primary T-ALL which remain 
dependent on Notch1 activity [179]. Another class of mutations in GSI resistant T-ALL is 
found in the E3 ubiquitin ligase F-box protein 7 (FBW7), a tumor suppressor frequently de-
leted in human cancers. Mutations in FBW7 are associated with decreased degradation of 
oncogenes such as Notch1, Cyclin-E and c-Myc [176, 177, 180]. In addition, NFκB activation 
has also been shown to be critical for Notch1-induced T-ALL growth, but NFκB pathway 
inhibition by a proteasome inhibitor does not sensitize all cells to GSI [181]. Moreover, the 
mTOR pathway is regulated by Notch in T-ALL and simultaneous inhibition of Notch and 
mTOR by Rapamycin synergizes in T-ALL growth suppression in part through PI3K/Akt signal-
ing [175, 182]. Glucocorticoids are fundamental in the treatment of leukemias, but upon 
relapse, T-ALL often becomes resistant to glucocorticoid treatment protecting cells from 
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apoptosis. Notch inhibition by GSI has been shown to re-sensitize T-ALL to glucocorticoid 
induced apoptosis [174]. However, although at present no drugs are available overcoming 
GSI resistance, combining GSIs with glucocorticoids, NFκB and mTOR inhibitors broadens 
the therapeutic window. 

Recently, a peptide-mimicking strategy has been described that interferes with the NICD 
transcription complex formation [183]. The Notch/CSL/Mastermind structural complex 
harbours a stretch of α-helices [65, 184]. Developing a peptide mimicking these α-helices 
found in MasterMindLike1 (MAML1), created a dominant negative-like MAM which inhib-
ited binding of endogenous MAM to the NICD-CSL complex, blocking transcription of Notch 
target genes. These substrate mimicking peptides are also active in suppressing leukemia 
in a mouse model for T-ALL [183]. This is a promising strategy, but its selectivity and clinical 
significance needs to be established in humans.

Outline of the thesis

Examining regulation of Notch signaling is crucial to understand its role in developmental 
processes and to clarify its contribution to tumor development in adults. In this thesis we 
describe the receptor activation mechanisms involved in Notch pathway regulation, and at-
tempt to determine the oncogenic role of Notch1 in tumor development. 

The first part of the thesis comprises three chapters describing of the proteolytic activation 
mechanism of Notch1 receptors. Chapter 2 reviews the latest insights of the three proteo-
lytic cleavage processes involved in receptor maturation and activation. In Chapter 3 we 
elaborate on the rate-limiting S2 cleavage and describe the identification of ADAM10 as 
the main S2-protease in ligand-dependent signaling. The Granzyme B mediated inactivating 
cleavage of Notch1 is discussed in the final chapter of part one, Chapter 4. 

In the second part of this thesis we examined the role of Notch1 in cancer initiation and 
progression. Chapter 5 describes a proteomic screen in search of novel Notch associated 
targets that may be targeted to overcome GSI resistance observed in T-ALL. In Chapter 6 
the generation and initial characterization of a novel oncogenic Notch1 expressing mouse 
model, is presented. Finally, Chapter 7 summarizes and discusses all chapters of this thesis.
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Abstract

The Notch pathway is a highly conserved signaling pathway in multicellular eukaryotes es-
sential in controlling spatial patterning, morphogenesis and homeostasis in embryonic and 
adult tissues. Notch proteins coordinate cell-cell communication through receptor-ligand 
interactions between adjacent cells. Notch signaling is frequently deregulated by oncogenic 
mutation or overexpression in many cancer types. Notch activity is controlled by three se-
quential cleavage steps leading to ectodomain shedding and transcriptional activation. Here 
we review the key regulatory steps in the activation of Notch, from receptor maturation 
to receptor activation (HIT) via a rate-limiting proteolytic cascade (RUN) in the context of 
species-specific differences. 
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Introduction

The Notch pathway is a highly conserved signaling pathway in multicellular eukaryotes es-
sential in controlling spatial patterning, morphogenesis and homeostasis in embryonic and 
adult tissues [1, 2]. Notch proteins coordinate tissue homeostasis through receptor-ligand 
interactions on adjacent cells [3]. Disruption of this homeostatic control by deregulated 
Notch signaling underlies developmental defects and neoplastic transformation [4-6]. Notch 
receptors are Type I transmembrane glycoproteins that transduce signals by binding to 
membrane bound ligands (i.e. Delta, Jagged) on adjacent cells (Figure 1). In Drosophila me-
lanogaster, a single prototypical Notch protein (N) is found together with two ligands, Delta 
(Dl) and Serrate (Ser, Jagged in mammals). In the nematode Caenorhabditis elegans, two 
Notch-like receptors, LIN-12 and GLP-1 [7], and several Delta-Jagged type ligands (LAG-2/
APX-1) are found. In mammals four Notch genes (Notch1-4) and five ligands: Jagged1-2, 
Delta-like ((Dll) 1, 3 and 4) are known. These ligands are collectively called DSL ligands (Delta 
and Serrate/ in Drosophila and LAG-2 in C. elegans) [8]. Notch ligand-receptor interactions 
are regulated by O-linked glycosylation/fucosylation of EGF-like repeats in the Notch re-
ceptor and DSL ligands by Fringe proteins during ER-Golgi transport [9-11]. Glycosylated 
Notch receptors have a higher affinity for Delta than for Jagged type of ligands [12]. Upon 
ligand binding, Notch receptors undergo two successive proteolytic cleavages: an ectodo-
main cleavage followed by intramembranous cleavage. This two-step activation mechanism 
termed Regulated Intramembrane Proteolysis (RIP) is central to physiological and pathologi-
cal Notch signaling and is known as the canonical Notch pathway [8]. RIP releases the Notch 
intracellular domain (NICD), which translocates to the nucleus and binds the transcription 
factor CBF1/Su(H)/Lag-1 or CSL (RBP-jk in mice) participating in a complex activating its tar-
get genes [13-17]. In the absence of ligand the Notch juxtamembrane localized heterodi-
merization domain (HD) inhibits extracellular proteolysis and activation [18, 19]. The Notch 
signaling cascade is deregulated in many human cancers and in human T-cell leukemia onco-
genic mutations in NOTCH1 mapping to the HD and PEST domain are frequently found [20], 

making Notch proteolysis an attractive therapeutic target. Here we review the proteolytic 
events that govern Notch receptor maturation and activation under physiological and non-
physiological conditions with an emphasis on differences and similarities between mam-
mals flies and worms.  

I. Furin S1 cleavage

During maturation in the trans-Golgi network, Notch precursors are cleaved at Site-1 (S1) 
by a furin-like convertase producing a heterodimeric receptor with the Notch extracellular 
domain (NECD) non-covalently bound to a transmembrane/intracellular fragment (TMIC) 
[21-23]. 

Early studies had already detected smaller fragments of Notch in mammals and worms [24, 
25]. Lower molecular weight species of Notch2 were observed in cell lines as well as in rat 
embryo and human tissue extracts [21], all indicative of receptor cleavage. The intracellular 
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portion of fragmented Notch is found to be associated with membranes, showing the cleav-
age occurs in the Notch extracellular domain (NECD). Inhibiting trafficking between the ER 
and Golgi with Brefeldin A, or decreasing the incubation temperature blocked the cleavage 
of full-length Notch, demonstrating processing occurs in the trans-Golgi network. Notch2 is 
expressed at the cell surface as a heterodimer, whereas the unprocessed full-length Notch2 
does not reach the plasma membrane. The interaction of the ligand Delta with the het-
erodimeric receptor showed that furin cleaved Notch is capable of binding ligand [21]. Like 
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Figure 1: Overview of Notch proteolysis
A schematic overview of the Notch signaling pathway showing the proteolytic events. During maturation and transport of 
the receptor to the membrane Notch gets cleaved in the Golgi system at Site-1 (S1) by a furin-like convertase, resulting in 
a heterodimeric transmembrane receptor. At the cell surface in the absence of ligand the receptor is proteolysis-resistant. 
Only upon binding of ligand, inducing a substantial conformational change, the metalloprotease ADAM10 is able to cleave 
Notch at the newly exposed Site-2 (S2). This sheds off the NECD which can be transendocytosed into the ligand-expressing 
cell. On the receptor-expressing cell S2 cleavage results in a NEXT fragment that either is directly cleaved at the membrane 
at Val1744 (NICD-V) by the γ-secretase complex, or NEXT is internalized and processed in endocytic compartments by 
γ-secretase at Ser1747 (NICD-S). NICD translocates to the nucleus where it participates in a co-activator complex binding 
to CSL and starts target gene transcription. An additional cleavage at Site-4 (S4) is mediated by the γ-secretase in the 
centre of the transmembrane domain resulting in the Nβ fragment, probably meant to clear residual Notch fragments 
from the membrane.
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Notch2, Notch1 is also heterodimer at the cell surface [23]. Previous observations of arti-
ficially truncated Notch molecules (LNR) lacking the EGF-repeats of the Notch extracellular 
domain showed a cleavage of Notch1 at site RQRR [22], reminiscent of a consensus furin 
cleavage site (Figure 2). In fact, inhibiting or knocking out furin activity strongly decreased 
Notch1 cleavage. Mutating the furin-cleavage site RQRR severely attenuated Notch1 pro-
cessing. Mutating two neighboring dibasic furin sites (RK:1627-1628 and KR:1632-1633) 
completely impaired Notch signaling [23]. 

Figure 2: Partial alignments of the different cleavage regions
Sequences from Notch receptors of fly, worm, rodent and human are shown. Upper panel: The S1 cleavage region shows 
low conservation. Yet, in every species possible furin sites could be identified. Middle panel: The juxtamembrane region 
containing the S2 cleavage site shows a high conservation among mammalian receptors that all show Valine residues on 
the proposed S2 cleavages sites. Lower panel: Transmembrane domains of the various receptors show high conservation, 
in particular mammalian receptors that all show a Valine residue close to the inner leaflet of the plasma membrane. Yet, 
also worm and fly Notch show conservation of this Valine. Underlined sequences are previously described cleavage sites.

S1 cleavage 

dNotch RTTVRLKKDALGHDIIINWKDNVRVPEIEDTDFARKNKILYTQQVHQ
lin-12  TSISRKIKRSATNIGVVVYLEVQENCDTGKCLYKDAQSVVDSISAR
glp-1  EDQFVLSHHVRRYRQAVVTGIVLYLEVEEICKPEFCRFSTAQSVVD
mNotch1 EEELRKHPIKRSTVGWATSSLLPGTSGGRQRRELDP
rNotch1 EEELRKHPIKRSAVGWATTSLLPGTNGGRQRRELDP
hNotch1 EEELRKHPIKRAAEGWAAPDALLGQVKASLLPGGSEGGRRRRELDP
hNotch2 SAAMKKQRMTRRSLPGEQEQEVAGSKVFLEIDNRQCVQDSDHCFKNT
hNotch3 LRTSLRFRLDAHGQAMVFPYHRPSPGSEPRARRELAPEVIGSVVMLEIDN
hNotch4 GLWVRKDRDGRDMVYPYPGARAEEKLGGTRDPTYQERAAPQTQPLGKETD

S2 cleavage 

dNotch FQIHSVRGIKNPGDEDNGEPP
lin-12  EALVAEPRKSGNNTGFLS
glp-1  EAMVAVPKRNEIDEGWSR
mNotch1 YKIEAVKSEPVEPPLP
rNotch1 YKIEAVKSETVEPPLP 
hNotch1 YKIEAVQSETVEPPPP
hNotch2 YPLVSVVSESLTPERT
hNotch3 YPLRDVRGEPLEPPEP
hNotch4 GPLLAVHPHAGTAPPA

S3/S4 cleavage

dNotch VKYVITGIILVIIALAFFGMVLST
lin-12  ALLLIGAGCLIVMVVLMLGALPG
glp-1  SQVILFACIAFLAFGTVVAGVIA
mNotch1 LHLMYVAAAAFVLLFFVGCGVLLS
rNotch1 LHLMYVAAAAFVLLFFVGCGVLLS
hNotch1 LHFMYVAAAAFVLLFFVGCGVLLS
hNotch2 QLLYLLAVAVVIILFIILLGVIM
hNotch3 PLLPLLVAGAVLLLVILVLGVMVA
hNotch4 WPVLCSPVAGVILLALGALLVLQ
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These data show furin processing is required for the proper cell surface expression and sig-
naling of Notch. Both in mammalian as well as fly systems evidence for furin-independent 
Notch signaling has been reported as well [26, 27]. Surface biotinylation in mammalian cells 
shows that ~95% of heterodimeric Notch1 is expressed at the cell surface, estimating that 
~5% of Notch1 at the cell surface is unprocessed. Furin inhibition decreases heterodimer-
ic Notch1 receptors on the cell membrane, as a result a relative increase of unprocessed 
Notch1 molecules on the cell surface and a concomitant decrease in CSL-dependent Hes1-
reporter activity is observed. Yet, in a Notch1-dependent myogenic differentiation mod-
el, the stimulated unprocessed Notch1 receptor, unable to signal via CSL, could suppress 
myogenesis. Although the contribution of low endogenous levels of Notch could not be 
excluded, similar results were obtained using the overexpression of the furin-cleavage resis-
tant triple mutant of Notch1 in the myogenic differentiation assay [26], pointing to a role of 
furin-independent Notch signaling. At present it is not known how wide-spread these non-
canonical functions of Notch are in mammalian tissues.

Similar results were obtained in Drosophila, where Notch immunopreciptations from lar-
vae demonstrate that uncleaved full-length receptors are the predominant form on the 
cell surface [27]. In vivo overexpression of Notch molecules lacking the S1 cleavage domain 
(NBC) could partially rescue the Notch loss-of-function phenotype in Notch null transgenic fly 
embryos. Stimulated NBC even interacted with CSL/Su(H), demonstrating Notch activity in 
the absence of furin cleavage. Strikingly, in vivo expression of hybrid Notch molecules (i.e. 
Drosophila Notch containing a mouse furin site) demonstrates the bulk of Notch reaches 
the cell surface as a heterodimer, and could suppress the zygotic Notch phenotype. This 
indicates that dFurin is able to efficiently process the mouse S1 site in contrast to the Dro-
sophila S1 site. Interestingly, the converse hybrid murine Notch receptors carrying the Dro-
sophila S1 cleavage region expressed in human cells show the opposite; only unprocessed 
full-length receptors reach the cell surface. Thus, mFurin is not able to process the Dro-
sophila S1 site due to a lack of the minimal furin cleavage consensus site. Apparently furin 
cleavage is not a prerequisite for Notch transport to the cell surface in Drosophila [27]. 
Structural and functional analyses have recently demonstrated furin cleavage in Drosophila 
[28]. Purified Notch fragments were analyzed using mass spectrometry, which identified 
two putative furin cleavage sites, F1 (RKNK) and F2 (RLKK). Interestingly, only the F2 site 
mutation showed a dramatic decrease in the production of heterodimeric receptors. Yet, 
either the F1 site mutant or a S1 cleavage loop deletion containing the furin consensus site 
appeared to be processed normally, indicative of a non-furin-dependent cleavage [28, 29]. 
In addition, only expression of the F1 mutant in Notch null embryos could rescue the Notch 
loss-of-function phenotype. Cell surface expression could only be shown for the F1 mutant, 
explaining the lack of Notch activity in the F2 mutant. Reducing or inhibiting the two furin 
convertases present in Drosophila did not affect Notch processing or activity in vitro and in 
vivo, indicating that either i) furin processing is not important in Drosophila or ii) a distinct 
enzyme processes Notch [28]. 

Mutations or deletions introduced in proteins can result in differences in charge leading to 
alteration of conformation or protein folding. This complicates the functional analysis of 
furin activity in Notch S1 cleavage. Structural prediction and crystallographic studies show 
that removal of the furin loop from Notch1 and Notch2 receptors does not lead to major 
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structural changes in the conformation of the extracellular domain, in particular the nega-
tive regulatory region (NRR). Yet, between Notch receptors major differences exist; whereas 
removal of the S1-loop from Notch2 leads to normal trafficking, cell surface expression and 
ligand-dependent processing, furin cleavage loop-mutants of Notch1 are severely attenu-
ated in cell surface expression and transcriptional activity. Despite being uncleaved, S1-
deficient Notch receptors retain the ability to signal in ligand-dependent and independent 
manner [29]. These data argue that whereas S1 cleavage is common it is not required for 
Notch1 and Notch2 receptor signaling in mammalian cells. 

Recently a potential enhancer of S1 cleavage was identified, Cripto-1, which binds only the 
non-furin cleaved form of Notch [30]. Roles of Cripto-1 in both trafficking and maturation 
of the receptor are dose-dependent; increasing the S1 cleaved Notch receptor localization 
in lipid rafts, which serve as organizing centres for the assembly of signaling molecules. 
Cripto-1 null cells show a slight accumulation of the full-length non-furin processed Notch1 
receptor, leading to a decrease in both cell surface expression and activity reflected in re-
duced activation of Notch transcriptional targets [30]. This indicates a role for Cripto-1 in the 
maturation of Notch through an enhancement of furin-dependent S1 cleavage during Notch 
receptor trafficking.

Whether Notch furin cleavage is solely a requirement or has an additional regulatory func-
tion in regulating Notch activity in tissues remains to be established in mammalian cells but 
these results point to a potential novel mode of Notch regulation of the duration or ampli-
tude of Notch signaling via regulation of S1 cleavage. 

II. Juxtamembrane S2 cleavage

Following S1 cleavage mature Notch receptors can interact with membrane bounds ligands 
expressed on adjacent cells. During physiological signaling ligand binding is thought to in-
duce a conformational change enabling access of a membrane-bound ADAM metalloprote-
ase to cleave a scissile bond in the Notch extracellular domain [31-33]. ADAMs (a disintegrin 
and metalloprotease) are membrane bound zinc-dependent metalloproteases that function 
as signaling scissors regulating the activity of transmembrane signaling molecules. For sub-
strate proteolysis the Zn2+ ion is essential and Zn2+-chelating drugs such as hydroxamate-type 
inhibitors inhibit most ADAMs, although these are mostly broad-spectrum inhibitors [34]. 
There is ample experimental evidence from flies, worms, and mammals that implicate the 
ADAM sheddases in Notch receptor cleavage and activation. 

ADAM-dependent cleavage, also termed S2 cleavage, occurs in the juxtamembrane extra-
cellular domain proximal to the Notch transmembrane domain. S2 cleaved Notch fragments 
are extremely short-lived and hence can only be observed when blocking downstream pro-
cessing or by hyper-activation of metalloprotease activity [19, 32, 35]. Genetic studies in 
Drosophila and C. elegans demonstrated that ADAM10 (Kuz/SUP-17) plays a critical role in 
Notch/LIN-12 signaling upstream of γ-secretase cleavage [36-38], that is executed by the 
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aspartyl protease presenilin (PS) which cleaves the Notch transmembrane domain at Site-3 
(S3). Early fly studies had identified the metalloprotease Kuz as a neurogenic gene pointing 
to a role for Kuz in Notch signaling in vivo. The kuz mutant phenotypes showed similarity 
with the Notch receptor loss-of-function phenotype, such as central nervous system hyper-
plasia and a multiple bristle phenotype [39]. Maternal and zygotic kuz mutant flies have a 
more severe phenotype than Notch mutant flies suggesting that Kuz has other substrates 
as well. For instance, Kuz plays an important role in neuronal guidance by cleavage of Eph/
Ephrin receptors [40, 41]. Several groups proposed that Kuz was the protease responsible 
for furin cleavage of Notch [21, 36, 38]. A comprehensive analysis on the role of Kuz in the 
regulation of Notch receptor signaling in flies showed that Kuz could cleave Notch [36]. 
Expression of a dominant-negative Kuz (KuzDN), lacking the protease domain, resembled 
Kuz loss-of-function phenotypes, implying the protease domain is essential to its biological 
activity. Kuz loss-of-function phenotypes can be rescued in flies by expression of an acti-
vated form of Notch (NICD), indicating Kuz acts upstream of the intramembranous cleavage 
by presenilin (PS). Flies expressing KuzDN showed a loss of Notch cleavage, demonstrating 
Kuz also processes Notch in vivo [36]. Similar studies in flies and worms show that Kuz acts 
cell autonomously and is needed during ligand interaction or subsequent steps in activation, 
upstream of γ-secretase cleavage [37, 38]. Reducing Kuz/SUP-17 activity in worms does not 
lead to suppression of NICD/lin12-intra phenotypes, whereas it could suppress membrane 
bound Notch mutants. Apparently, SUP-17 needs the extracellular domain to facilitate the 
Notch/LIN-12 signaling. Although loss of sup-17 lowers LIN-12 activity, it does not abolish it. 
This could be due to redundance of the closely related protease TNF-a-converting enzyme 
(TACE/ADAM17) [38, 42]. 

Although a cell autonomous function has been attributed to Kuz in the Notch expressing 
cell, the Notch ligand Dl is also processed by Kuz [43], making it difficult to attribute kuz 
phenotypes to a defect in Notch cleavage, Dl cleavage or both. Expression of KuzDN in flies 
displays both Notch null and Dl null phenotypes. Surprisingly, this phenotype can be res-
cued by additional copies of Dl, while extra copies of Notch showed negligible suppression 
of the phenotype. This indicates that high concentrations of Dl could counteract KuzDN, 
suggesting that Notch stimulated by Dl can possibly be cleaved by other proteases. Experi-
ments expressing Dl in Drosophila S2 demonstrate an extracellular cleavage fragment of Dl, 
DlEC, which is released in the culture medium. This cleavage increases upon co-expression 
of wildtype Kuz, whereas KuzDN co-expression inhibits this cleavage [43]. In vivo DlEC is not 
detected in kuz null embryos, while it is produced in kuz-/+ flies. The soluble DlEC appears to 
be inactive and is only produced in order to downregulate Dl from the membrane [44]. Co-
culture of Kuz expressing cells with Dl expressing cells did not reveal an increase of cleavage, 
indicating Kuz does not cleave Dl in trans-orientation [45]. In addition, mammalian studies 
indicate that the ligands Dll1 [46, 47] and Jagged1 [46] are processed to some extent by 
Kuz/ADAM10 and/or other ADAM proteases. This probably acts to relieve cis-inhibition of 
Notch, caused by ligand binding to Notch on the signal-receiving cell maintaining the recep-
tor in a conformational state unable to receive ligand binding in trans [48]. Interestingly, in 
Drosophila a Kuz related protein, Kuz-like (Kul), is the protease dedicated for Dl cleavage on 
the signaling cell [49], preserving the asymmetric distribution of Dl in order to maintain uni-
directional Notch signaling. To date a homolog for Kul has not been identified in mammals 
yet. Altogether, Kuz/Kul and TACE/ADAM17 are capable of cleaving Dl [49].
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Studies in mammalian cells have demonstrated that the ectodomain cleavage of Notch1 
receptor is regulated by ligand binding and is distinct from furin/S1 cleavage during recep-
tor maturation [32]. Using murine Notch carrying fly gain-of-function mutations a novel 
cleavage product, migrating between the S1 and S3 fragments, was identified. This prod-
uct was termed Notch extracellular truncation (NEXT), the cleavage was coined S2 (Site-
2). N-terminal sequencing revealed the amino terminal cleavage residue to be between 
residues Ala1710 and Val1711 of murine Notch1 [31, 32] (Figure 2). This finding was later 
confirmed on endogenous Notch1 signaling as well [19]. Intriguingly, by biochemical purifi-
cation ADAM17/TACE was shown to be required for Notch1 cleavage in vitro excluding Kuz/
ADAM10 [31]. Mutation of the Val1711 cleavage site abrogated in vitro cleavage but not 
cleavage in cells [19, 31]. Forced ectodomain oligomerization using hybrid CD4-Notch recep-
tors results in a defect in the S2 cleavage step suggesting that the conformation of the extra-
cellular domain may act as a negative regulator of S2. Indeed non-oligomerizing CD4-Notch 
fusions are a substrate for S2 and active in signaling [50]. In an effort to inhibit S2 cleavage, 
a series of protease inhibitors were tested, of which only the broad-spectrum metalloprote-
ase inhibitors (Zn2+-chelators) 1,10-o-phenanthroline and TAPI/IC-3 [31, 32] showed a robust 
decrease in S2 cleavage pointing to a role for metalloproteases in this process. Incubation of 
Notch with crude cell extracts from ADAM17-/- fibroblasts did not exhibit S2 cleavage activ-
ity while extracts from wild-type cells did [31] demonstrating ADAM17 is the activity respon-
sible for Notch1 S2 cleavage. To address this involvement, expression of gain-of-function 
Notch in ADAM10 null cells did not show a defect in Notch processing [32]. 

Experiments in Drosophila revealed a direct role for Kuz in extracellular cleavage of Notch 
[51]. Notch physically interacts with Kuz and KuzDN indicating that the protease domain 
is dispensable for binding [51]. Gain-of-function mutants, lacking parts of the repressive 
LNR repeats, are ligand independent Notch receptors that function in a Dl null background. 
However, they still require Kuz for their activation, since they could not fully rescue kuz null 
phenotypes. Completely ligand independent mutants lacking, in addition to the LNR repeats 
also EGF 1-18, show an almost exclusive requirement of Kuz for activation in vivo. This indi-
cates that a distinct protease, possibly TACE/ADAM17, is capable of processing Notch in the 
absence of Kuz independent of stimulation. An accumulation of the S2 cleavage fragment 
could be visualized by in vitro knockdown of presenilin (PS). However, knocking down both 
Kuz and PS does not result in a S2 cleavage band or any other cleavage product. Interest-
ingly, TACE/ADAM17 overexpression could only partially rescue the S2 cleavage in kuz/PS 
null cells, yet this fragment does not seem to be processed very efficiently [51], indicating 
TACE/ADAM17 is sufficient but not necessary. 

In addition, knockout studies in mice do not support the in vitro observation that TACE/
ADAM17 is the most important Notch S2 protease. Whereas Notch1-/- mice die around em-
bryonic day E9.5 with severe defects in haematopoiesis and neurogenesis [52-55], ADAM17-
deficient mice show lethality at embryonic day E17.5 [56], not resembling the Notch1 phe-
notype. Possibly TACE/ADAM17 is either redundant with another protease or has a more 
spatial or temporal restricted role in Notch signaling [51, 57]. For example TACE/ADAM17 
may have a specific role during differentiation of monocyte progenitors into macrophages 
[31]. The phenotype of ADAM10-/- mice however, does phenocopy the Notch phenotype 
[57]. These mice die around embryonic day E9.5 showing disturbed somitogenesis, defects 
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in brain and heart development, the latter mimicking that of an E7.5 stage. Notch target 
genes Hes5 and Dll1 showed disturbed expression in vivo [57]. In contrast, some tissues, 
which are known to require Notch signaling, like the otic vesicles, appear to develop nor-
mally in the absence of ADAM10. Although a detailed analysis of the effects of ADAM10 
on the Notch pathway in various tissues is still lacking the embryonic lethality is similar to 
Notch1/Notch4 and PS1/PS2 knockout mice. Moreover, T-cell-specific deletion/disruption 
of ADAM10 in vivo phenocopied the Notch1 null phenotype during thymocyte development 
[55, 58, 59]. More recent studies using a conditional ADAM10 knockout investigated the 
role of ADAM10 in the hematopoietic system [59, 60] and during brain development [61]. 
Notch signaling plays essential roles in the development of T-lymphocytes. Specific ADAM10 
knockout in thymic T-cells leads to impaired thymocyte development, decreasing thymic 
cellularity by 2- to 3-fold. Thymocytes lacking ADAM10 showed attenuated NICD production 
and activation of target genes like Hes1 and Deltex-1 [59]. ADAM10 has also been impli-
cated in marginal zone B-cell development; a Notch2-dependent process. In naive B-cells 
expressing Notch2, activation of Notch2 is required for the development of the marginal 
zone B-cell (MZB) lineage at the expense of follicular B-cells. Specific knockout of ADAM10 
in B-cells using CD19-Cre leads to a complete block in splenic MZB cell production and a con-
comitant increase in follicular B-cells levels. Notch2 specific and other general Notch targets 
show significantly lower expression in ADAM10-deficient B-cells [60]. These studies indicate 
ADAM10 plays a critical role in activation of Notch receptors in the haematopoietic system. 
In the developing brain Nestin-Cre driven ADAM10 loss leads to late embryonic and perina-
tal lethality with intracranial haemorrhages [61]. In ADAM10-deficient brains premature dif-
ferentiation into postmitotic neurons at the expense of neural progenitor cells is observed. 
Furthermore, in vitro ADAM10-deficient progenitors show a substantial loss in neurosphere 
formation indicating an important role for ADAM10 in neural stem cell maintenance. In 
brains of ADAM10 knockout mice NICD1 production was impaired and a reduction in Notch 
target gene Hes1/5 expression was observed suggesting that most of the phenotypes are a 
consequence of impaired Notch signaling [61]. These results demonstrate an important role 
of ADAM10 as the S2 protease for Notch signaling in vivo. 

Loss-of-function studies in worms, flies and mammals indicate that Kuz/ADAM10 is probably 
not the sole S2 protease and that TACE/ADAM17 could act redundantly with ADAM10 [31, 
42, 51]. In worms inactivation of either kuz/sup-17 or TACE/adm-4 alone does not cause 
reduced Notch/LIN-12 or GLP-1 signaling [42]. In contrast, sup-17/adm-4 double mutant 
worms lacking vulval precursor cells show delayed ovulation and sterility, reminiscent of lin-
12 or glp-1 loss-of-function phenotype. This synthetic sterility could be rescued by ectopic 
expression of a LIN-12(∆E) construct, not dependent anymore on S2 cleavage demonstrat-
ing that SUP-17/ADM-4 protease acts upstream of S2 cleavage. However, depletion of both 
adm-4 and sup-17 does not display a general failure of LIN-12 or GLP-1 signaling, indicating 
that in C. elegans possibly more ADAM10/17 related proteases could provide redundant 
activity in the absence of adm-4 and sup-17 [42]. Moreover, Kuz/ADAM10 or TACE/ADAM17 
can activate Notch in the absence of ligand stimulation, a process that may be important 
in tumors overexpressing ADAM proteins [51, 62]. In fly neural cells ectopic expression of 
either TACE/ADAM17 or Kuz can activate Notch cleavage and activity in a ligand indepen-
dent manner. Knocking down Kuz in cells overexpressing TACE/ADAM17 does not affect the 
constitutive activation of Notch, indicating TACE/ADAM17 can fully compensate for loss of 
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Kuz [63]. This suggests that deregulated expression of ADAM10 and/or ADAM17 in cancers 
may induce Notch shedding in a ligand-independent manner. Interestingly ADAM10 is also 
a γ-secretase substrate suggesting that in addition to its role in receptor shedding mem-
brane cleavage leads to ADAM10 accumulation in the nucleus [64]. Although evidence that 
cleaved nuclear ADAM10 has any signaling activity is lacking, it uncovers a potentially novel 
role for ADAM proteins as dual address proteins as well.

The role that ligand binding plays on Notch S2 cleavage remains a subject of debate. Two 
models prevail; the pulling force model and the lift and cut model. The first model suggests 
dissociation of the Notch heterodimerization domain, after which S2 cleavage takes place 
at the newly exposed N-terminus [65, 66]. Ligand-receptor binding induces a pulling force 
due to ligand transendocytosis [33] causing dissociation of the NECD-TMIC Notch heterodi-
mer, of which the membrane bound TMIC fragment is subsequently processed by S2 and 
S3 cleavage. Inhibiting metalloproteases by broad spectrum inhibitors shows the dissocia-
tion and transendocytosis itself is not dependent on metalloprotease activity. However, a 
prerequisite for this process is S1 cleavage [65]. Although an endocytosis defective mutant 
displays Notch phenotypes in Drososphila neurogenesis [67], this ligand endocytosis based 
dissociation model of Notch is not exclusive. Studies using immobilized Dl ligand or parafor-
maldehyde fixed cells expressing Dl, show that these ligands are still capable of activating 
Notch in vitro [44, 45], suggesting that ligand transendocytosis may not always be required 
for Notch activation. A different way of Notch activation could be explained by the lift-and-
cut model. Of note, this model does not exclude a role of ligand transendocytosis. Several 
lines of evidence argue that the ectodomain of Notch contains negative regulatory proper-
ties. Intramembranous cleavage of Notch is induced by the removal of its NECD [22, 68, 69]. 
Moreover, by systematically shortening extracellular sequences of a Notch activity reporter 
protein a gradual increase in Notch activity was observed [66]. It is believed that in the 
absence of ligand mature Notch receptors are held into an inactive “proteolysis resistant” 
or closed state because the Negative Regulatory Region (NRR) composed of the HD domain 
and the globular Lin12/Notch repeats (LNR) inhibits Notch activation. Crystallographic stud-
ies revealed a globular structure of the Notch negative regulatory region (NRR) comprising 
the heterodimerization domain and the three LNR modules folding over the S2 cleavage site 
like a three leaf clover protecting it from cleavage. Ligand binding to Notch receptors unfolds 
the NRR permitting cleavage by a metalloprotease at a site close to the membrane (S2) 
[18, 70]. A substantial conformational change is needed to access the S2 site since mutants 
lacking the most N-terminal LNR-A domain are in a ‘closed’ conformation and inactive. Only 
ΔEGF-mutants lacking both LNR-A and LNR-B show Notch activity in reporter assays, which 
is further enhanced upon removal of LNR-C [18]. 

In almost 25% of patients suffering from T-cell acute lymphocytic leukaemia (T-ALL) acti-
vating mutations have been identified in the NOTCH1 gene, within the heterodimerization 
(HD) domain [20]. HD mutations lead to unfolding of the NRR domain that normally keeps 
the receptor in a proteolysis resistant or auto-inhibited state in the absence of ligand [70, 
71]. Most T-ALL mutations tested act ligand independent. The mutations in the Notch HD 
domain can be classified in three types of activating mutations; Class 1 that show spontane-
ous dissociation of the heterodimer and Class 2 mutations are insertions in the extracellular 
domain of Notch, displacing the S2 cleavage site away from the protective HD-NRR structure 
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[71]. A related class of mutations is formed by the juxtamembrane expansions (JME), caused 
by a tandem duplication of a part of exon 28 distal to the S2 site, however, they do not affect 
stability of the NRR per se. Yet, they do show increased S2 cleavage leading to Notch activa-
tion, most likely by providing an unprotected (novel) S2 site [72]. 

Recently, we and others have shown that ligand-dependent Notch activation requires 
ADAM10, not TACE/ADAM17, whereas ligand independent signaling is mediated by mul-
tiple proteases [19, 73]. Furthermore, using an S2 specific antibody it was shown that loss of 
ADAM10 impairs specific cleavage at Val1711, the major mNotch1 S2 cleavage site, and loss 
of transcriptional reporter activity [19]. Re-expression of ADAM10 could rescue Notch1 ac-
tivity again, while ADAM17 could not [73]. Furthermore, depletion of ADAM9, ADAM12, and 
ADAM15, which have been implicated in Notch signaling [64, 74, 75], did not affect Notch1 
S2 cleavage or activity [19]. ADAM15 has also been implicated in the shedding of ADAM10 
which is also a γ-secretase substrate. However, ADAM15-deficient cells do not show a defect 
in Notch1 Val1711 cleavage [19]. The significance of this remains to be established in the 
context of Notch1 signaling. Although ligand-dependent Notch signaling in the absence of 
ADAM17/TACE does not influence cleavage or activity some residual S2 cleavage was ob-
served in ADAM10-/- cells indicating an alternative protease is capable of cleaving Notch1 
in the absence of ADAM10 [19]. Yet, this does not seem to be ADAM17 [73]. Possibly this re-
sidual activity could be due to the action of MMP-7, which has been shown to act upstream 
of γ-secretase induced Notch activation in pancreas, and is able to cleave Notch in vitro [76]. 
Altogether, ligand-dependent Notch signaling relies almost only on ADAM10. Interestingly, 
in accordance with previous studies in flies, overexpression of ADAM17/TACE resulted in 
ligand independent activation of wildtype Notch [51, 63]. In addition to this, ligand indepen-
dent fly mutations in Notch do not depend on ADAM10, instead this S2 cleavage is ADAM17-
dependent [31, 32, 73]. Importantly, all ligand independent T-ALL mutations (type I) tested 
are all cleaved at Val1711 [19] and rely on the concerted action of multiple proteases, since 
cells lacking ADAM10 and ADAM17 still allow Notch activation [73]. These results and the 
observation that under high concentrations of broad spectrum metalloprotease inhibitor 
Notch proteins are still active argues for the involvement of another class of proteases in 
Notch activation or of an S2-independent step in Notch activation [19]. An interesting point 
brought up by Bozkulak et al. is that ADAM17 induced cleavage does not involve ectodo-
main shedding, indicating this cleavage does not take place at the cell surface [73]. However, 
using immunofluorescence we showed that this fly-derived Notch1 mutant, fully dependent 
on ADAM17 cleavage [73], is cleaved at the cell surface [19], making ADAM17-dependent 
ectodomain shedding plausible. Furthermore, some yet to be further characterized internal-
ized structures could be observed. Outstanding questions are whether these vesicles con-
tain γ-secretase competent Notch S2 cleaved molecules and whether these are recycled 
to the plasma membrane or follow other intracellular routes for activation or degradation. 

Although it appears that all Notch homologues are processed in a similar manner [77], cur-
rently only for Notch1 and Notch3 a clear S2 cleavage fragment is observed [78]. It will be of 
interest to determine if all four mammalian Notch homologues rely on S2 cleavage for their 
activation and if this is mediated by the same or similar proteases. 
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III. γ-secretase S3 cleavage

Following S2 cleavage, NEXT proteins are cleaved within their transmembrane domain 
at Site-3 (S3) by the aspartyl protease presenilin, part of a multi-protein complex termed 
γ-secretase, releasing the Notch Intracellular Domain (NICD) the final step in the generation 
of an activated Notch molecule. Whereas flies have a single presenilin gene (PS), worms 
and mammals have two presenilin-1 and presenilin-2 (PS1 and PS2) that are highly similar 
but mutually exclusive in the γ-secretase complex. NICD which has two nuclear localiza-
tion signals translocates to the nucleus where it binds to the DNA-bound protein CSL (an 
acronym for vertebrate CBF/RBP-jk, Drosophila Su(H), and C. elegans Lag-1) together with 
co-activator protein Mastermind (MAM) [79], leading to target gene activation [80, 81]. In 
the absence of NICD, CSL is associated with ubiquitous co-repressors SKIP, SMRT and MINT 
to repress transcription of target genes [82, 83]. Through structural and biophysical analysis 
the composition of the CSL/NICD complex has been identified at the atomic level [84, 85]. 
From these studies it is now clear that the Notch ANK repeats are essential together with 
CSL for binding to co-activator proteins such as Mastermind whereas the N-terminal RAM 
domain of NICD is required for NICD binding to CSL/RBP-Jk as well as inducing derepression 
of target genes [80, 81]. The expression of NICD consisting of only the CDC10/Ankyrin re-
peats, responsible for CSL binding [84], can activate Notch signaling in the absence of a RAM 
domain [86-89]. Yet, it is still dependent on nuclear access, since CDC10 repeats coupled to 
membrane localization signals are unable to signal [89]. While virtually all Notch signaling 
in all species is thought to rely on CSL, there are examples of non-canonical Notch signaling 
not requiring CSL/RBP-jk [90]. 

Nuclear access of Notch

Early studies had already reported the presence of nuclear Notch [69, 91, 92]. However, 
the first demonstration of a role for nuclear Notch was reported by Kopan et al. who dem-
onstrated a requirement for nuclear translocation of Notch1 in suppressing myogenic dif-
ferentiation [93]. Besides NICD also membrane-bound Notch forms lacking the extracellular 
domain (NΔE) produced activated Notch phenotypes in frogs [94] and in flies [91, 95] dem-
onstrating that like NICD, N∆E also acts as a constitutively active protein. Cell culture-based 
experiments further demonstrated that N∆E and NICD activated target reporter constructs, 
inhibited myogenic and neurogenic differentiation, and impacted T-cell development in a 
similar manner [24, 81, 93, 96, 97]. Further characterization of these membrane bound 
forms of Notch revealed that the receptor was subject to cleavage at the membrane, releas-
ing the Notch intracellular domain (NICD), which subsequently translocates to the nucleus 
[22]. Isolation and sequencing of cleaved products identified the S3/γ-secretase cleavage 
site, between Gly1743 and Val1744 of mouse Notch1 [16] (Figure 2). Val1744 is also re-
quired for Notch1 processing and homozygous Val1744 loss-of-function mutation in mice 
leads to an almost complete abrogation of Notch1 processing with similar phenotypes to 
that of Notch1 null mice [52-54]. Concurrent with these observations, experiments in trans-
genic Drosophila flies expressing Notch-GAL4VP16 fusion proteins, demonstrated Notch 
cleavage and activity in vivo [89, 98]. Modulating expression levels of the Notch ligand Del-
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ta led to corresponding changes in nuclear Notch accumulation [99]. Constitutively active 
Notch∆E-GV16 (lacking NECD) molecules could activate the reporter, whereas full-length 
Notch-GV16 molecules could not, showing that transcriptional activity depended on ligand-
receptor interactions [89] and later that cleavage required presenilins [100]. Interestingly, in 
a CSL/Su(H) null background NICD-GV16 did not display any UAS-driven LacZ reporter gene 
expression, indicating that Su(H) somehow stabilizes Notch in order to function [98].

Furthermore, by using NICD fusion proteins with transcriptional activators (VP16) or repres-
sors (Engrailed, Hairy) these studies demonstrated the direct involvement of Notch in tran-
scriptional activation [89]. The development of antibodies and protocols recognizing the 
cleaved neo-epitope of Notch1 are now able to also detect the endogenous NICD fragment 
in situ [101-103]. All four Notch receptors are processed through a conserved Valine within 
the transmembrane domain of Notch 1-4 (Figure 2) and produce NICD species with different 
transcriptional activities [77, 104]. Within Notch1, Val1744 is only required for Notch pro-
cessing by γ-secretase, but not for transcriptional regulation [16]. Mutagenesis of the con-
served Valine has established that Val1744 is critical for Notch activity. Different mutations 
have different effects on the efficiency of cleavage reflected in transcriptional output [16, 
50]. Other experiments have also revealed that NICD species with distinct N-termini (e.g. 
Gly or Leu) are also subject to N-terminal end rule of proteosomal degradation [105]. This 
underscores the need for careful analysis of unnatural substrate variants by mutagenesis as 
differences in both structure, stability or both may underlie defects in substrate activity [19, 
106, 107]. Interestingly, neither the extracellular domain nor the Notch intracellular domain 
seems to be required for Notch1 S3 cleavage in mammalian cells [50, 66].

Ligand receptor interactions are often regulated by dimerization. Experiments determining 
the oligomerization state of Notch and its activity revealed that both active and inactive 
signaling molecules are mostly monomeric when at the cell surface [50]. Receptor dimeriza-
tion can occur via the EGF repeats however, this occurs mostly intracellularly [50]. Notch 
ectodomain oligomerization has now been confirmed by cryo-electron microscopy [108]. 
Transgenic flies ectopically expressing TMD-Notch fusions have shown that it is mostly 
secondary/tertiary structure that PS recognizes rather than a specific primary sequence. 
Also forced ectodomain and transmembrane domain dimerization (using the mammalian 
Glycophorin A TMD) inhibited Notch cleavage suggesting γ-secretase substrates are mostly 
monomeric [66]. Dimerization experiments of both wildtype and mutated (cleavage-resis-
tant) TMD of Notch1-4 and a distinct γ-secretase substrate Amyloid β Precursor Protein 
(APP) showed they were capable of forming dimers [50]. In contrast, the APP TMD has a 
GXXXD dimerization motif that is a target for γ-secretase inhibiting drugs, suggesting that 
this γ-secretase substrate is a dimer [109]. 

Interestingly, dimerization of NICD is important for a subset of targets in Notch driven T-cell 
leukemia whereas for other transcriptional targets dimerization is not required [110]. All 
four murine Notch homologs are similarly processed by PS and produce NICDs that translo-
cate to the nucleus binding CSL and activate transcription [77, 104, 111]. 
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γ-secretase genetics

Genetic mutagenesis screens in worms identified a suppressor of LIN-12 activity, sel-12, 
causing an egg-laying defect [112]. sel-12 mutations enhance the phenotypes of lin-12 and 
glp-1 hypomorphic alleles, whereas it suppresses lin-12 hypermorphic alleles. Cell ablation 
experiments show SEL-12 acts cell autonomously since cells with reduced sel-12 function 
carrying lin-12 hypermorphic alleles suppress lin-12 activity, adopting a lin-12 independent 
cell fate [112]. In addition to SEL-12 a related protein was found based on similarity; HOP-
1, which rescues sel-12 related phenotypes. Reducing HOP-1 activity in a sel-12 mutant 
background displays phenotypes associated with lin-12 and glp-1 loss, indicating HOP-1 
and SEL-12 function redundantly [113]. Since NICD rescues sel-12 phenotypes this indicated 
SEL-12 acts upstream or parallel at generation of NICD at the membrane. SEL-12, which 
has 7 predicted TMD domains, is thought to function in the membrane. It is observed in 
the perinuclear region, probably ER/Golgi, as well as in the plasma membrane. Decreasing 
SEL-12 activity leads to a reduction in accumulation of LIN-12 on the cell surface, whereas 
expression in the ER/Golgi is unaltered, suggesting that SEL-12 may also function in LIN-12 
trafficking [114]. 

The homolog of sel-12 in mammals is presenilin-1, or PS1. Knockout mice lacking PS1 die at 
birth [115, 116]. The most prominent phenotypes are observed in the axial skeleton [116] 
and central nervous system [115] similar to Notch1-/- mice [52, 54]. Whereas mice lacking 
PS1 are embryonic lethal, mice lacking the PS1 homolog PS2 are viable with relatively minor 
defects [117]. Cells lacking both PS1 and PS2 are devoid of γ-secretase activity, suggesting 
that at least in vitro no additional compensatory activities exist that could explain PS1/2 
independent cleavage of Notch or APP [118]. Mice expressing hypomorphic PS1 alleles 
with severe γ-secretase deficiency survive into adulthood with severe skeletal abnormali-
ties however, with apparently normal brain development. Although these results support 
the notion that PS1 may be the most important player in γ-secretase, PS2 may provide an 
important tissue-specific redundant function [119]. Increasing evidence suggest that slight 
modifications within the γ-secretase complex are responsible for altering substrate specific-
ity. For example certain mutations within the γ-secretase subunit Nicastrin affect Notch-S3 
cleavage but leave APP cleavage intact [120, 121]. One of the most striking examples is 
the finding that the Abelson tyrosine kinase inhibitor Gleevec/Imatinib specifically targets 
γ-secretase activating protein (GSAP), which only affects APP but not Notch cleavage [122, 
123]. A different modifier of γ-secretase specifically acting on APP but not on Notch cleavage 
is the non-steroid anti-inflammatory drug (NSAID) Sulindac sulfide [124, 125]. Clearly such 
Notch-sparing γ-secretase inhibitors may find better clinical application in Alzheimer’s treat-
ment and will provide further insight into the complexity of γ-secretase activity.

γ-secretase complex

Deficiency of PS1/2 inhibits the normal cleavage of APP, Notch and other RIP substrates 
indicating its key importance for γ-secretase activity [126, 127]. Immunoprecipitating PS1 
and its homolog PS2 in mammalian cells revealed a physical interaction with both the mem-
brane and precursor forms of Notch1 [128], supporting its role in trafficking [114]. Express-
ing Notch in PS1-/- cells in vitro shows that the NICD variant can translocate to the nucleus, 
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whereas membrane bound ΔE does not, suggesting a direct role for PS1 in membrane pro-
cessing [126]. An accumulation of an S2 cleavage fragment is seen in a PS1 null background, 
which is greatly diminished by expressing a dominant negative ADAM10, KuzDN, demon-
strating that PS acts downstream of ligand binding and ADAM10 cleavage [50, 100, 129]. 

Mutations in PS1 and PS2 cause early-onset familial Alzheimer’s disease and are found 
throughout the protein coding sequence. Two conserved aspartate residues Asp257 and 
Asp385 that lie within the two anti-parallel transmembrane domains constitute the active 
site of γ-secretase and are essential for PS activity [130]. Consistently, overexpression PS1 
Asp mutants in PS1-/- cells cannot rescue NICD cleavage, whereas very low levels of wild-
type PS1 are sufficient to promote N∆E cleavage in PS1 null cells [131]. To become active, 
PS must undergo endoproteolysis, which generates a N- and C-terminal fragment (NTF and 
CTF) [132, 133]. Asp mutants are also defective in endoproteolysis [130], and therefore phe-
notypes associated with these mutations are hard to interpret since they could either result 
from insufficient cell surface expression due to defective autoproteolysis or from loss of sub-
strate cleavage. Loss of endoproteolysis affects the topology of the two Asp residues result-
ing in a cleavage defective presenilin. Expression of either NTF or CTF alone is not sufficient 
to rescue the sel-12 phenotype in worms, however expression of both NTF/CTF rescues the 
sel-12 phenotype. The combination of the wildtype NTF with an Asp mutant CTF (and vice 
versa) is unable to rescue the sel-12 phenotype indicating that loss of PS1 activity is not due 
to endoproteolysis, but due to cleavage of its substrates. Precipitation of both NTF- and CTF-
fragments allows the formation of an active γ-secretase activity [134]. In addition to either 
PS1 or PS2, three other transmembrane proteins form the catalytically active γ-secretase 
complex; Nicastrin (Nct) [135, 136], Aph-1 [137] and PEN-2 [138-142]. The transmembrane 
protein Nct contains a large ectodomain, which is believed to be used for substrate recogni-
tion and docking. Both the mature and immature form of Nct can bind to the extracellular 
domain of Notch, suggesting that Nct like PS is already bound to Notch during maturation 
[143]. In contrast to these reports, a recent study describes a functional γ-secretase in Nct-
deficient cells albeit less active [144]. The other two co-factors of the presenilin-dependent 
γ-secretase complex show more apparent roles. Two Aph-1 alleles (Aph-1A &B) have been 
described contributing to the heterogeneity of the γ-secretase complex [137, 145]. In ad-
dition, rodents have a duplication of the gene, resulting in Aph-1C, which upon loss does 
not display an obvious phenotype [146]. Although Aph-1A functions in stabilizing the com-
plex during assembly, its homolog Aph-1B does not have comparable stabilizing activity. 
The Aph-1A containing γ-secretase complex is essential for Notch signaling in development 
[147, 148]. Compositions of the γ-secretase complexes might differ depending on the affini-
ties of its various substrates [137]. The subunit PEN-2 triggers endoproteolyis of presenilin 
and stabilizes the PS fragments [149, 150]. A recent report using in vitro recombinant PEN-2 
and PS1, demonstrates PEN-2 alone is capable of inducing endoproteolysis and catalytic 
activation of PS1 [151]. Both Aph-1 and PEN-2 are necessary and sufficient for assembly and 
correct trafficking of stable mature γ-secretase complex to the cell surface and to endocytic 
compartments exerting its activity [152]. 

Mouse models expressing the Notch V1744G S3 cleavage mutant are embryonically lethal. 
Although Notch V1744G mRNA and protein were produced, no NICD generation can be de-
tected, implying this variant is unable to be processed by PS. These mice resemble a Notch1 
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null and PS1/2 null phenotype, showing that Notch Val1744/S3 processing is required for 
Notch function and viability. However, the somites in Val1744G homozygotes are unaffect-
ed, indicating very low levels of NICD is sufficient for their development [53]. Since no NICD 
could be detected in Val1744G mice this indicates a PS-independent activation of Notch. 
Lack of cleavage but retention of transcriptional activity was also observed in PS1/2 double 
knock-out (DKO) cells [153]. The membrane tethered Notch∆E shows higher Hes1 activation 
levels than in untransfected PS1/2 DKO cells. Moreover, ligand stimulation of endogenous 
Notch in PS1/2 null cells displayed a CSL-dependent activation of the Hes1 reporter. Interest-
ingly, ∆E-GV16 could not activate an UAS-reporter, indicating the Notch-dependent activa-
tion does not rely on nuclear access [153]. Although loss of PS1/2 in mice shows defects in 
somitogenesis [116], PS1/2 DKO/Notch V1744G mice developed normal looking somites. 
This implies that there is some activation of Notch V1744G independent of presenilin re-
sulting in sufficient levels of Notch activity for somite formation. Yet, this PS-independent 
activity is not able to reach these same activation levels in mice expressing wildtype Notch1. 
Experiments in PS1/2 DKO cells confirmed a two-fold increase in activation of Notch1∆E 
V1744G compared to wildtype Notch1ΔE, however, no Val1744 cleaved NICD was produced 
in these cells [154]. Whether similar PS-independent somite-specific cleavage occurs on 
other Notch variants or other substrates is not known but could also be an artefact of the 
introduced mutation. These data also support the notion of a cleavage-independent func-
tion of PS1/2 in somitogenesis and that in their absence, other protease-like activities are 
capable of Notch activation. However, whether they have physiological importance in Notch 
activation is not known. 

Similar to the processing of APP, Notch is also cleaved at multiple positions within the TMD. 
In cell culture medium small cleavage products of Notch can be detected, termed Nb in 
analogy of Ab peptides derived from APP cleavage. Mass spectrometric analyses revealed 
Nβ peptides are the result of an additional cleavage (S4) in the centre of the transmembrane 
domain, varying in position but occurring mainly at Ala1731 (Figure 2). Moreover, PS1 mu-
tations in familial Alzheimer’s disease show, similar to Ab, a shift in Nb cleavage [155]. In 
addition, upon multiple Alanine into Valine substitutions in the transmembrane of Notch1 
no shift in the major cleavage site was observed, indicating that Valine residues per se do 
not play a crucial role in PS-dependent intramembranous cleavage [156]. In an effort to 
determine the order of the intramembrane cleavage events, mutations were introduced in 
the S3 site and secretion of Nb was analyzed. As expected S3 mutations reduced γ-secretase 
production of NICD, but also reduced S4 cleavage. To determine the order of cleavages ex-
tracts were immunodepleted by specific S3-NICD precipitations and the N-termini of the 
Myc precipitates were sequenced. This did not result in the detection of S4-NICD, indicating 
S3 cleavage occurs prior or simultaneously with S4 cleavage [107]. 

Endocytosis

As described above endocytosis plays a major role in both ligand and receptor expressing 
cells. For example Dynamin - critical for formation of clathrin coated vesicles - is required 
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in both ligand and receptor expressing cells for effective Notch signaling [67]. Although li-
gand endocytosis is well documented in receptor activation by transendocytosis [33, 65], 
the role of endocytosis on γ-secretase cleavage of Notch is poorly understood. Inhibition of 
endocytosis through expression of a dominant-negative Eps15 (Eps15DN), leads to an exclu-
sion of Notch from the nucleus. These experiments identified a monoubiquitinated Lysine 
K1749 distal to the transmembrane domain residue critical for ligand mediated Notch cleav-
age and activity. Mutating the K1749 into Arginine results in loss of Notch endocytosis and 
severely decreased γ-secretase mediated NICD cleavage [157], demonstrating the impact 
of endocytosis on Notch signaling. Experiments using cell-free assays demonstrate part of 
Notch γ-secretase-dependent processing occurs in endocytosed vesicles, where variations 
in S3 cleavage site are found. Analyses on total levels of NICD1 demonstrate it is most ef-
ficiently cleaved at Ser1747, just outside the inner membrane leaflet. According to the N-
terminal end rule [105] S1747 is less stable and therefore induces a much weaker activation 
of Notch target genes. NEXT isolation from different subcellular fractions revealed distinct 
NICD species in different locations. Plasma membrane tethered Notch is primarily cleaved at 
V1744, while in endosomal fractions the receptor is cleaved at S1747. Moreover, decreasing 
endocytosis rates by expressing Dynamin mutants showed a shift in cleavage from S1747 to 
V1744. One prediction from these results is that blocking endocytosis in receptor express-
ing cells, thereby enriching for the more stable and robust Val1744-NICD, causes a gain-of-
function phenotype. Interestingly, Notch molecules harbouring S3 cleavage site mutations 
showed a different cleavage pattern; the previously described unprocessed V1744G mutant 
[53] appears to be cleaved mainly at L1745, leading to very weak Notch signaling. Impor-
tantly, the ubiquitination and endocytosis defective Notch1 K1749R mutant [157] is mainly 
cleaved at L1746, S1747, and at R1749. This in part explains the results obtained previously, 
the lack of Val1744-NICD detection in the Notch1 K1749R mutant, and the decrease ob-
served in transcriptional activity of both Notch1 V1744G and K1749R mutants [158]. 

Conclusions and perspectives

The highly conserved Notch signaling pathway controls developmental patterning and ho-
meostasis in animal tissues. The last decades of research in the Notch signaling pathway 
has provided a general consensus about receptor activation. Three evolutionary conserved 
cleavage events control the proper assembly and activation of the receptor leading to sig-
naling. 

The maturated Notch receptor is cleaved at S1 by furin-like convertases. Although there is 
some debate about activation of unprocessed Notch, the heterodimeric receptor appears 
to form the majority of the cell surface receptor molecules in most organisms. Possibly dur-
ing embryogenesis unprocessed CSL-independent Notch signaling can be of importance in 
certain stages of development for a defined period. Unfortunately, no information is avail-
able on the requirement of furin for Notch3 and Notch4 signaling although they are likely 
processed in a similar manner [29].



47

Proteolytic cleavage of Notch: “Hit and Run”

II

The S2 cleavage appears to be necessary for Notch activation in all organisms but has still 
some unanswered questions. Both ADAM10 and ADAM17 have roles in this cleavage event, 
probably acting distinct in Notch S2 cleavage depending on structural differences. However, 
in the absence of both ADAM10 and 17 residual activity is observed, indicating a different, 
unknown protease activity. Future research should address the role of the contribution of 
the unknown protease in Notch activation.

The identification of the presenilin-dependent γ-secretase leading to the release of NICD by 
an intramembrane cleavage event seems to be unique, no other protease is capable of fully 
taking over Notch activation. However, some Notch activating processes are observed in the 
absence of both mammalian PS1 and PS2. Possibly this could be the same activation of non-
furin processed Notch described above, not depending on any cleavage at all. Hence the 
furin- and PS-independent activation of Notch remains an obscure and therefore interesting 
question to be answered. In addition, the composition of the γ-secretase complex is a sub-
ject of thorough investigation. Perhaps different γ-secretase compositions act in different 
subcellular locations cleaving Notch at various positions, creating a large variety of short- 
and long-lasting Notch signals during several stages of development. The identification of 
these substrate and cell type specific activities will have profound influence on targeting 
γ-secretase to specific substrates in diseases. 

Acknowledgements

This work is supported by the European Research Council under the European Community 
Seventh Framework Programme (FP7/2007 2013)/ERC Grant 208259 (to MV). GvT is sup-
ported by a Dutch Cancer Society Grant KWF UU2006-3623 (to MV).



48

Proteolytic regulation of Notch1 receptor activity in cancer

II

References

1. Artavanis-Tsakonas, S., M.D. Rand, and R.J. Lake, Notch signaling: cell fate control and signal integration in   
 development. Science, 1999. 284(5415): p. 770-6.
2. Gazave, E., et al., Origin and evolution of the Notch signalling pathway: an overview from eukaryotic genomes. BMC  
 Evol Biol, 2009. 9: p. 249.
3. Wilson, A. and F. Radtke, Multiple functions of Notch signaling in self-renewing organs and cancer. FEBS Lett, 2006.  
 580(12): p. 2860-8.
4. Radtke, F. and K. Raj, The role of Notch in tumorigenesis: oncogene or tumour suppressor? Nat Rev Cancer, 2003.   
 3(10): p. 756-67.
5. van Es, J.H., et al., Notch/gamma-secretase inhibition turns proliferative cells in intestinal crypts and adenomas into  
 goblet cells. Nature, 2005. 435(7044): p. 959-63.
6. Vooijs, M., et al., Mapping the consequence of Notch1 proteolysis in vivo with NIP-CRE. Development, 2007. 134(3):  
 p. 535-44.
7. Kimble, J. and P. Simpson, The LIN-12/Notch signaling pathway and its regulation. Annu Rev Cell Dev Biol, 1997. 13:  
 p. 333-61.
8. Kopan, R. and M.X. Ilagan, The canonical Notch signaling pathway: unfolding the activation mechanism. Cell, 2009.  
 137(2): p. 216-33.
9. Moloney, D.J., et al., Fringe is a glycosyltransferase that modifies Notch. Nature, 2000. 406(6794): p. 369-75.
10. Okajima, T. and K.D. Irvine, Regulation of notch signaling by o-linked fucose. Cell, 2002. 111(6): p. 893-904.
11. Panin, V.M., et al., Fringe modulates Notch-ligand interactions. Nature, 1997. 387(6636): p. 908-12.
12. Haines, N. and K.D. Irvine, Glycosylation regulates Notch signalling. Nat Rev Mol Cell Biol, 2003. 4(10): p. 786-97.
13. Christensen, S., et al., lag-1, a gene required for lin-12 and glp-1 signaling in Caenorhabditis elegans, is homologous  
 to human CBF1 and Drosophila Su(H). Development, 1996. 122(5): p. 1373-83.
14. Fortini, M.E. and S. Artavanis-Tsakonas, The suppressor of hairless protein participates in notch receptor signaling.   
 Cell, 1994. 79(2): p. 273-82.
15. Fryer, C.J., et al., Mastermind mediates chromatin-specific transcription and turnover of the Notch enhancer complex.  
 Genes Dev, 2002. 16(11): p. 1397-411.
16. Schroeter, E.H., J.A. Kisslinger, and R. Kopan, Notch-1 signalling requires ligand-induced proteolytic release of   
 intracellular domain. Nature, 1998. 393(6683): p. 382-6.
17. Stifani, S., et al., Human homologs of a Drosophila Enhancer of split gene product define a novel family of nuclear   
 proteins. Nat Genet, 1992. 2(4): p. 343.
18. Gordon, W.R., et al., Structural basis for autoinhibition of Notch. Nat Struct Mol Biol, 2007. 14(4): p. 295-300.
19. van Tetering, G., et al., Metalloprotease ADAM10 is required for Notch1 site 2 cleavage. J Biol Chem, 2009. 284(45):  
 p. 31018-27.
20. Weng, A.P., et al., Activating mutations of NOTCH1 in human T cell acute lymphoblastic leukemia. Science, 2004.   
 306(5694): p. 269-71.
21. Blaumueller, C.M., et al., Intracellular cleavage of Notch leads to a heterodimeric receptor on the plasma membrane.  
 Cell, 1997. 90(2): p. 281-91.
22. Kopan, R., et al., Signal transduction by activated mNotch: importance of proteolytic processing and its regulation by  
 the extracellular domain. Proc Natl Acad Sci U S A, 1996. 93(4): p. 1683-8.
23. Logeat, F., et al., The Notch1 receptor is cleaved constitutively by a furin-like convertase. Proc Natl Acad Sci U S A,   
 1998. 95(14): p. 8108-12.
24. Aster, J., et al., Functional analysis of the TAN-1 gene, a human homolog of Drosophila notch. Cold Spring Harb Symp  
 Quant Biol, 1994. 59: p. 125-36.
25. Crittenden, S.L., et al., GLP-1 is localized to the mitotic region of the C. elegans germ line. Development, 1994.   
 120(10): p. 2901-11.
26. Bush, G., et al., Ligand-induced signaling in the absence of furin processing of Notch1. Dev Biol, 2001. 229(2): p. 494- 
 502.
27. Kidd, S. and T. Lieber, Furin cleavage is not a requirement for Drosophila Notch function. Mech Dev, 2002. 115(1-2): p.  
 41-51.
28. Lake, R.J., et al., In vivo analysis of the Notch receptor S1 cleavage. PLoS One, 2009. 4(8): p. e6728.
29. Gordon, W.R., et al., Effects of S1 cleavage on the structure, surface export, and signaling activity of human Notch1  
 and Notch2. PLoS One, 2009. 4(8): p. e6613.
30. Watanabe, K., et al., Enhancement of Notch receptor maturation and signaling sensitivity by Cripto-1. J Cell Biol,   
 2009. 187(3): p. 343-53.
31. Brou, C., et al., A novel proteolytic cleavage involved in Notch signaling: the role of the disintegrin-metalloprotease  
 TACE. Mol Cell, 2000. 5(2): p. 207-16.
32. Mumm, J.S., et al., A ligand-induced extracellular cleavage regulates gamma-secretase-like proteolytic activation of  
 Notch1. Mol Cell, 2000. 5(2): p. 197-206.
33. Parks, A.L., et al., Ligand endocytosis drives receptor dissociation and activation in the Notch pathway. Development,  
 2000. 127(7): p. 1373-85.



49

Proteolytic cleavage of Notch: “Hit and Run”

II

34. Georgiadis, D. and A. Yiotakis, Specific targeting of metzincin family members with small-molecule inhibitors:   
 progress toward a multifarious challenge. Bioorg Med Chem, 2008. 16(19): p. 8781-94.
35. Gomez-del Arco, P., et al., Alternative promoter usage at the Notch1 locus supports ligand-independent signaling in T  
 cell development and leukemogenesis. Immunity, 2010. 33(5): p. 685-98.
36. Pan, D. and G.M. Rubin, Kuzbanian controls proteolytic processing of Notch and mediates lateral inhibition during   
 Drosophila and vertebrate neurogenesis. Cell, 1997. 90(2): p. 271-80.
37. Sotillos, S., F. Roch, and S. Campuzano, The metalloprotease-disintegrin Kuzbanian participates in Notch activation  
 during growth and patterning of Drosophila imaginal discs. Development, 1997. 124(23): p. 4769-79.
38. Wen, C., M.M. Metzstein, and I. Greenwald, SUP-17, a Caenorhabditis elegans ADAM protein related to Drosophila  
 KUZBANIAN, and its role in LIN-12/NOTCH signalling. Development, 1997. 124(23): p. 4759-67.
39. Rooke, J., et al., KUZ, a conserved metalloprotease-disintegrin protein with two roles in Drosophila neurogenesis.   
 Science, 1996. 273(5279): p. 1227-31.
40. Fambrough, D., et al., The cell surface metalloprotease/disintegrin Kuzbanian is required for axonal extension in   
 Drosophila. Proc Natl Acad Sci U S A, 1996. 93(23): p. 13233-8.
41. Hattori, M., M. Osterfield, and J.G. Flanagan, Regulated cleavage of a contact-mediated axon repellent. Science,   
 2000. 289(5483): p. 1360-5.
42. Jarriault, S. and I. Greenwald, Evidence for functional redundancy between C. elegans ADAM proteins SUP-17/  
 Kuzbanian and ADM-4/TACE. Dev Biol, 2005. 287(1): p. 1-10.
43. Qi, H., et al., Processing of the notch ligand delta by the metalloprotease Kuzbanian. Science, 1999. 283(5398): p.   
 91-4.
44. Varnum-Finney, B., et al., Immobilization of Notch ligand, Delta-1, is required for induction of notch signaling. J Cell  
 Sci, 2000. 113 Pt 23: p. 4313-8.
45. Mishra-Gorur, K., et al., Down-regulation of Delta by proteolytic processing. J Cell Biol, 2002. 159(2): p. 313-24.
46. LaVoie, M.J. and D.J. Selkoe, The Notch ligands, Jagged and Delta, are sequentially processed by alpha-secretase and  
 presenilin/gamma-secretase and release signaling fragments. J Biol Chem, 2003. 278(36): p. 34427-37.
47. Six, E., et al., The Notch ligand Delta1 is sequentially cleaved by an ADAM protease and gamma-secretase. Proc Natl  
 Acad Sci U S A, 2003. 100(13): p. 7638-43.
48. Fiuza, U.M., et al., Mechanisms of ligand-mediated inhibition in Notch signaling activity in Drosophila. Dev Dyn, 2010.  
 239(3): p. 798-805.
49. Sapir, A., et al., Unidirectional Notch signaling depends on continuous cleavage of Delta. Development, 2005. 132(1):  
 p. 123-32.
50. Vooijs, M., et al., Ectodomain shedding and intramembrane cleavage of mammalian Notch proteins is not regulated  
 through oligomerization. J Biol Chem, 2004. 279(49): p. 50864-73.
51. Lieber, T., S. Kidd, and M.W. Young, kuzbanian-mediated cleavage of Drosophila Notch. Genes Dev, 2002. 16(2): p.   
 209-21.
52. Conlon, R.A., A.G. Reaume, and J. Rossant, Notch1 is required for the coordinate segmentation of somites.   
 Development, 1995. 121(5): p. 1533-45.
53. Huppert, S.S., et al., Embryonic lethality in mice homozygous for a processing-deficient allele of Notch1. Nature, 2000.  
 405(6789): p. 966-70.
54. Swiatek, P.J., et al., Notch1 is essential for postimplantation development in mice. Genes Dev, 1994. 8(6): p. 707-19.
55. Radtke, F., et al., Deficient T cell fate specification in mice with an induced inactivation of Notch1. Immunity, 1999.   
 10(5): p. 547-58.
56. Peschon, J.J., et al., An essential role for ectodomain shedding in mammalian development. Science, 1998. 282(5392):  
 p. 1281-4.
57. Hartmann, D., et al., The disintegrin/metalloprotease ADAM 10 is essential for Notch signalling but not for alpha-  
 secretase activity in fibroblasts. Hum Mol Genet, 2002. 11(21): p. 2615-24.
58. Manilay, J.O., et al., Impairment of thymocyte development by dominant-negative Kuzbanian (ADAM-10) is rescued  
 by the Notch ligand, delta-1. J Immunol, 2005. 174(11): p. 6732-41.
59. Tian, L., et al., ADAM10 is essential for proteolytic activation of Notch during thymocyte development. Int Immunol,  
 2008. 20(9): p. 1181-7.
60. Gibb, D.R., et al., ADAM10 is essential for Notch2-dependent marginal zone B cell development and CD23 cleavage in  
 vivo. J Exp Med, 2010. 207(3): p. 623-35.
61. Jorissen, E., et al., The disintegrin/metalloproteinase ADAM10 is essential for the establishment of the brain cortex. J  
 Neurosci, 2010. 30(14): p. 4833-44.
62. Borrell-Pages, M., et al., TACE is required for the activation of the EGFR by TGF-alpha in tumors. EMBO J, 2003. 22(5):  
 p. 1114-24.
63. Delwig, A. and M.D. Rand, Kuz and TACE can activate Notch independent of ligand. Cell Mol Life Sci, 2008. 65(14): p.  
 2232-43.
64. Tousseyn, T., et al., ADAM10, the rate-limiting protease of regulated intramembrane proteolysis of Notch and other  
 proteins, is processed by ADAMS-9, ADAMS-15, and the gamma-secretase. J Biol Chem, 2009. 284(17): p. 11738-47.
65. Nichols, J.T., et al., DSL ligand endocytosis physically dissociates Notch1 heterodimers before activating proteolysis   
 can occur. J Cell Biol, 2007. 176(4): p. 445-58.
66. Struhl, G. and A. Adachi, Requirements for presenilin-dependent cleavage of notch and other transmembrane   



50

Proteolytic regulation of Notch1 receptor activity in cancer

II

 proteins. Mol Cell, 2000. 6(3): p. 625-36.
67. Seugnet, L., P. Simpson, and M. Haenlin, Requirement for dynamin during Notch signaling in Drosophila neurogenesis.  
 Dev Biol, 1997. 192(2): p. 585-98.
68. Greenwald, I., Structure/function studies of lin-12/Notch proteins. Curr Opin Genet Dev, 1994. 4(4): p. 556-62.
69. Lieber, T., et al., Antineurogenic phenotypes induced by truncated Notch proteins indicate a role in signal transduction  
 and may point to a novel function for Notch in nuclei. Genes Dev, 1993. 7(10): p. 1949-65.
70. Sanchez-Irizarry, C., et al., Notch subunit heterodimerization and prevention of ligand-independent proteolytic   
 activation depend, respectively, on a novel domain and the LNR repeats. Mol Cell Biol, 2004. 24(21): p. 9265-73.
71. Malecki, M.J., et al., Leukemia-associated mutations within the NOTCH1 heterodimerization domain fall into at least  
 two distinct mechanistic classes. Mol Cell Biol, 2006. 26(12): p. 4642-51.
72. Sulis, M.L., et al., NOTCH1 extracellular juxtamembrane expansion mutations in T-ALL. Blood, 2008. 112(3): p. 733-40.
73. Bozkulak, E.C. and G. Weinmaster, Selective use of ADAM10 and ADAM17 in activation of Notch1 signaling. Mol Cell  
 Biol, 2009. 29(21): p. 5679-95.
74. Asai, M., et al., Putative function of ADAM9, ADAM10, and ADAM17 as APP alpha-secretase. Biochem Biophys Res  
 Commun, 2003. 301(1): p. 231-5.
75. Dyczynska, E., et al., Proteolytic processing of delta-like 1 by ADAM proteases. J Biol Chem, 2007. 282(1): p. 436-44.
76. Sawey, E.T., J.A. Johnson, and H.C. Crawford, Matrix metalloproteinase 7 controls pancreatic acinar cell   
 transdifferentiation by activating the Notch signaling pathway. Proc Natl Acad Sci U S A, 2007. 104(49): p. 19327-32.
77. Saxena, M.T., et al., Murine notch homologs (N1-4) undergo presenilin-dependent proteolysis. J Biol Chem, 2001.   
 276(43): p. 40268-73.
78. Li, K., et al., Modulation of Notch signaling by antibodies specific for the extracellular negative regulatory region of  
 NOTCH3. J Biol Chem, 2008. 283(12): p. 8046-54.
79. Petcherski, A.G. and J. Kimble, Mastermind is a putative activator for Notch. Curr Biol, 2000. 10(13): p. R471-3.
80. Tamura, K., et al., Physical interaction between a novel domain of the receptor Notch and the transcription factor   
 RBP-J kappa/Su(H). Curr Biol, 1995. 5(12): p. 1416-23.
81. Jarriault, S., et al., Signalling downstream of activated mammalian Notch. Nature, 1995. 377(6547): p. 355-8.
82. Barrick, D. and R. Kopan, The Notch transcription activation complex makes its move. Cell, 2006. 124(5): p. 883-5.
83. Lubman, O.Y., S.V. Korolev, and R. Kopan, Anchoring notch genetics and biochemistry; structural analysis of the   
 ankyrin domain sheds light on existing data. Mol Cell, 2004. 13(5): p. 619-26.
84. Wilson, J.J. and R.A. Kovall, Crystal structure of the CSL-Notch-Mastermind ternary complex bound to DNA. Cell, 2006.  
 124(5): p. 985-96.
85. Nam, Y., et al., Structural basis for cooperativity in recruitment of MAML coactivators to Notch transcription   
 complexes. Cell, 2006. 124(5): p. 973-83.
86. Kurooka, H., K. Kuroda, and T. Honjo, Roles of the ankyrin repeats and C-terminal region of the mouse notch1   
 intracellular region. Nucleic Acids Res, 1998. 26(23): p. 5448-55.
87. Kato, H., et al., Involvement of RBP-J in biological functions of mouse Notch1 and its derivatives. Development, 1997.  
 124(20): p. 4133-41.
88. Aster, J.C., et al., Essential roles for ankyrin repeat and transactivation domains in induction of T-cell leukemia by   
 notch1. Mol Cell Biol, 2000. 20(20): p. 7505-15.
89. Struhl, G. and A. Adachi, Nuclear access and action of notch in vivo. Cell, 1998. 93(4): p. 649-60.
90. Sanalkumar, R., S.B. Dhanesh, and J. James, Non-canonical activation of Notch signaling/target genes in vertebrates.  
 Cell Mol Life Sci, 2010. 67(17): p. 2957-68.
91. Fortini, M.E., et al., An activated Notch receptor blocks cell-fate commitment in the developing Drosophila eye.   
 Nature, 1993. 365(6446): p. 555-7.
92. Struhl, G., K. Fitzgerald, and I. Greenwald, Intrinsic activity of the Lin-12 and Notch intracellular domains in vivo. Cell,  
 1993. 74(2): p. 331-45.
93. Kopan, R., J.S. Nye, and H. Weintraub, The intracellular domain of mouse Notch: a constitutively activated repressor  
 of myogenesis directed at the basic helix-loop-helix region of MyoD. Development, 1994. 120(9): p. 2385-96.
94. Coffman, C.R., et al., Expression of an extracellular deletion of Xotch diverts cell fate in Xenopus embryos. Cell, 1993.  
 73(4): p. 659-71.
95. Rebay, I., R.G. Fehon, and S. Artavanis-Tsakonas, Specific truncations of Drosophila Notch define dominant activated  
 and dominant negative forms of the receptor. Cell, 1993. 74(2): p. 319-29.
96. Pear, W.S., et al., Exclusive development of T cell neoplasms in mice transplanted with bone marrow expressing   
 activated Notch alleles. J Exp Med, 1996. 183(5): p. 2283-91.
97. Shawber, C., et al., Notch signaling inhibits muscle cell differentiation through a CBF1-independent pathway.   
 Development, 1996. 122(12): p. 3765-73.
98. Lecourtois, M. and F. Schweisguth, Indirect evidence for Delta-dependent intracellular processing of notch in   
 Drosophila embryos. Curr Biol, 1998. 8(13): p. 771-4.
99. Kidd, S., T. Lieber, and M.W. Young, Ligand-induced cleavage and regulation of nuclear entry of Notch in Drosophila  
 melanogaster embryos. Genes Dev, 1998. 12(23): p. 3728-40.
100. Struhl, G. and I. Greenwald, Presenilin is required for activity and nuclear access of Notch in Drosophila. Nature, 1999.  
 398(6727): p. 522-5.
101. Tokunaga, A., et al., Mapping spatio-temporal activation of Notch signaling during neurogenesis and gliogenesis in  



51

Proteolytic cleavage of Notch: “Hit and Run”

II

 the developing mouse brain. J Neurochem, 2004. 90(1): p. 142-54.
102. Cheng, H.T., et al., Notch2, but not Notch1, is required for proximal fate acquisition in the mammalian nephron.   
 Development, 2007. 134(4): p. 801-11.
103. Pan, Y., et al., gamma-secretase functions through Notch signaling to maintain skin appendages but is not required  
 for their patterning or initial morphogenesis. Dev Cell, 2004. 7(5): p. 731-43.
104. Ong, C.T., et al., Target selectivity of vertebrate notch proteins. Collaboration between discrete domains and CSL-  
 binding site architecture determines activation probability. J Biol Chem, 2006. 281(8): p. 5106-19.
105. Varshavsky, A., The N-end rule pathway of protein degradation. Genes Cells, 1997. 2(1): p. 13-28.
106. Blat, Y., et al., Mutations at the P1’ position of Notch1 decrease intracellular domain stability rather than cleavage by  
 gamma-secretase. Biochem Biophys Res Commun, 2002. 299(4): p. 569-73.
107. Chandu, D., S.S. Huppert, and R. Kopan, Analysis of transmembrane domain mutants is consistent with sequential   
 cleavage of Notch by gamma-secretase. J Neurochem, 2006. 96(1): p. 228-35.
108. Kelly, D.F., et al., Molecular structure and dimeric organization of the Notch extracellular domain as revealed by   
 electron microscopy. PLoS One, 2010. 5(5): p. e10532.
109. Richter, L., et al., Amyloid beta 42 peptide (Abeta42)-lowering compounds directly bind to Abeta and interfere with  
 amyloid precursor protein (APP) transmembrane dimerization. Proc Natl Acad Sci U S A, 2010. 107(33): p. 14597-602.
110. Liu, H., et al., Notch dimerization is required for leukemogenesis and T-cell development. Genes Dev, 2010. 24(21): p.  
 2395-407.
111. Mizutani, T., et al., Conservation of the biochemical mechanisms of signal transduction among mammalian Notch   
 family members. Proc Natl Acad Sci U S A, 2001. 98(16): p. 9026-31.
112. Levitan, D. and I. Greenwald, Facilitation of lin-12-mediated signalling by sel-12, a Caenorhabditis elegans S182   
 Alzheimer’s disease gene. Nature, 1995. 377(6547): p. 351-4.
113. Li, X. and I. Greenwald, HOP-1, a Caenorhabditis elegans presenilin, appears to be functionally redundant with SEL-12  
 presenilin and to facilitate LIN-12 and GLP-1 signaling. Proc Natl Acad Sci U S A, 1997. 94(22): p. 12204-9.
114. Levitan, D. and I. Greenwald, Effects of SEL-12 presenilin on LIN-12 localization and function in Caenorhabditis   
 elegans. Development, 1998. 125(18): p. 3599-606.
115. Shen, J., et al., Skeletal and CNS defects in Presenilin-1-deficient mice. Cell, 1997. 89(4): p. 629-39.
116. Wong, P.C., et al., Presenilin 1 is required for Notch1 and DII1 expression in the paraxial mesoderm. Nature, 1997.   
 387(6630): p. 288-92.
117. Herreman, A., et al., Presenilin 2 deficiency causes a mild pulmonary phenotype and no changes in amyloid precursor  
 protein processing but enhances the embryonic lethal phenotype of presenilin 1 deficiency. Proc Natl Acad Sci U S A,  
 1999. 96(21): p. 11872-7.
118. Herreman, A., et al., Total inactivation of gamma-secretase activity in presenilin-deficient embryonic stem cells. Nat  
 Cell Biol, 2000. 2(7): p. 461-2.
119. Rozmahel, R., et al., Normal brain development in PS1 hypomorphic mice with markedly reduced gamma-secretase  
 cleavage of betaAPP. Neurobiol Aging, 2002. 23(2): p. 187-94.
120. Rozmahel, R., et al., Alleles at the Nicastrin locus modify presenilin 1- deficiency phenotype. Proc Natl Acad Sci U S A,  
 2002. 99(22): p. 14452-7.
121. Mastrangelo, P., et al., Dissociated phenotypes in presenilin transgenic mice define functionally distinct gamma-  
 secretases. Proc Natl Acad Sci U S A, 2005. 102(25): p. 8972-7.
122. Netzer, W.J., et al., Gleevec inhibits beta-amyloid production but not Notch cleavage. Proc Natl Acad Sci U S A, 2003.  
 100(21): p. 12444-9.
123. He, G., et al., Gamma-secretase activating protein is a therapeutic target for Alzheimer’s disease. Nature, 2010.   
 467(7311): p. 95-8.
124. Takahashi, Y., et al., Sulindac sulfide is a noncompetitive gamma-secretase inhibitor that preferentially reduces Abeta  
 42 generation. J Biol Chem, 2003. 278(20): p. 18664-70.
125. Weggen, S., et al., A subset of NSAIDs lower amyloidogenic Abeta42 independently of cyclooxygenase activity.   
 Nature, 2001. 414(6860): p. 212-6.
126. De Strooper, B., et al., A presenilin-1-dependent gamma-secretase-like protease mediates release of Notch   
 intracellular domain. Nature, 1999. 398(6727): p. 518-22.
127. De Strooper, B., et al., Deficiency of presenilin-1 inhibits the normal cleavage of amyloid precursor protein. Nature,  
 1998. 391(6665): p. 387-90.
128. Ray, W.J., et al., Evidence for a physical interaction between presenilin and Notch. Proc Natl Acad Sci U S A, 1999.   
 96(6): p. 3263-8.
129. Ye, Y., N. Lukinova, and M.E. Fortini, Neurogenic phenotypes and altered Notch processing in Drosophila Presenilin   
 mutants. Nature, 1999. 398(6727): p. 525-9.
130. Wolfe, M.S., et al., Two transmembrane aspartates in presenilin-1 required for presenilin endoproteolysis and   
 gamma-secretase activity. Nature, 1999. 398(6727): p. 513-7.
131. Ray, W.J., et al., Cell surface presenilin-1 participates in the gamma-secretase-like proteolysis of Notch. J Biol Chem,  
 1999. 274(51): p. 36801-7.
132. Podlisny, M.B., et al., Presenilin proteins undergo heterogeneous endoproteolysis between Thr291 and Ala299 and   
 occur as stable N- and C-terminal fragments in normal and Alzheimer brain tissue. Neurobiol Dis, 1997.   
 3(4): p. 325-37.



52

Proteolytic regulation of Notch1 receptor activity in cancer

II

133. Thinakaran, G., et al., Endoproteolysis of presenilin 1 and accumulation of processed derivatives in vivo. Neuron,   
 1996. 17(1): p. 181-90.
134. Levitan, D., et al., PS1 N- and C-terminal fragments form a complex that functions in APP processing and Notch   
 signaling. Proc Natl Acad Sci U S A, 2001. 98(21): p. 12186-90.
135. Yu, G., et al., Nicastrin modulates presenilin-mediated notch/glp-1 signal transduction and betaAPP processing.   
 Nature, 2000. 407(6800): p. 48-54.
136. Chen, F., et al., Nicastrin binds to membrane-tethered Notch. Nat Cell Biol, 2001. 3(8): p. 751-4.
137. Shirotani, K., et al., Identification of distinct gamma-secretase complexes with different APH-1 variants. J Biol Chem,  
 2004. 279(40): p. 41340-5.
138. Goutte, C., et al., APH-1 is a multipass membrane protein essential for the Notch signaling pathway in Caenorhabditis  
 elegans embryos. Proc Natl Acad Sci U S A, 2002. 99(2): p. 775-9.
139. Francis, R., et al., aph-1 and pen-2 are required for Notch pathway signaling, gamma-secretase cleavage of betaAPP,  
 and presenilin protein accumulation. Dev Cell, 2002. 3(1): p. 85-97.
140. Esler, W.P., et al., Activity-dependent isolation of the presenilin- gamma -secretase complex reveals nicastrin and a   
 gamma substrate. Proc Natl Acad Sci U S A, 2002. 99(5): p. 2720-5.
141. Edbauer, D., et al., Reconstitution of gamma-secretase activity. Nat Cell Biol, 2003. 5(5): p. 486-8.
142. Kimberly, W.T., et al., Gamma-secretase is a membrane protein complex comprised of presenilin, nicastrin, Aph-1, and  
 Pen-2. Proc Natl Acad Sci U S A, 2003. 100(11): p. 6382-7.
143. Shah, S., et al., Nicastrin functions as a gamma-secretase-substrate receptor. Cell, 2005. 122(3): p. 435-47.
144. Zhao, G., et al., Gamma-secretase composed of PS1/Pen2/Aph1a can cleave notch and amyloid precursor protein in  
 the absence of nicastrin. J Neurosci, 2010. 30(5): p. 1648-56.
145. Hebert, S.S., et al., Coordinated and widespread expression of gamma-secretase in vivo: evidence for size and   
 molecular heterogeneity. Neurobiol Dis, 2004. 17(2): p. 260-72.
146. Dejaegere, T., et al., Deficiency of Aph1B/C-gamma-secretase disturbs Nrg1 cleavage and sensorimotor gating that  
 can be reversed with antipsychotic treatment. Proc Natl Acad Sci U S A, 2008. 105(28): p. 9775-80.
147. Mao, J., et al., An ES cell system for rapid, spatial and temporal analysis of gene function in vitro and in vivo. Nucleic  
 Acids Res, 2005. 33(18): p. e155.
148. Serneels, L., et al., Differential contribution of the three Aph1 genes to gamma-secretase activity in vivo. Proc Natl   
 Acad Sci U S A, 2005. 102(5): p. 1719-24.
149. Sato, T., et al., Active gamma-secretase complexes contain only one of each component. J Biol Chem, 2007. 282(47):  
 p. 33985-93.
150. Takasugi, N., et al., The role of presenilin cofactors in the gamma-secretase complex. Nature, 2003. 422(6930): p. 438- 
 41.
151. Ahn, K., et al., Activation and intrinsic {gamma}-secretase activity of presenilin 1. Proc Natl Acad Sci U S A, 2010.
152. De Strooper, B. and W. Annaert, Novel research horizons for presenilins and gamma-secretases in cell biology and   
 disease. Annu Rev Cell Dev Biol, 2010. 26: p. 235-60.
153. Berechid, B.E., et al., Identification and characterization of presenilin-independent Notch signaling. J Biol Chem, 2002.  
 277(10): p. 8154-65.
154. Huppert, S.S., et al., Analysis of Notch function in presomitic mesoderm suggests a gamma-secretase-independent   
 role for presenilins in somite differentiation. Dev Cell, 2005. 8(5): p. 677-88.
155. Okochi, M., et al., Presenilins mediate a dual intramembranous gamma-secretase cleavage of Notch-1. EMBO J,   
 2002. 21(20): p. 5408-16.
156. Tanii, H., et al., Effect of valine on the efficiency and precision at S4 cleavage of the Notch-1 transmembrane domain.  
 J Neurosci Res, 2006. 84(4): p. 918-25.
157. Gupta-Rossi, N., et al., Monoubiquitination and endocytosis direct gamma-secretase cleavage of activated Notch   
 receptor. J Cell Biol, 2004. 166(1): p. 73-83.
158. Tagami, S., et al., Regulation of Notch signaling by dynamic changes in the precision of S3 cleavage of Notch-1. Mol  
 Cell Biol, 2008. 28(1): p. 165-76.







3
Metalloprotease ADAM10 Is 

Required for Notch1 Site 2 
Cleavage

Geert van Tetering1, Paul van Diest1, Ingrid Verlaan1, Elsken 
van der Wall2, Raphael Kopan3 and Marc Vooijs1

Departments of 1Pathology and 2Internal Medicine and Dermatology, University 
Medical Center Utrecht, Heidelberglaan100, 3584 CX Utrecht, The Netherlands 

and the 3Department of Molecular Biology and Pharmacology, Washington 
University Medical School, St. Louis, Missouri 63110

The Journal of Biological Chemistry (2009) 284(45):31018–31027



Abstract

Notch signaling is controlled by ligand binding, which unfolds a negative control region to 
induce proteolytic cleavage of the receptor. First, a membrane-proximal cleavage is exe-
cuted by a metalloprotease, removing the extracellular domain. This allows γ-secretase to 
execute a second cleavage within the Notch transmembrane domain, which releases the 
intracellular domain to enter the nucleus. Here we show that the ADAM10 metalloprotease 
Kuzbanian, but not ADAM17/tumor necrosis factor a-converting enzyme, plays an essential 
role in executing ligand-induced extracellular cleavage at site 2 (S2) in cells and localizes 
this step to the plasma membrane. Importantly, genetic or pharmacological inhibition of 
metalloproteases still allowed extracellular cleavage of Notch, indicating the presence of 
unknown proteases with the ability to cleave at S2. Gain-of-function mutations identified 
in human cancers and in model organisms that map to the negative control region allevi-
ate the requirement for ligand binding for extracellular cleavage to occur. Because cancer-
causing Notch1 mutations also depend on (rate-limiting) S2 proteolysis, the identity of these 
alternative proteases has important implications for understanding Notch activation in nor-
mal and cancer cells. 
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Introduction

The Notch signaling pathway plays multiple essential functions during metazoan develop-
ment and in adult tissues where it controls homeostatic self-renewal, differentiation, pro-
liferation, and apoptosis [1]. Notch receptors are type I transmembrane glycoproteins that 
undergo furin cleavage at site 1 (S1) during transit to the cell surface. S1-cleaved Notch 
proteins accumulate at the plasma membrane as heterodimeric polypeptides composed 
of the Notch extracellular domain (NECD) and a transmembrane and intracellular domain 
held together by the heterodimerization domain (HD). In the absence of ligand, a negative 
regulatory region (NRR) composed of the globular HD domain and the overlaying Lin12/
Notch repeats (LNR) prevents access of proteases and thus prevents activation of Notch 
[2-4]. Ligand binding to Notch receptors unfolds the NRR permitting cleavage by a metal-
loprotease at a site close to the membrane (S2). This removes NECD [5] producing a short 
lived NH2-terminal fragment that becomes a substrate for the aspartyl protease presenilin, 
a component of the γ-secretase complex [6, 7]. γ-Secretase executes an intramembrane 
cleavage at site 3 (S3), which releases the Notch intracellular domain (NICD). NICD translo-
cates to the nucleus and mediates target gene transcription after it associates with the CSL 
protein [8] (Figure 1A). S3 cleavage is essential for canonical Notch signaling in vivo [9-11]. 

The rate-limiting step in Notch activation appears to be NRR unfolding [2, 4], which facili-
tates S2 cleavage directly or after HD dissociation at S1 [12]. Several lines of evidence sup-
port this sequence of events. First, Notch proteins lacking NECD are constitutively cleaved 
by γ-secretase [5], causing cancer in mice and humans [13, 14]. Second, receptors lacking 
only the epidermal growth factor repeats but containing the NRR are functionally inert. 
Third, NRR mutations relax autoinhibition acting as γ-secretase-dependent gain-of-function 
mutations [2, 10, 15-17]. Fourth, missense mutations in the HD domain destabilize the NRR 
and occur at high frequency in human T-cell acute lymphocytic leukemia (T-ALL) [18]. It has 
been well established that HD domain mutations cause ligand-independent S2 cleavage [5, 
17], however, the identity of the enzymes involved is poorly understood. 

Notch1 S2 cleavage is sensitive to the metalloprotease inhibitor 1,10-o-phenanthroline [5] 
and attenuated in cells lacking the ADAM17 protease tumor necrosis factor a-converting 
enzyme (TACE) [19]. ADAMs or disintegrin and metalloproteases are membrane-bound zinc-
dependent enzymes of the metzincin clan that have diverse roles in adhesion and proteolyt-
ic cleavage of numerous cell surface signaling molecules in normal homeostasis and disease 
[20]. In vitro, TACE cleaves Notch1 just outside the transmembrane region between residues 
Ala1710 and Val1711 [19]; the same site is used for cleavage of Notch1 in transfected cells 
[5]. However, Tace-deficient mice or flies do not phenocopy the Notch1 phenotype sug-
gesting that TACE is either redundant with another protease or is a tissue-specific Notch1 
S2-protease in vivo [21, 22]. In contrast, mice lacking Adam10 die at day 9.5 of embryo-
genesis with reduced neuronal Hes5 expression resembling Notch1-null embryos [23], and 
T-cell-specific deletion of Adam10 in vivo phenocopied the Notch1 null phenotype during 
thymocyte development [24]. However, mouse embryonic fibroblasts lacking Adam10 have 
no apparent defect in ligand-independent Notch1 processing [5, 23]. In contrast to this am-
biguity in vertebrates, in flies the ADAM10 homolog Kuzbanian (Kuz) binds dNotch directly 
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and is the major enzyme involved in Notch cleavage and signalling [21, 25]. 

Understanding the precise role of ADAM10 in Notch signalling has been further complicated 
by the fact that Kuz has also been reported to cleave Notch ligands in flies [26] and mam-
malian cells [27-29]. Whereas in flies this task is shared with an ADAM10/Kuz homolog (Kuz-
like or Kul) that is dedicated to cleavage of the Notch ligand Delta [30], no Kul homolog has 
been identified in mammals thus far. Therefore, the phenotypes attributed to ADAM10 loss 
in mammals could reflect compound phenotypes due to defects in the cleavage of Notch, 
Delta, or both. 

Because the identity of enzyme(s) cleaving Notch1 at S2 remains controversial, we charac-
terized Notch1 cleavage in ligand-dependent and -independent signaling and mapped the 
amino acids required for cleavage. We find that ADAM10, but not ADAM17/TACE, is es-
sential for catalyzing ligand-induced S2 cleavage. This step occurs at the plasma membrane, 
suggestive of a similar localization for the subsequent cleavage by γ-secretase. Importantly, 
genetic or pharmacological inhibition of metalloproteases still permits S2 cleavage, indicat-
ing that multiple proteases have the ability to cleave Notch1. Our findings provide further 
insight into the mechanism of Notch1 activation in normal and cancer cells. Elucidating the 
proteolytic machinery leading to Notch1 activation is important because inhibition of this 
rate-limiting step using targeted drugs may offer novel treatment options in Notch1-related 
diseases. 

Experimental procedures

Plasmids and Vectors

All mNotch1 plasmids were initially cloned into pCS2+6Myc as described [16]. Notch1 LNR 
and Notch1 ∆E (Supplemental Figure 1A) were constructed as described previously. Notch1 
∆ice (Supplemental Figure 1B) is made by deleting part of the NICD and inserting a 6Myc tag 
after Gly1755 [31]. Notch1 GV16 fusion proteins are made by inserting a Gal4VP16 lacking 
an internal ATG via a unique SgrAI site after the transmembrane domain. Notch1 mCher-
ry fusions were made by PCR-directed cloning and removal of the 6Myc for replacement 
with the mCherry gene. Site-directed mutagenesis was performed using the QuikChange 
kit according to the manufacturer’s instructions (Stratagene). All mutant constructs were 
sequence-verified. A construct containing 4xCSL synthetic binding sites in tandem (PJA23) 
was used for Notch transcription assays (kindly provided by D. Hayward). For Notch1 GV16 
cleavage assays, an FR-Luc construct containing 5xGal4 DNA-binding sites (Stratagene) was 
used. For normalization of the luciferase assays, a cytomegalovirus-driven Renilla luciferase 
(Promega) was used. The LZRS Jagged1 construct was a gift from B. Blom. A plasmid express-
ing stable HIF1a was described earlier [32]. 
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Antibodies

The Notch1 Val1711 antibody was generated by immunizing chickens with the peptide 
VKSEPVE. Total IgY was isolated from yolks using the IgY purification kit (Pierce), and the 
antibody was affinity-purified using the SulfoLink immobilization kit for peptides (Thermo 
Scientific). Eluted antibody was dialyzed in PBS. Antibodies used in Western analysis are as 
follows: Notch1 C-20 1:500 (Santa Cruz Biotechnology); Val1711 1:1000, Val1744 1:1000 
(Cell Signaling); Myc 9E10 1:5000, Jag1 H-114 1:1000 (Santa Cruz Biotechnology); Dll1 C-20 
1:1000 (Santa Cruz Biotechnology); and TACE 1:2000 (GeneTex).

Cell Lines

OP9-wt, OP9-Jag1, and OP9-Dll1 [33] (a gift from B. Blom AMC, Amsterdam, The Nether-
lands) were cultured in a-minimum Eagle’s medium (Invitrogen) supplemented with 20% 
fetal calf serum and b-mercaptoethanol (100 µM). Adam10, Adam17, Adam9/12/15 wild 
type and knockout cells [5, 22, 34], U2OS, HeLa, Phoenix, and HeLaN1 cells [35] were cul-
tured in Dulbecco’s modified Eagle’s medium (Invitrogen) supplemented with 10% fetal calf 
serum and 100 µM b-mercaptoethanol. HeLaN1 cells were maintained in the same medium 
with G418 (800 µg/ml). HEK293 cells were cultured in RPMI 1640 medium (Invitrogen) sup-
plemented with 5% fetal calf serum. NIH-3T3 cells were cultured in Dulbecco’s modified 
Eagle’s medium (Invitrogen) supplemented with 10% normal calf serum. Co-cultures were in 
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf serum. Transfections 
of HEK293, HeLa, and U2OS were performed using polyethyleneimine (Polysciences Inc.). 
NIH-3T3 were transfected by calcium phosphate using BBS buffer.

Western Blotting

Cells were lysed in RIPA buffer (150 mM NaCl, 1% Nonidet P-40, 0.5% deoxycholate, 0.1% 
SDS, 50 mM Tris pH 8.0) for 20 min at 4 °C. Lysates were spun down for 15 min at 14,000 
rpm at 4 °C. Supernatant was added to 2x Laemmli buffer. Samples were boiled for 5 min 
and loaded onto SDS-PAGE.

Immunoprecipitation

Cells were lysed in CoIP buffer (200 mM KCl, 25 mM Hepes pH 7.4, 20 mM NaF, 1% Nonidet 
P-40, and 0.2 mM EGTA, protease inhibitor mixture (Roche Applied Science)) for 20 min at 4 
°C. DNA was sheared using a syringe and centrifuged for 15 min at 4 °C. Input samples were 
taken, and 2 µg of Notch1 C-20 antibody was added for 6 h at 4 °C to precipitate endogenous 
Notch1. Protein A-Sepharose 4B beads (Zymed Laboratories Inc.) were added overnight to 
retrieve antibody-bound protein. Samples were washed three times in lysis buffer, 3xPBS, 
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and were taken in 2xLaemmli buffer with 50 mM dithiothreitol. Samples were run on SDS-
PAGE, and proteins were detected by immunoblotting and ECL (Amersham Biosciences).

Chemicals

Drugs were added 24 h after transfection for 16 h. APMA (250 µM), PMA (50 ng/ml), E-64 
(10 µM), a1-antitrypsin (3 µg/ml), chymostatin (50 µM), antipain (50 µg/ml), and Ser-Cys 
protease inhibitor mixture (P1860) were from Sigma. GM6001 (50 µM), TAPI-2 (100 µM), 
DAPT (1 µM), and γ-secretase inhibitor (1 µg/ml) were from Calbiochem. GW280264 and 
GI254023 (10 µM) were gifts from A. Ludwig (Aachen, Germany). BB94 (10 µM) and diben-
zazepine (0.2 µM) were from Syncom (Groningen, The Netherlands).

EDTA Stimulation

Cells were washed twice in 1x Hanks’ balanced salt solution buffer (Invitrogen) and incu-
bated in 1xHanks’ balanced salt solution buffer containing 5mM EDTA for 15 min at 37 °C 
in the presence or absence of GSI. Buffer was replaced with medium and incubated for 60 
min at 37 °C.

Immunohistochemistry

Cells were fixed with 4% paraformaldehyde for 10 min and incubated in 20 mM ammonium 
chloride for 10 min. Cells were blocked in NET-gel buffer (50 mM Tris pH 7.4, 150 mM NaCl, 
5 mM EDTA, 0.05% Nonidet P-40, 0.25% gelatin), and Val1711 and Val1744 antibodies were 
incubated at 1:100 dilution in NET-gel buffer. Secondary donkey anti-chicken fluorescein iso-
thiocyanate (Jackson Immuno-Research) and swine anti-rabbit fluorescein isothiocyanate 
(Dako) were used at 1:100 in NET-gel buffer. Nuclei were stained with TO-PRO3. Slides were 
analyzed on a Leica SP2 CLSM.

Luciferase Assays

Cells were transfected with firefly-luciferase reporters containing 4xCSL-binding sites and 
cytomegalovirus promoter driven Renilla luciferase as a transfection control. S3 cleavage re-
porter assays were performed using Notch1 GV16 fusion constructs and a firefly-luciferase 
reporter pFRluc containing 5xGal4 DNA-binding sites (Stratagene). Cytomegalovirus-Renilla 
luciferase was used as a transfection control, and signals are given as fold firefly/Renilla cor-
rected for background.
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Viral Transduction

Phoenix ecotropic receptor-expressing cells were transfected with LZRS-Jag1 using PEI. After 
24 h medium was replaced, and 24 h later supernatant with Polybrene (1:1000; Sigma) was 
used to infect target cells, already pretreated with Polybrene (1:1000). The following day 
cells were washed, trypsinized, and used for co-culture experiments. 

Surface Biotinylation

Transfected cells were washed with ice-cold PBS supplemented with 1mM MgCl2 and 
0.1mM CaCl2 (PBS++) on ice and incubated with 0.5 mg/ml NHS-biotin (Pierce) for 20 min. 
Reaction was stopped by addition of 1 volume of 100 mM glycine/PBS++ and washed twice 
with 50 mM glycine/PBS++. Cells were lysed in RIPA buffer; DNA was sheared using a sy-
ringe, and the lysate was spun down at 14,000 rpm at 4 °C. After input, samples were taken, 
and streptavidin coupled agarose beads (Pierce) were added to the supernatant and incu-
bated for 90 min. Samples were washed three times in RIPA and three times in PBS, boiled 
in Laemmli buffer, and analyzed by PAGE.

Results

Notch1 Cleavage in Vivo Occurs at Val1711

Using constitutively active Notch1 proteins, the S2 cleavage site was identified previously in 
cultured cells [5] and in vitro [19] to lie between residues Ala1710 and Val1711. To deter-
mine whether during Notch1 signaling NECD cleavage occurred at this position, we gener-
ated a peptide-specific antibody (aVal1711) against the seven NH2-terminal residues (NH2-
VKSEPVE) exposed after cleavage of mouse Notch1 in cell-free assays. 

The Val1711 antibody was first validated in HEK293 cells transiently transfected with a ligand-
independent mouse Notch1 construct lacking the epidermal growth factor repeats and con-
taining the HD gain-of-function mutation L1594P found in T-ALL (LNR; Supplemental Figure 
S1A) [18]. Immunoblotting of transfected cell lysates using the S3 cleavage-specific antibody 
Val1744 indicated that L1594P mutation-containing proteins were cleaved by γ-secretase, 
whereas wild type LNR proteins were not. RBP-Jk/CSL-luciferase reporter assays confirmed 
that inserting the L1594P mutation resulted in ligand-independent activation (Figure 1, B 
and C). Val1744 cleavage can be blocked by the γ-secretase inhibitors (GSI) dibenzazepine 
and DAPT, leading to loss of luciferase activity in cells expressing L1594P. SDS-PAGE analy-
sis of lysates from GSI-treated cells followed by anti-Myc immunoblotting revealed accu-
mulation of a fragment with lower mobility migrating just below the transmembrane and 
intracellular domain fragment, consistent with NEXT (the S2 cleavage product; Figure 1B) 
[5]. Probing these blots for Val1711 confirmed that cells expressing mutant (active) but not 
wild type (inactive) Notch1 LNR proteins contained the epitope detectable by aVal1711. 
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Figure 1 A) Diagram depicting S1, S2, and S3 cleavage steps leading to NICD production and activity. Boxed area indi-
cates immunization peptide sequence. B) Immunoblot showing expression of wild type (WT) and T-ALL mutant (L1594P) 
LNR 6Myc proteins transfected in HEK293 cells. Upper panel, anti-Myc immunoblot showing equal expression levels of 
transfected constructs. S1, S2, and S3 cleavage products are indicated. Lower panel, Val1744 immunoblot for S3-cleaved 
Notch1 showing NICD formation in L1594P but not in the inactive wild type. NICD production and Val1744 staining is 
blocked by inhibition of γ-secretase by GSIs DAPT and DBZ. Middle panels, accumulation of S2-cleaved Notch1 detected 
by Val1711 only seen upon GSI treatment and concomitant loss of Val1744/NICD in panel below. Val1711 only observed 
in active L1594P mutant and not in wild type. Note accumulation of S2-cleaved Notch1 fragments is also observed in 
Myc immunoblot for L1594P upon GSI treatment. Incubation with the immunization peptide (N1) prevents detection of 
S2-cleaved Notch1 by Val1711, and control peptide against hNotch2 (N2) does not block immunoreactivity. C) Notch-CSL 
transcription reporter assay in U2OS cells showing wild type LNR 6Myc compared with LNR L1594P 6Myc, which is 5-fold 
more active. Notch1 activity is attenuated using GSI. TMIC, transmembrane and intracellular domain; DBZ, dibenzazepine.
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Inclusion of the immunization peptide completely blocked Val1711 detection, whereas a 
control Notch2-derived peptide had no effect, establishing specificity. Importantly, this frag-
ment was identified only when cells were cultured in the presence of GSIs, confirming the 
following: 1) that proteolysis at Val1711 precedes γ-secretase cleavage at Val1744, and 2) 
demonstrates a very short half-life for the S2-cleaved NEXT fragment suggesting S2 and S3 
may occur in the same cellular compartment [5]. 

It is possible that mutant Notch1 molecules are cleaved at a different scissile bond than 
ligand-activated receptors. We therefore investigated whether ligand-dependent Notch1 
signaling produced the Val1711 epitope by co-culturing HeLaN1 cells, stably expressing 
mNotch1 [35], with the OP9 bone marrow stromal cell line stably expressing Jagged1 or 
Delta1 [33]. Ligand stimulation of HeLaN1 leads to S3 cleavage of Notch1, readily detected 
with aVal1744 (Figure 2A). GSI treatment blocked ligand-induced transcriptional reporter 
activation and resulted in the accumulation of aVal1711-detectable S2 fragments in both 
Jagged1 and Dll1 stimulated cells with similar efficiency. Thus, ligand-induced Notch1 sig-
naling leads to NECD cleavage at Val1711. 

During the course of these experiments, we found that OP9 cells express low levels of 
Notch1 that could be efficiently immunoprecipitated with Notch1 antibodies (Figure 2B). 
We reasoned that OP9 ligand-expressing cells may therefore undergo endogenous ligand-
dependent Notch1 signaling [36]. Extracts from confluent OP9-Jagged1 cells contain Notch1 
receptors cleaved at Val1744 (Figure 2B). OP9-control cells expressed Notch1 that was not 

Figure 2: Ligand-induced Notch1 signaling leads to Val1711 S2 cleavage. 
A) Co-culture of wild type-, Jagged1- (Jag1), and Delta1 (Dll1)-expressing murine OP9 cells with mouse Notch1-expressing 
HeLaN1 (HN1). Immunoprecipitation (IP) for Notch1 shows Notch1 receptor expression. Immunoblot for Val1744 and 
Val1711 shows that both Jag1 and Dll1 induce NICD, which is blocked by GSIs. Both Dll1 and Jag1 induce S2 cleavage at 
Val1711 seen upon GSI treatment. Lower panel, expression of Jagged1 and Delta1 in OP9-transduced cells. No ligand ex-
pression is observed in HN1 cells. B) Activation of endogenous Notch1 signaling by ligand stimulation in OP9 cells proceeds 
through Val1711 proteolysis. Immunoprecipitation shows OP9 ligand-expressing cells also express endogenous Notch1 
receptor. OP9-Jag1 and OP9-Dll1 cultures undergo ligand-dependent Notch1 signaling to produce S2-cleaved Notch1 at 
Val1711. OP9 cells not expressing ligand do not activate Notch1 cleavage at Val1711 or Val1744.
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cleaved in the absence of ligand. Furthermore, upon GSI treatment, in both OP9-Jag1 
and OP9-Dll1, but not in control OP9 cells, endogenous Notch1 receptors were cleaved at 
Val1711 (Figure 2B). Thus, ligand stimulation of endogenous Notch1 also proceeds through 
consecutive cleavage at Val1711 and Val1744 in mammalian cells. 

Next, we investigated if cleavage at Val1711 occurred in constitutively active Notch1 pro-
teins harboring other HD mutations found in human T-ALL patients [17, 18] or in gain-of-
function alleles identified in genetic screens in flies [10] and worms [15]. These mutations 
were introduced into the inactive mouse N1LNR-6Myc expression construct and transfect-
ed in HEK293 cells (Figure 3 and Supplemental Figure 2). All LNR mutant proteins were 
expressed at comparable levels, and all were furin-cleaved (albeit to a different extent) as 
shown by anti-Myc immunoblots from cell lysates [17]. In the absence of HD mutations, 
LNR molecules were only weakly active [37]. In contrast, LNR molecules containing HD 
mutations were more active in reporter assays and produced Val1744-cleaved NICD in a 
γ-secretase-dependent manner (Figure 3, A and B, and Supplemental Figure 2, A and B). 
Upon GSI treatment, all mutants accumulate at least some aVal1711-reactive fragments. 
We found no clear correlation between transcriptional output and the extent of Val1711 
cleavage in Notch1 LNR S1597N, suggesting cleavage may occur also at a different site not 
detected with our antibody. 

Collectively, these results demonstrate that endogenous Notch1 activation by either Jag-
ged1 or Delta1 ligands triggers cleavage at Val1711, as do mutations in the NRR that lead 
to ligand-independent activity. S2-cleaved Notch1 proteins form excellent γ-secretase sub-
strates and are thus rapidly converted to S3-cleaved molecules in mammalian cells. These 
data confirm that the aVal1711 antibody detects ligand-induced Notch1 cleavage in mam-
malian cells. 

No Strict Requirement for Specific Amino Acids at the S2 Site

To further investigate if the amino acid composition as S2 was important for proteolysis, 
we inserted mutations at the P1-P1` cleavage site S2. Notch1 proteins with a mutant S2 site 
(A1710V/V1711H) are not cleaved in vitro by TACE [19]. To investigate if these mutations 
also impaired Notch1 signaling, we introduced them into full-length Notch1 molecules and 
transfected the mutant cDNA into HEK293 or U2OS cells (only HEK293 shown). We artifi-
cially induced heterodimer dissociation with EDTA [38] to induce Notch activity. After EDTA 
treatment, wild type Notch1 was cleaved at S3, and this step could be blocked by GSI (Figure 
4A). As seen with ligand stimulation (Figure 2) [12], EDTA treatment induced S2 cleavage 
at Val1711 in GSI-treated cells (Figure 4A). Unexpectedly, Notch1 carrying the AVàVH mu-
tation was also S3-cleaved prior to EDTA stimulation, consistent with ligand-independent 
activation. Cleavage of the various Notch molecules was also tested in a sensitive assay 
based on replacement of NICD with a fusion protein between the Gal4-DNA binding domain 
and the VP16 transactivation domain [39]. Upon γ-secretase cleavage, the GV16 is released 
from the membrane to activate luciferase transcription from a promoter containing artificial 
Gal4-binding sites. The Notch1-GV16 cleavage assay was used to evaluate protease activity 
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(Figure 4, B and C). Notch1 full-length molecules carrying the L1594P mutation were already 
active and cleaved at Val1711 and Val1744 in the absence of ligand or EDTA (Figure 4A, lanes 
9 and 10). Only a modest increase could be seen after EDTA addition (Figure 4A, lanes 11 
and 12). Notch1-GV16 containing AVàVH was active in the absence of a stimulus (Figure 4, 
B and C), confirming ligand-independent cleavage. Interestingly, although neither cleavage 
nor activity of AVàVH could be further induced by EDTA (Figure 4, A and B), ligand stimula-
tion could further activate AVàVH but not L1594P-containing molecules (Figure 4C). 

Next, we introduced the AVàVH mutation into the truncated ligand-independent Notch1 
molecules, LNR and ∆E (the latter lacking the NRR domain). In cells transfected with LNR 
AVàVH, basal RBP-Jk/CSL reporter activity and S3 cleavage were increased compared with 
wild type LNR (Supplemental Figure 2). In Notch1 ∆E, S2 cleavage still occurred at Val1711 
(Supplemental Figure 3A). However, the AVàVH mutation had no effect on NICD production 
or transcriptional activity when placed in the context of Notch1 ∆E (Supplemental Figure 3, 
A and C). Notch1 ∆ice, a minimal Notch1 mutant in which the extracellular domain is missing 
and the entire intracellular domain is replaced by 6Myc epitope tags [31], was also cleaved 

Figure 3: T-ALL ligand-independent Notch1 LNR molecules are cleaved at Val1711. 
A) Upper panel, T-ALL LNR 6Myc HD mutants transfected in HEK293 cells. S1, S2, and S3 cleavage products are indicated. 
Lower panel, Val1744 immunoblot shows all T-ALL mutants but not wild type (WT) LNR produce NICD, which is inhibited 
by GSI. Middle panel shows Val1711 cleavage in T-ALL mutants but not wild type upon GSI treatment. B) Transcriptional 
reporter activity of LNR T-ALL mutants on CSL-fLuc reporter in HeLa cells. Shown is fold Firefly luciferase (Fluc) activity 
corrected for Renilla luciferase (Rluc) transfection of LNR mutants over background. Note that the less efficient S2 and S3 
cleavage of F1593S and L1597H in A is also reflected in the reduced activity in the CSL-fluc reporter assay. Luciferase as-
says are representative of at least two independent experiments in triplicate; all mutants are significantly (p<0.05) more 
active compared with wild type. TMIC, transmembrane and intracellular domain.
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at Val1711 (Supplemental Figure 3B) indicating that the minimal sequence requirements for 
S2 cleavage are contained within the 15 juxtamembrane amino acids encompassing Val1711 
and possibly the Notch1 TMD. These results are consistent with a model in which S2 cleav-
age is not sequence-dependent; rather, the substitution V1711H may have destabilized the 
NRR leading to promiscuous cleavage. As seen with γ-secretase [40], the exact composition 
of the scissile bond at S2 is not an important determinant of cleavage. 

Above, we speculated that the lack of correlation between transcriptional output and the 
extent of S2 cleavage in LNR S1597N could reflect cleavage away from S2. To examine this 
possibility, we generated the LNR mutant A1710E in which Val1711 remained intact allowing 
detection with the aVal1711 antibody to monitor cleavage between Glu1710 and Val1711. 
Like the AVàVH molecules, the AVàEV mutant protein was furin-cleaved and constitutive-
ly S3-cleaved at Val1744 (Supplemental Figure 4). Whereas L1594P-transfected cells treated 

Figure 4: Val1711 cleavage site mutation leads to 
ligand-independent Notch1 cleavage and activity. 
A) Myc immunoblot of HEK293 cell lysates trans-
fected with wild type (WT), S2 cleavage mutant 
(AV→VH), and L1594P full-length Notch1 6Myc 
constructs. Receptor dissociation and cleavage 
stimulated by EDTA induce Val1744 and Val1711 
cleavage in wild type and L1594P but not in 
AV→VH S2 cleavage mutant. L1594P and AV→VH 
mutants are already Val1744-cleaved in the ab-
sence of EDTA. Val1711 cleavage in AV→VH can-
not be monitored because of mutation of epit-
ope. B) Notch1-GV16 cleavage reporter assay in 
HeLa cells showing EDTA-induced cleavage of WT, 
AV→VH, and L1594P mutants. AV→VH and L1594P 
are already highly active in the absence of EDTA 
compared with wild type. C) Notch1-GV16 cleav-
age assay in HeLa cells co-cultured with OP9 wild 
type or Jagged1 cells showing that the basal activ-
ity of AV→VH mutant and L1594P T-ALL mutant in 
absence of ligand is several-fold higher than wild 
type. Whereas the activity of the AV→VH mutant 
can be stimulated with Jagged1, L1594P T-ALL is 
not further stimulated. Shown is fold Firefly lucif-
erase (Fluc) activity corrected for Renilla luciferase 
(Rluc) transfection of Notch1 6Myc constructs over 
background. Figure is representative of at least two 
independent experiments in triplicate; p-values are 
shown and calculated using a Student’s t test. 
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with GSI induced accumulation of S2-cleaved Notch1 detectable by aVal1711 and aMyc 
antibodies (see also Figure 3A), AVàEV transfected cells treated with GSI showed no accu-
mulation of a NEXT fragment (detected with aMyc) or of the Val1711 epitope (Supplemen-
tal Figure 4). NEXT accumulation was not seen in AVàVH as well (immunoreactivity with 
Val1711 was not expected because the epitope is lacking). 

Collectively, these data show that HD mutations enhance ligand-independent cleavage at 
a preferred site (Val1711), but when this site is mutated, proteases cleave other scissile 
bonds. Alternatively, γ-secretase cleavage occurs in the absence of S2 cleavage, perhaps 
because of dissociation of the heterodimerization domain [12]. 

S2 Proteolysis Requires ADAM10/Kuz

The ADAM metalloprotease ADAM17 (TACE) and ADAM10 (Kuz) have been implicated in 
ectodomain shedding of Notch1 in mammals and flies, respectively. To examine which pro-
tease is responsible for cleaving Notch1 at Val1711 upon ligand stimulation, we analyzed 
Notch1 receptor cleavage in cells lacking ADAM proteases. Adam17 knock-out mouse fibro-

Figure 5: ADAM10 is essential for endog-
enous Notch1 Val1711 cleavage. 
A) Adam17-deficient cells are transduced 
with Jagged1 ligand and used in co-culture 
experiments to stimulate wild type (WT) 
and Adam17-deficient cells that express en-
dogenous Notch1 receptor. Immunoblotting 
for Notch1, Val1711, and Val1744 shows no 
defect is observed in Notch1 cleavage in the 
absence of ADAM17. ko, knock-out. B) in con-
trast in cells lacking ADAM10-expressing en-
dogenous Notch1 receptor, S2 and S3 cleav-
ages are severely impaired compared with 
wild type cells. Jagged1 and TACE/ADAM17 
expression is shown. Asterisk indicates non-
specific reaction of TACE antibody.
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blasts were co-cultured with Adam17 knock-out cells transduced with a Jagged1-expressing 
retrovirus. In the absence of Adam17, endogenous Notch1 activation by ligand was similar 
to wild type cells, and S2 cleavage occurred at Val1711 and was followed by S3 cleavage at 
Val1744 (Figure 5A). Furthermore, ligand-induced Notch1 proteolysis proceeded normally 
in cells lacking Adam9, -12, and -15 (Supplemental Figure 5). In contrast, in cells lacking 
Adam10, S2 cleavage at Val1711 was dramatically reduced when compared with wild type 
controls, resulting in reduced S3 cleavage (Figure 5B). As expected, Adam10-deficient, li-
gand-expressing cells were competent to induce Notch1 activation when co-cultured with 
wild type, Notch1-expressing cells. These results implicate ADAM10 as the main protease 
responsible for Notch1 cleavage following DSL ligand stimulation under physiological condi-
tions. However, because residual S2 cleavage was still observed in the absence of ADAM10 
(Figure 5B, arrowhead), other protease(s) have the ability to cleave Notch1 at Val1711, 
albeit inefficiently, in Adam10-deficient cells. 

The constitutive activity of ADAM proteases in unstimulated cells can be further induced 
through activation of protein kinase C using phorbol ester PMA or the mercuric compound 
APMA [41, 42]. We hypothesized that constitutive shedding of ligand-independent Notch1 
can also be further induced by both compounds in cell-based assays. Both compounds en-
hanced shedding of LNR L1594P mutant molecules, which increased S3 cleavage (Figure 6). 
Importantly, APMA dramatically enhanced detection of the Val1711 epitope even in the 
absence of GSI, demonstrating that NEXT accumulation is not an indirect effect of GSI and 
that local γ-secretase activity could be saturated in vivo by excess substrate [43]. 

S2 Cleavage Occurs at the Cell Surface and Not in an Endocytic Organelle

ADAM proteases are membrane-bound proteases thought to cleave substrates at the cell 
surface. To investigate where Val1711 cleavage occurred, we performed biotin labeling and 
streptavidin pulldown from LNR CCàSS (C1675S/C1682S)-transfected cells. This was effi-
ciently enriched for transmembrane and intracellular domain and S2-Val1711 Notch1 frag-
ments, the latter labeled on Lys1712 (Figure 7A). Full-length Notch1 (present only in endo-
plasmic reticulum and early Golgi) and S3-cleaved Notch1 (intracellular) were not enriched 
by biotinylation. As an additional control, we show that the cytoplasmic protein HIF1a could 

Figure 6: Constitutive and regulated cleavage of Notch1 at S2. 
HEK293 cells transfected with LNR L1594P 6Myc. Upper panel, 
Myc immunoblot. Lower panel shows that the phorbol ester PMA 
and mercuric compound APMA stimulate constitutive Val1711 and 
Val1744 cleavage compared with vehicle-treated cells. Note Val1711 
cleavage is observed even in the absence of GSI with APMA, indicat-
ing Val1711 cleavage is not indirectly caused by GSI. 
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not be precipitated after biotinylation, demonstrating that biotin did not pass the plasma 
membrane and label cellular proteins. Furthermore, S2-Val1711 enrichment was absent 
in non-biotin-treated cells. On Myc immunoblots of input lysates, uncleaved full-length 
Notch1 and furin-processed Notch1 were detected as well as Val1711 and Val1744 cleavage 
products. These results are consistent with S2 cleavage at the plasma membrane. 

Next, we used immunofluorescence to visualize the subcellular compartment where Notch1 
cleavage occurred in cells transfected with constitutively active LNR CCàSS-tagged with 
monomeric Cherry (mCherry) fluorescent protein (Supplemental Figure 1B). In the absence 
of GSI, Val1744 cleavage led to nuclear accumulation of the Val1744 epitope in transfected 
cells (Figure 7B), and no Val1711 staining was detected. Upon GSI inhibition, Val1744 nu-
clear staining and nuclear mCherry were lost, but Val1711 staining was gained decorating 
the plasma membrane in permeabilized cells. Although we observed co-localization of LNR 
CCàSS-mCherry and Val1711 staining in a few cytoplasmic vesicles in the presence of GSI, 

Figure 7: Notch1 S2 cleavage occurs at the cell surface. 
A, upper panel, Myc immunoblot of surface-biotinylated and streptavidin-precipitated U2OS cells transfected with the 
active LNR CC→SS 6Myc. Left upper panel shows input, and right panel streptavidin pulldown (sAv-IP) of biotinylated cells. 
Lower panels show corresponding Val1711 and Val1744 immunoblots. Streptavidin pulldown demonstrates S2-cleaved 
fragments enriched at the cell surface compared with Val1744-cleaved Notch present in input but not detected by surface 
biotinylation. Streptavidin pulldown on U2OS cells transfected with FLAG-tagged HIF1α protein shows biotin did not label 
cytoplasmic proteins. B, U2OS cells transfected with LNR CC→SS mCherry are fixed and permeabilized and used for im-
munofluorescent staining for Val1711- and Val1744-cleaved Notch1 (green). Val1744 staining is only present in absence 
of GSI, whereas Val1711-cleaved molecules are only present in GSI-treated cells predominantly located at the cell mem-
brane. Red fluorescence shows total Notch1 expression. Val1711-positive vesicular structures are observed near the cell 
surface. TMIC, transmembrane and intracellular domain.
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the abundance of cell surface staining suggests that internalization of S2-cleaved Notch1 
was secondary to S2 cleavage and not its primary location. Similar results were obtained us-
ing L1594P, and no staining was observed using purified preimmune IgY antibodies (data not 
shown). Combined, these experiments show for the first time that S2 cleavage of Notch1 
receptors occurs at the cell surface and strongly suggest that S3 cleavage follows in the same 
compartment.

In Molecules Activated by T-ALL Mutations, ADAM10 Is No Longer Required for S2

Above, we detected hints that multiple enzymes can cleave Notch1 molecules once the 
NRR is destabilized by T-ALL mutations. Next, we investigated whether hydroxamate-based 
metalloprotease inhibitors (MPi) could block the cleavage of cancer-causing Notch1 mu-
tants. Constitutive shedding of LNR L1594P at Val1711 could be completely inhibited by 
the broad spectrum inhibitor GM6001 (Galardin) as well as the more ADAM-specific inhibi-
tors BB94 (Batimastat) and TAPI-2 (IC-3), and the ADAM10/17-specific inhibitor GW280264X 
[44] (Figure 8A). Unexpectedly, the reported ADAM10-selective inhibitor GI254023X [44] 
could not inhibit Notch1 processing (Figure 8A, arrowhead). Similar results were obtained 
using LNR molecules carrying anti-neurogenic mutations found in flies (i.e. CCàSS, S1597N, 
A1695T; data not shown). Remarkably, although Val1711 cleavage was completely blocked 
by all hydroxamate inhibitors, this had little effect on NEXT production and thus subsequent 
Val1744 cleavage detected by aMyc immunoblot (Figure 8A). Accordingly, transcriptional 
reporter assays displayed a modest 50% reduction in transcriptional output in the pres-
ence of GM6001 and TAPI-2 at concentrations sufficient for complete inhibition of Val1711 
cleavage (Figure 8B). Increasing the concentrations to achieve significant Notch inhibition by 
GM6001 (50 –200 µM), BB94 (10 –50 µM), and GW280264X (10 –30 µM; data not shown) 
led to a clear inhibition of S3 cleavage (Figure 8C), consistent with extracellular shedding at 
sites other than Val1711 by enzymes only weakly affected by these inhibitors. To identify 
which type of protease(s) display this activity, we tested a wide range of broad spectrum 
cysteine (E-64) and serine protease inhibitors (antipain, chymostatin, and a1-antitrypsin); 
none could inhibit Val1711 or Val1744 proteolysis (Supplemental Figure 6). The γ-secretase 
inhibitor also did not affect Notch1 cleavage (Supplemental Figure 6).

Discussion

Previously, we established that mammalian Notch1 undergoes two successive proteolytic 
cleavages upon ligand binding leading to release of NICD. First the extracellular domain of 
Notch1 is shed by a Zn2+-dependent metalloprotease [5] followed by a presenilin-dependent 
γ-secretase cleavage at an intramembranous site (S3 at Val1744 [7]). Genetic analysis in flies 
has demonstrated an important role for Kuz upstream of γ-secretase activity at the level of 
S2 cleavage where Kuz has been shown to directly bind and cleave Notch [21, 25]. Both flies 
and knock-out mice lacking Kuzbanian/ADAM10 resemble Notch1 phenotypes in a cell au-
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tonomous manner [21, 23, 24, 45, 46] Here we use a novel epitope-specific antibody rec-
ognizing the NH2 terminus of Val1711 cleaved mNotch1 to show that endogenous Notch1 
receptors are invariably cleaved at Val1711 upon ligand binding. We demonstrate that like 
in flies this cleavage occurs at the cell surface by ADAM10 but not by ADAM17/TACE. No-
tably, the substrate requirements for S2-Val1711 cleavage are contained within the first 

Figure 8: Metalloprotease inhibitors block Val1711 cleavage but not S2 cleavage. 
A, broad spectrum metalloprotease inhibitors and ADAM-specific inhibitors show complete inhibition of Val1711 cleav-
age but not of Val1744-NICD production in LNR L1594P 6Myc-transfected HEK293 cells. The ADAM10-specific inhibitor 
GI254023 shows minimal inhibition of Val1711 cleavage (arrowhead). Serine-cysteine protease inhibitor mixture (Ser-
Cys) does not affect S2 or S3 cleavage. B, Notch1-GV16 reporter assay in transfected NIH-3T3 cells showing only partial 
inhibition of Notch1 S3 cleavage measured by GV16 release with MPi GM6001 and TAPI-2 on constitutively active CC→SS 
constructs. Shown is fold Firefly luciferase (Fluc) activity corrected for Renilla luciferase (Rluc) transfection of Notch1 wild 
type and CC→SS-GV16 constructs over background. C, increased concentrations of MPi lead to a reduction of Val1744-
NICD production. Note in Myc immunoblots S2-like products still accumulate in GSI- and MPi-treated cells, indicating that 
S2 cleavage occurs elsewhere when Val1711 cleavage is blocked. TMIC, transmembrane and intracellular domain; DBZ, 
dibenzazepine.

-     +       -      +     -      +      -      +      -    + GSI

D
M

SO

G
M

60
01

BB
94

G
W

28
02

64

Se
r-

Cy
s

Val1711

Val1744

Myc

LNR CC1682SS 6MT

 -      +     -      +      -     +      -     +   -   +  -   + 

D
M

SO

TA
PI

-2

G
I2

54
02

3

G
W

28
02

64

A
EB

SF

E-
64

LNR L1594P 6MT

Myc

Val1711

Val1744
GSI

S2 (NEXT)
S3 (NICD)

A

0

20

40

60

80

100

120

140

WT

 CC1682SS 

DB Z G M 6001 TA P I II

B

Fl
uc

/R
lu

c

-

  -    +     -     +     -    +     -     +

DMSO

Myc

0 µM   50 µM   200 µM

Val1744
 GSI

Val1711

LNR L1594P 6MT 
GM6001

-     +       -     +       -     +       -     +

GW

Myc

0 µM

Val1744
 GSI

Val1711

BB94

S2 (NEXT)
S3 (NICD)

10 µM 50 µM 10 µM

S2 (NEXT)
S3 (NICD)

C
LNR L1594P 6MT 



72

Proteolytic regulation of Notch1 receptor activity in cancer

III

membrane-proximal amino acids. Our study confirms the identity of the protease involved 
in ligand-dependent S2 cleavage in mammalian cells to be ADAM10. However, because a 
complete block of Val1711 proteolysis with MPi did not block the formation of NEXT or 
NICD from Notch1 receptors harboring gain-of-function T-ALL mutations, we conclude 
that unknown proteases, insensitive to hydroxamic acid inhibitors, can cleave Notch1 with 
NRR mutations. We noted that the constitutive cleavage of ligand-independent Notch1 at 
Val1711 could be enhanced by known inducers of growth factor receptor/cytokine shedding 
by ADAMs and matrix metalloproteinases (APMA and PMA) [47]. Regulated shedding is a 
common modulator of growth factor receptors; our observations argue that cellular signal-
ing cascades may be activated/inhibited to modulate endogenous Notch1 S2 cleavage. 

Similar to the AV site present in the canonical TACE substrate tumor necrosis factor a [48, 
49], in vitro studies confirm a requirement for Ala1710 and Val1711 for TACE/ADAM17-
mediated cleavage of Notch1 [19]. These studies used recombinant Notch1 protein in cell-
free extracts and found cleavage to be dependent on TACE but not on ADAM10. Moreover, 
cleavage of Notch1 proteins with mutated S2 sites (AVàVH and AVàED) was abrogated in 
these in vitro assays. In vivo, Notch1 receptors with a mutated S2 cleavage site act as ligand-
independent gain-of-function mutants and were cleaved at an unknown residue instead. 
This could be explained because substitution of Val1711 into His or Asp introduces charged 
bulky amino acids that likely interfere with formation of the compact pocket protecting S2 
and allowing partial unfolding of the NRR, exposing different scissile bonds [3, 4, 17] that 
can be cleaved by other proteases. This hypothesis could be experimentally tested using 
urea unfolding experiments [17]. The differential requirement for TACE in cleavage of puri-
fied polypeptides and of ADAM10 for cleavage of endogenous Notch1 may reflect the im-
portant relationship between the structural conformation of substrates and their proteases 
or the spatial distribution of a Notch “cleavosome” containing ADAM10 and γ-secretase. The 
saturation of γ-secretase by APMA treatment supports the idea that S2 cleavage occurs at a 
site with limiting amounts of γ-secretase but with predominance of ADAM10. 

Whereas endogenous ligand-dependent Notch1 signaling in cells requires ADAM10, per-
haps due to a privileged cellular location where ADAM10 concentration is optimal, our 
studies indicate that ligand-independent Notch1 proteins no longer depend on a single en-
zyme. The identity of proteases that access mutant Notch1 molecules are of interest; in 
this respect it is worth noting that ligand-independent cleavage of wild type Notch1 can be 
induced by overexpression of TACE and ADAM10 in Drosophila [37]. In addition, we show 
that different metalloprotease inhibitors can completely block Val1711 cleavage of Notch1 
at low micromolar concentrations; however, under these conditions S3 cleavage of Notch1 
is not fully inhibited. These results also suggest that Notch1 activation via S3 cleavage and 
NICD release proceeds with assistance of BB94-insensitive proteases or, alternatively, that 
g-secretase can cleave such molecules after they unfold at S1. We favor the former pos-
sibility as we still observe NEXT fragments, even at the highest MPi concentrations. Appar-
ently, mutant Notch1 molecules are still cleaved at another site (i.e. S2*). We tested several 
cysteine, serine, and aspartyl protease inhibitors without success, indicating that multiple 
hydroxamic acid-insensitive proteases can cleave mutant Notch1 proteins. 

Interestingly, ADAM10-deficient cells display residual Val1711 cleavage reminiscent of 
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that observed in MPi-treated cells. We cannot rule out that the closely related ADAM17/
TACE can cleave Notch1 in the absence of ADAM10. This hypothesis is supported by the 
observation that Val1711 cleavage of T-ALL mutant Notch1 proteins is strongly inhibited 
by the ADAM10/17-specific inhibitor GW280264 but not by the ADAM10-specific inhibi-
tor GI254023 [44]. Furthermore, in Caenorhabditis elegans ADAM17/TACE (ADM-4) and 
ADAM10 (SUP17) orthologs function redundantly in Lin12/Notch signaling [50]. Of note, the 
neurogenic phenotype of ADAM10 in flies is less severe than the dNotch null phenotype, 
also pointing to additional S2 proteases [25]. Altogether these data argue that multiple pro-
teases exist that can participate in Notch1 S2 cleavage, but ADAM10 is the most efficient/
best localized, and thus, in its absence, a severe loss-of-function phenotype is observed. 

Surface biotinylation and immunostaining with aVal1711 antibodies indicate that S2 cleav-
age occurred at the cell surface in GSI-treated cells. We noted internalization of some S2-
cleaved fragments into cytoplasmic vesicles. At present, the identity of these vesicles is un-
known, but they could represent γ-secretase-containing vesicles that produce distinct NICD 
species of different stability and signaling activity [40]. It is interesting to speculate that the 
alternative S2 cleavage we observed may influence the γ-secretase cleavage position and 
thus NICD stability and activity [40, 51]. 

Taken together, the data presented here illustrate a common mechanism for extracellular 
domain cleavage of wild type and oncogenic forms of Notch1 by the membrane-bound met-
alloprotease ADAM10/Kuzbanian. The application of γ-secretase inhibitors to treat Notch-
dependent malignancies is hampered by their toxic side effects [52, 53] and by acquired 
resistance [54, 55]. Novel approaches partly overcome intestinal toxicity [56], but Notch1 
inhibitors more specific to Notch1 NRR mutants are desirable. We propose that prevention 
of the rate-limiting S2 cleavage is another interesting strategy that could be exploited [57]. 
Cell-based parallel screens with NRR mutants and ligand-dependent Notch proteins should 
assist in identifying new drugs targeting aberrant Notch S2 proteolysis to enhance current 
strategies for Notch inhibition.
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Supplemental Figure 5: ADAMs 9, 12 and 15 are not involved in Val1711 cleavage. 
A) Adam9/12/15 triple knock-out (TKO) cells were transduced with Jagged1 retrovirus and cell lysates were analyzed by 
immunoblotting. Jagged1 efficiently induces Notch1 receptor cleavage at Val1711 and Val1744 in Adam9/12/15 TKO 
cells. B) Lysates from OP9 wild type or ligand expressing cells co-cultured with Adam9/12/15 TKO cells. Ligand efficiently 
induces Notch1 receptor cleavage at Val1711 and Val1744 in the combined absence of ADAMs 9, 12 and 15.
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Abstract

Granzyme-mediated cell death is the main pathway for cytotoxic lymphocytes to kill virus-
infected and tumor cells. A major player in this process is granzyme B (GrB), which trig-
gers apoptosis in both caspase-dependent and caspase-independent manners. A caspase-
independent substrate of GrB is the highly conserved transmembrane receptor Notch1. The 
GrB cleavage sites in Notch1 and functional consequences of Notch1 cleavage by GrB were 
unknown. We confirmed that Notch1 is a direct and caspase-independent substrate of GrB. 
We demonstrate that GrB cleaved the intracellular Notch1 domain at least at two distinct 
aspartic acids D1860 and D1961. Granzyme B cleavage of Notch1 can occur in all subcellular 
compartments, during maturation of the receptor, at the membrane, and in the nucleus. 
GrB also displayed perforin-independent functions by cleaving the extracellular domain of 
Notch1. Overall, cleavage of Notch1 by GrB resulted in a loss of transcriptional activity, inde-
pendent of Notch1 activation. We conclude that GrB disables Notch1 function, likely result-
ing in anti-cellular proliferation and cell death signals. 
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Introduction

The immune system uses two types of cells as its primary defense against tumor cells and 
viral pathogens, i.e. natural killer (NK) cells and cytotoxic T-lymphocytes (CTL). Both types 
of cytotoxic cells harbor cytotoxic granules that are released upon target cell recognition. 
These granules contain serine proteases, also called granzymes, and the pore-forming pro-
tein perforin. While perforin pores facilitate the entry of granzymes into the target cell, the 
latter trigger apoptosis by cleaving critical death substrates [1].

Of the five human granzymes, granzyme B (GrB) is the most potent granzyme in inducing 
apoptosis [2]. GrB initiates target cell apoptosis in two ways. First, it cleaves the BH3 domain 
protein Bid thereby activating the Bax pathway that leads to mitochondrial cytochrome C 
release. This leads to the formation of the Apaf1 apoptosome, resulting in the activation of 
pro-caspase 9/3 and subsequent DNA fragmentation and cell death. Second, GrB triggers 
apoptosis by directly cleaving and activating pro-caspase 3 [2]. Caspase activity can be ef-
ficiently and irreversibly inhibited by specific synthetic peptides, like Benzyloxycarbonyl-Val-
Ala-Asp (OMe) Fluoromethylketone (z-VAD-fmk) [3]. 

Besides activating caspases, GrB also has substrates that contribute to a caspase-indepen-
dent cell death. One of these substrates of GrB is the intracellular domain of Notch1, a type 
I transmembrane receptor [4]. The Notch1 receptor is part of a highly conserved signaling 
pathway essential in controlling spatial patterning, morphogenesis and cellular homeostasis 
in embryos and adults. Notch receptors (N1 to N4) are transmembrane glycoproteins that 
transduce signals by binding to membrane bound ligands (i.e., Delta, Jagged) on adjacent 
cells. During maturation and transport Notch1 is cleaved in the Golgi-system by a furin-like 
convertase (S1) resulting in a heterodimeric receptor. Upon ligand binding at the cell sur-
face, Notch receptors undergo two successive proteolytic cleavages: an ectodomain cleav-
age (S2) followed by intramembrane proteolysis by �-secretase (S3� Figure 1A) [�]. This proc-�-secretase (S3� Figure 1A) [�]. This proc--secretase (S3� Figure 1A) [�]. This proc-
ess releases the Notch intracellular domain (NICD), which translocates to the nucleus and 
binds the transcription factor CBF1/ Suppressor of Hairless/Lag-1 or CSL (RBP-Jk in mice) 
participating in a complex activating its target genes [6-10]. Notch proteolysis is controlled 
by conformational changes in the extracellular domain induced by ligand binding or cancer-
prone oncogenic mutations [11]. Increasing evidence suggests that additional proteases are 
capable of activating or inactivating Notch receptor signalling, however the significance of 
this remains unclear. 

Notch1 was identified as a GrB substrate in an in vitro proteomics screen [4]. In vitro valida-
tion studies demonstrated Notch1 is cleaved by GrB primarily at a single unidentified site, 
yet more fragments are observed at higher GrB concentrations indicative of multiple cleav-
ages. Experiments exposing cell lysates to purified GrB showed this cleavage occurs in cells 
in a caspase independent manner. Moreover, NK cell mediated killing of intact K�62 cells 
resulted in similar cleavage of Notch1 as seen in vitro and in cell lysates. This indicated physi-
ological granzyme levels are sufficient to cleave Notch1 in a caspase-independent manner. 
Although Loeb et al. identified Notch1 as a physiological GrB substrate several questions 
remain regarding the mechanism and the consequence of GrB cleavage of Notch1. In the 
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present study, we addressed where in the cell Notch1 is cleaved by GrB and at which cleav-
age sites, and its effect on Notch1 signaling activity. We show that Notch1 is cleaved by GrB 
at multiple sites in vitro and in living cells independent of its activation. Importantly, GrB 
cleavage occurs in all subcellular compartments and results in a loss of Notch1 transcrip-
tional activity.

Materials and methods

Cell lines

HeLa FRT cells were generated by transfecting the FRT-LacZeo plasmid according to the 
manufacturer’s instructions (Invitrogen). Single integration was determined using Southern 
Blotting (not shown). pcDNA�-FRT-Notch1 constructs were stably integrated into the FRT 
site after selection of HeLa cells with 200 µg/ml Hygromycin B. The selected single integrant 
cells were maintained at 200 µg/ml Hygromycin B. 

GrB production and purification

Active recombinant human GrB and inactive control GrB-SA were expressed in Pichia pas-
toris and purified by cation-exchange chromatography as previously described [12, 13]. GrB 
preparations were dialyzed against �0 mM Tris (pH 7.4), 1�0 mM NaCl (TBS) and stored at 
-80°C. GrB, but not GrB-SA, was active as determined by the small synthetic chromogenic 

substrate IETD-pNA (Bachem) (data not shown). 

Plasmids and vectors

All mNotch1 plasmids were initially cloned into pCS2+ 6Myc as described [14]. Notch1 full 
length, LNR, NEXT, NICD were constructed as described previously, HA-N1FL-6MT was a gift 
from R. Kopan (Washington University, St. Louis, USA). Mutations in Notch molecules were 
introduced by PCR-directed cloning. For in vitro transcription all mNotch1 variants were 
cloned in the pSensor backbone (Promega), replacing the luciferase. For stable expression 
in FRT cell lines Notch was subcloned into pcDNA� vector (Invitrogen). A promoter frag-romoter frag-
ment containing 12 x CSL synthetic binding sites in tandem (kindly provided by S. Boyle 
(Washington University, St. Louis, USA)) was subcloned into pGL4.24 (Promega) and was 
used for Notch transcription assays. For normalization of transcription assays a CMV-driven 
Gaussia luciferase (Gluc, NEB) was used. N-terminally tagged Gluc-N1FL was created using 
PCR-directed cloning from the pGluc-Basic (NEB). 
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In vitro translation

Notch1 was produced in vitro using the TNT® SP6 Coupled Wheat Germ Extract System 
(Promega) in combination with FluoroTect™ GreenLys in vitro Translation Labeling System 
(Promega). Gels were analyzed on a Typhoon scanner (GE Healthcare). 

GrB assay

Cells were pre-treated with 100 µM z-VAD-fmk in serum-free medium for 1 hour. Cells were 
washed twice with PBS before incubation with the GrB mix, which consists of the perfo-
rin analog streptolysin O (SLO) (�µg/ml), z-VAD-fmk (100 µM), GrB or GrB-SA (diluted in 
TBS). The mix was incubated on the cells for 30 minutes at 37°C, after which the cells were 
washed with serum free medium and lysed by the addition of 17 µl 4x Laemmli buffer to �0 
µl serum-free medium. In case of �-secretase inhibition cells were treated with dibenzaz-
epine ((DBZ) 200 nM) for 16 hours before GrB incubation. For inhibition of ER-Golgi trans-
port Brefeldin A (1 mg/ml stock in methanol) was used at a concentration of 2 µg/ml for 4 
hours at 37°C. GrB activity was blocked using up to 300 nM of the inhibitor Ac-IETD-CHO 
(Merck). The caspase-3/7 GLO assay (Promega) was used according to the manufacturer’s 
instructions.

Western Blotting 

Samples were boiled for � minutes at 9� °C and run on an SDS-PAGE gel, blotted onto a PVDF 
membrane, and incubated with antibodies overnight at 4°C. Antibodies used were Anti-Myc 
(9E10) 1:�000, Anti-cleaved Notch (Val1744, Cell Signaling) 1:1000, Anti-cleaved caspase 3 
(Asp17�, Cell Signaling) 1:1000, Anti-HA (12CA�), Anti-Actin (MP Biomedicals) 1:10000. 

Transcription assays 

HeLa cells were transfected with a pGL4.24 12 x CSL Firefly luciferase reporter, pBasic-CMV 
Gaussia luciferase was used as a transfection control. Cell samples were lysed using Passive 
Lysis Buffer and media was collected, spun down and diluted in Passive Lysis Buffer before 
analysis with the Dual luciferase kit (Promega) on a luminometer. Firefly values were cor-
rected for the secreted Gaussia luciferase values, resulting in relative light units (RLU).

Membrane fractions 

HeLa FRT N1 wt cells were grown in a T16� until confluency. Cells were washed 3x 20 ml PBS, 
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incubated with 14 ml hypotonic PBS (�% PBS in ddH2O) for 1� min at room temperature. 
Cells were washed with vesiculation buffer (100 mM NaCl, �0 mM sodium phosphate, � mM 
KCl and 0.� mM MgCl2, pH 8.�) and incubated with 10 ml vesiculation buffer for 90 minutes 
at 37°C. The buffer was collected and spun at 2�0 g for � minutes at 4°C to get rid of cell 
debris. The supernatant was spun at 100,000 g at 4°C for 1 hour. The pellet was resuspended 
in serum-free medium and divided over 3 wells of a 96-well plate for GrB incubation. 

Apoptosis assay 

Cells were grown in 96 wells. 8 hours after GrB incubation cells were trypsinized and spun 
down at 1�00rpm for � minutes. Cells were resuspended in �0µl Annexin V binding buffer 
(140 mM NaCl, 4 mM KCl, 0.7� mM MgCl2 , 10 mM HEPES, 1.� mM CaCl2, pH 7.4) containing 
Annexin-V-Fluos (Roche) and 1µg/ml Propidium Iodide (PI) and incubated for 1� minutes at 
room temperature. Before FACS analysis samples were diluted with 1�0 µl Annexin V bind-
ing buffer.

Results

Notch1 is directly cleaved in vitro by granzyme B

To investigate cleavage of Notch1 by GrB in more detail we produced a Notch1 protein 
mimicking the membrane bound form that lacks most of the extracellular domain (termed 
NEXT), containing a C-terminal Myc epitope tag (Figure 1). NEXT proteins are constitutively 
active and a substrate for �-secretase [1�, 16]. NEXT6Myc recombinant protein was pro-
duced in vitro and visualized by SDS-PAGE after incorporation using fluorescently labeled 
Lysines. In vitro translated NEXT proteins were incubated with increasing concentrations of 
a catalytically active GrB and a control mutant GrB-SA, which has attenuated cleavage activ-
ity. GrB cleavage of Notch1 was completely inhibited using a GrB specific inhibitor, ruling 
out possible contaminants present in the P. pastoris culture (Supplementary Figure 1). We 
observed the appearance of several cleavage products with increasing concentrations of 
GrB within 60 minutes of incubation (Figure 2A). At the lowest concentration tested (� nM of 
GrB) already a cleavage product with an estimated size of �� kDa was observed. With higher 
concentrations of GrB an additional cleavage product of around 4� kDa was detected. At the 
highest concentrations, the GrB-SA also generated the �� kDa cleavage product, however to 
a much lesser extent than the wild type GrB. Under these conditions no 4� kDa product was 
observed with the GrB-SA whereas full conversion from the �� kDa precursor had occurred 
with wild type GrB. Others have previously reported that the single SA mutation attenuated 
but does not completely abrogate granzyme activity in vitro [17, 18]. To further investigate 
GrB cleavage products we made use of the Carboxy-terminal Myc epitope. Myc immunob-
lotting revealed that both the �� and the 4� kDa could be readily detected, supporting the 
notion that the 4� kDa product was produced from the �� kDa precursor (Figure 2B). To see 
whether sequences within the transmembrane or extracellular domains were required for 
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GrB cleavage we also investigated whether the non-membrane bound form, called NICD 
(mimicking the �-secretase cleaved form of Notch1), was also a substrate for GrB. In vitro 
produced NICD1 proteins were also efficiently cleaved by GrB producing similar cleavage 
products �� and 4� kDa, respectively (Figure 2C,D). These results indicate that the intracel-
lular domain of Notch1 is a direct substrate of GrB in vitro. 

GrB cleaves Notch1 in vivo independent of caspases

To address if GrB also cleaves Notch1 under physiological conditions, we produced HeLa 
cells stably expressing a full-length constitutively active Notch1 receptor carrying a mutation 
(L1�94P) similar to those found in human acute T-cell leukemias [19]. N1L1�94P HeLa cells 
show ligand-independent Notch1 cleavage and activity as shown by immunoblotting and 
transcriptional reporter assays which is fully blocked by incubation of �-secretase inhibitor 
dibenzazepine (DBZ) (Supplementary figure 2A,B). 

Next, we incubated GrB with N1L1�94P cells, in combination with Streptolysin-O (SLO) act-
ing as a pore-forming protein allowing GrB to enter the cell (Figure 3A). Immunoblotting 
revealed a dose dependent appearance of a �� kDa fragment reaching a maximum with 4�0 
nM of GrB. This �� kDa fragment appeared similar to the �� kDa fragment observed by in 
vitro cleavage of Notch1 by GrB. Notably at lower concentrations of GrB, little if no cleavage 
occurred compared to 600 nM of the catalytic site mutant GrB-SA. Interestingly, whereas in 
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Figure 1. Notch constructs.
A) Schematic overview of Notch1 constructs used in this study and B) location of carboxy- and amino-terminal epitope 
tags. 
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vitro cleavage by GrB led to the consecutive cleavage of the �� kDa precursor to produce 
a smaller 4� kDa cleavage product this was not readily observed in the Notch1 expressing 
stable cell line exposed to GrB� only upon enrichment the fragment could be detected (Fig-
ure �B). Importantly, Notch1 cleavage could only be detected in the presence of both GrB 
and SLO indicating that cellular uptake of GrB was required for cleavage (Supplementary 
figure 3A,B). 

To address whether the cleavage of Notch1 in vivo is caused by GrB through activation of 
a caspase-dependent pathway, we incubated cells with GrB and the cell-permeable pan-
caspase inhibitor z-VAD-fmk, which irreversibly binds to the catalytic site of caspases and 
inactivates its proteolytic activity including autoproteolysis. Incubation of GrB with HeLa 
N1L1�94P cells caused a dose-dependent increase in the appearance of the �� kDa cleavage 
product largely independent of caspase activity (Figure 3B, upper panel). Under these condi-
tions, z-VAD-fmk efficiently blocked caspase autoproteolysis as shown by immunoblotting 
for activated caspase-3 (Figure 3B, lower panel) and by a caspase-3/7 pro-fluorescence sub-
strate assay (Supplementary Figure 4). Finally, z-VAD-fmk blocked GrB-induced apoptosis as 
measured by AnnexinV-Propidium-iodide labeling and Flow cytometric analysis. Thus, GrB 
cleavage of Notch1 in vivo does not depend on caspase-dependent cleavage. 

To address whether prolonged GrB activity led to a full conversion of the �� kDa fragment 
and the formation of additional cleavage products, we incubated HeLa N1L1�94P with 300 
nM GrB for 30 minutes after which cells were washed and incubated again for varying time-
points. We observed robust cleavage and production of the �� kDa fragment after 30 min-
utes of GrB incubation. Continued incubation for up to 120 minutes reduced the presence 
of the �� kDa cleavage product. Furthermore this reduction was accompanied by a concomi-
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Figure 2. In vitro cleavage of Notch1 by GrB in a dose-dependent manner.
A) SDS-PAGE analysis showing in vitro produced NEXT-6Myc proteins with incorporated fluorescently labeled Lysine resi-
dues are cleaved upon GrB incubation into 55 kDa and 45 kDa fragments as indicated by arrows. * indicates an alternative 
translation product. B) Immunoblotting shows both the 55 kDa and 45 kDa fragments are C-terminally 6Myc tagged. C) 
Similar to NEXT, also the shorter NICD construct is a substrate of GrB resulting in two fragments of 55 and 45 kDa frag-
ments. D) Similar to NEXT, also these fragments are C-terminally tagged with 6Myc. 
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tant reduction of the Notch1 full-length unprocessed and S1 cleaved Notch1 TMIC isoforms 
(Figure 3C). By Myc immunoblotting we could not detect the formation of the 4� kDa prod-
uct nor of any other additional cleavage products generated from the precursor fragment 
within 2 hours after GrB addition (Figure 3C). Taken together, these results indicate that GrB 
cleaves Notch1 in vivo independent of caspases.

GrB cleavage is γ-secretase independent

Notch activity requires proteolytic processing by a metalloprotease and �-secretase [1�]. To 
address whether GrB induced cleavage is dependent on �-secretase activity, we pre-incubat-
ed HeLa N1L1�94P cells with the �-secretase inhibitor (GSI) dibenzazepine after which GrB 
(with z-VAD-fmk) was added for 30 minutes and cell extracts were analyzed by immunoblot-
ting. Whereas the GSI efficiently blocked cleavage of Notch1 at Val1744, it did not influence 
GrB cleavage. Both in the presence and absence of GSI the �� kDa cleavage product was 
readily observed (Figure 4). These data point to a role for GrB in cleavage of the membrane 

Figure 3. In vivo cleavage of Notch1 by GrB.
A) N1 L1594P-HeLa cells incubated with various concentrations of GrB show a 55 kDa cleavage fragment derived from 
Notch1 as determined by Myc immunoblots. Ponceau S staining of the same immunoblot serves as a loading control. B) 
Upper panel: N1 L1594P-HeLa cells incubated with the caspase inhibitor z-VAD-fmk show cleavage of Notch1 upon GrB 
treatment. Lower panel: z-VAD-fmk inhibits the autoproteolysis of caspase 3 (p17) as determined with activated caspase 
3 immunoblot.  Actin staining of the same immunoblots serves as a loading control. C) After GrB incubation N1 L1594P 
HeLa cells were additionally incubated for 2 hours. This prolonged incubation demonstrated a decrease in the 55 kDa frag-
ment yet no 45 kDa fragments are observed. In addition, a loss of the full-length and TMIC isoforms of Notch is observed 
(arrows). * indicates an aspecific product. 
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bound Notch1 isoforms as well as the S3/�-secretase cleaved NICD. This is supported by 
the observation that the full-length uncleaved Notch1 isoform also appears to be a GrB 
substrate (Figure 3C, 4).

GrB cleaves Notch in all subcellular compartments.

The previous experiments support a role for GrB cleavage of Notch1 independent of 
�-secretase. Our results indicate that both the truncated constitutively active and full-length 
unprocessed forms of Notch1 are GrB substrates. To investigate in which subcellular com-
partments Notch is cleaved by GrB we determined cleavage patterns in a step-by-step man-
ner. First to address whether full-length unprocessed Notch1 is a GrB substrate we treat-
ed HeLa N1 L1�94P cells with Brefeldin A� an inhibitor of anterograde ER-Golgi transport. 
Brefeldin A treatment blocked Notch S1 processing as expected [20, 21] leading to an ac-
cumulation of full-length unprocessed form of Notch at the expense of TMIC (Figure �A). 
Upon incubation of these cells with GrB, cleavage of the unprocessed full-length precursor 
into the �� kDa fragment was observed.

Next, we determined if the cell surface bound signaling competent Notch receptor is also a 
substrate for GrB. To address this we enriched for plasma membrane bound Notch1 recep-
tors from cells using an osmotic based vesiculation process [22], whereby vesicles bud off 
the plasma membrane containing surface molecules. To circumvent the presence of S2 and 
S3 Notch processing fragments in these vesicles we used HeLa cells expressing the wild type 
Notch1 receptor (HeLa N1wt) and all preparations contained �-secretase inhibitor. We incu-
bated isolated vesicles directly with GrB and addressed whether membrane-bound Notch is 
a substrate. A clear enrichment of membrane bound Notch1 (TMIC) was observed and very 
little unprocessed Notch1 on the membrane as expected [23]. Notch cleavage products of 
�� kDa and 4� kDa were readily detected in vesicles exposed to GrB but not to GrB-SA. Fur-
ther a loss of the unprocessed full-length isoform was observed as well (Figure �B). These 
results indicate that the membrane S1-cleaved signaling competent Notch 1 receptor is also 
a GrB substrate.

Figure 4. GrB cleaves Notch independent of activation.
N1 L1594P HeLa cells were treated with the γ-secretase in-
hibitor dibenzazepine (DBZ), inhibiting the activating cleav-
age of Notch1. Upon GrB incubation still 55 kDa fragments 
could be observed on the Myc immunoblot. The Val1744 
immunoblot stains Notch S3 cleavage products. 
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Both our in vitro and in vivo data suggest that NICD1 may be a direct GrB substrate (Figure 
2). To address if NICD1 is a direct substrate in living cells, HeLa cells transfected with NICD1 
were treated with GrB and lysates were analyzed on immunoblots. In the absence of ac-
tive GrB, NICD1 was expressed at the expected molecular weight as determined by C- and 
N-terminal antibodies (Figure �C). Upon incubation of GrB the expected �� kDa processing 
fragment was observed by Myc immunoblotting. This indicates that the membrane cleaved 
activated Notch1 isoform NICD is also a GrB substrate. 
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So far our data have shown that all intracellular forms of Notch are subject to GrB cleavage, 
but recent observations point to a role of extracellular activity of GrB which is perforin-
independent [24-26]. Therefore, we investigated whether GrB can induce cleavage in the 
mature cell surface exposed Notch extracellular domain (NECD) as well. We expressed a 
full-length Notch1 protein fused to Gaussia Luciferase at the extracellular amino-terminus 
and with a 6 Myc epitope tags at the intracellular carboxy-terminus (Gluc-N1 wt). Release of 
Gluc in the medium can be measured by a sensitive enzymatic assay directly on cell culture 
medium. HeLa cells were transfected with Gluc-N1 wt together with the multimerized 12 x 
CSL binding site containing Notch reporter plasmid driving Firefly luciferase expression. The 
fusion of Gluc to the Notch receptor did not induce activation of the receptor (not shown). 
These cells were incubated with GrB in the absence of SLO and Gluc was measured in the 
medium 8 hours later. A three-fold significant increase in Gluc in the medium was detected 
when cells were incubated with 300 nM GrB but not with GrB-SA (Figure �D). Although GrB 
induced release of Gluc into the medium, this did not lead to an increase in Notch transcrip-
tional activity as measured by the 12 x CSL Notch reporter assay. 

To determine if GrB is capable of cleaving Notch in the non-matured intracellularly located 
NECD, we expressed an N-terminally HA-tagged and C-terminally Myc-tagged Notch mol-
ecule (HA-N1-6MT) in HeLa cells. After treatment of these cells with GrB in the presence 
of SLO we analyzed the N-terminus on HA immunoblots. As expected Myc immunoblots 
showed the GrB induced expected �� kDa fragment, in addition HA blots showed a concomi-
tant reduction in size from the full-length unprocessed Notch1 isoform of approximately �� 
kDa (Figure �E). Interestingly, we did not observe additional cleavage products suggesting 
that NECD is not a direct substrate for GrB. 

Identification of GrB cleavage sites in Notch

There are five predicted GrB cleavage sites with an aspartic acid in the P1 position within 
the Notch1 intracellular domain [4, 27](Figure 6A). To identify the main cleavage site of GrB 
in Notch, we performed mutation analysis on the three conserved aspartic acid residues 
most proximal to the membrane (VLPD1823, VDAD1860, VISD1902). Either or both of the 
mutations D1823Q and D1902E did not result in an abrogation of Notch cleavage since both 
�� and 4� kDa fragments could be observed in vitro (Supplementary Figure �). The aspartic 
acid mutant D1860A however revealed a blockade in Notch processing demonstrated by 
the accumulation of the full-length unprocessed NEXT molecule as well as a loss of the �� 
kDa fragment (Figure 6B). The 4� kDa fragment, however, could be detected. This indicates 
that the �� kDa fragment results from a cleavage at VDAD1860. Interestingly, a shift in cleav-
age was observed resulting in a 6� kDa fragment reflecting cleavage at the more proximal 
aspartic acid VLPD1823. By combining the D1860A and D1823Q mutations we observed an 
accumulation of full-length NEXT and a loss of the 6� and �� kDa fragments, respectively. 
Yet, the 4� kDa fragment could still be observed indicating GrB is capable of cleaving this site 
directly, independent of cleavage at D1860, albeit less efficient. Only after mutating D1961A 
production of the 4� kDa fragment was blocked and only full-length NEXT protein could be 
observed (Figure 6B). Myc immunoblotting revealed that in addition to the �� and 4� kDa 
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fragments also the larger 6� kDa fragment was observed (not shown). 

In order to determine whether the cleavage sites identified in vitro correspond to the in vivo 
situation we transfected HeLa cells with a truncated Notch1 LNR constructs containing the 
same cleavage site mutations. As observed in vitro, mutation of D1823Q and D1902E did 
not abrogate Notch cleavage in cells (not shown), however the single D1860A mutant shows 
an accumulation of the full-length Notch precursor and TMIC, and the appearance of the 6� 
kDa fragment similar to in vitro cleavage of recombinant substrates (Figure 6C). Mutating 
both D1823Q and D1860A completely blocked cleavage in cells as well. In this cell based 
assay we could detect the 4� kDa fragment in cells in the double/triple mutant, indicating 
cleavage can take place at this site in vitro and in vivo independent of a proximal cleavage. 
The additional mutation at D1961A resulted in a complete loss of cleavage as seen in the in 
vitro results (Figure 6C). These results indicate that the main GrB cleavage sites in Notch1 
are the aspartic acids D1860 and D1961. 
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GrB cleavage disables Notch activity

To address whether GrB cleavage affects Notch activation, we performed gene reporter as-
says to measure transcriptional response upon Notch1 activation in the presence or ab-
sence of GrB. HeLa N1 L1�94P cells were transfected with a multimerized 12 x CSL binding 
site reporter driving Firefly luciferase expression pre-incubated with GSI and z-VAD-fmk af-
ter which they were exposed to GrB for 30 minutes, washed and allowed to recover for an 
additional 4 hrs after which extracts were analyzed for reporter gene luciferase activity. As 
expected GSI reduced reporter gene activity up to 9�% in HeLa N1 L1�94P cells that nor-
mally have high constitutive Notch activation (Figure 7). Exposure of cells to 300 nM of GrB 
for 30 minutes significantly reduced transcriptional output after 4 hours suggesting that GrB 
cleavage of Notch1 reduces Notch1 signaling activity. Post incubation of GrB-treated cells 
for longer time-points resulted in a non-specific inhibition of reporter activity due to SLO 
alone (not shown).

These results demonstrate that GrB cleavage of Notch leads to the inactivation of Notch1 by 
interfering with the ability of NICD to activate gene transcription.

Discussion

Granzyme B is essential for NK cells and CTLs induced cell death in pathogen-infected and 
tumor cells. This cell death is mainly mediated by the action of granzymes packaged in cy-
totoxic granules that will be released into the target cell upon recognition. Previously, by 
NK-mediated cytotoxicity Loeb et al. showed physiological levels of GrB are able to cleave 
Notch1 in a caspase-independent manner. It cleaves Notch1 into at least a single fragment 
at an unidentified site [4]. In the present study, we confirmed that GrB cleaves the Notch1 
receptor irrespective of caspase activation. Proteolyis of Notch by GrB results in at least 

Figure 7. GrB cleavage results in a block of transcription.
Transcriptional Notch1 activation assay shows a signifi-
cant (* p=0.0495) loss of activity upon GrB treatment. 
Graph is representative of at least two independent exper-
iments in triplo, the p-value is calculated using a Kruskall-
Wallis non-parametric test.0
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two fragments in vitro, cleaving after D1860 and D1961. Cell based assays show GrB cleaves 
Notch at the same sites only in the presence of the pore forming protein SLO demonstrating 
GrB cellular entry is required to cleave Notch. Furthermore, we show that GrB can cleave 
Notch receptors irrespective of its activity and location� it cleaves the immature Notch pre-
cursor, the cell surface bound receptor as well as the membrane cleaved activated NICD. 
Notch1 cleavage by GrB inactivates the signaling cascade directly by blocking transcriptional 
activity. 

Notch receptors are GrB substrates irrespective of their activation status. Our results indi-
cate that GrB can cleave Notch at multiple levels, during maturation, at the cell surface and 
after release from the membrane in the nucleus. Previous results indicate nuclear access of 
GrB to be primarily caspase-dependent [28]. In our study, making use of caspase inhibitors 
during the course of GrB treatment, we observe GrB cleavage of NICD suggesting that GrB 
may also enter the nucleus and cleave Notch independent of caspase activity. Cleavage of 
the Notch effector NICD by GrB leads to direct inactivation of transcriptional activity. Yet, 
cleavage of the precursor and membrane-bound forms of the receptor results in a lower 
number of intact Notch molecules at the cell surface able to receive a signal, thereby de-
creasing signaling capacity indirectly. Thus GrB can inactivate Notch signalling at all levels, 
either directly or indirectly. 

The optimal substrate cleavage site of GrB is P4 I/VxxD-P1 with critical I/V and D residues at 
P4 and P1 respectively. Considering the Notch1 proteins used here this leaves five possible 
GrB scissile bonds, at VLPD1823, VDAD1860, VISD1902, VSAD1961 and VLLD2071, all of 
which are conserved between mouse and human Notch1. We systematically mutated the 
P1 aspartic acids and found that mutation of both D1823 and D1902 in Notch still resulted 
in cleavage by GrB similar to wild type controls in vitro and in vivo (not shown). Only upon 
mutation of D1860 a cleavage defect was observed both in vitro and in vivo. Strikingly, this 
induced a shift in cleavage in vitro to VLPD1823, resulting in a 6� kDa fragment which disap-
peared upon additional mutation of D1823. This could indicate that cleavage takes place at 
two residues simultaneously. However, experiments using the single D1823 mutant ruled 
out the possibility of subsequent cleavage starting at D1823 (not shown). The D1823Q/
D1860A double mutant still showed the 4� kDa cleavage fragment to be present, demon-
strating GrB is able to cleave this site directly although less efficient. Mutation of D1961 
showed a loss of the smaller 4� kDa fragment, revealing the second cleavage site of GrB. 
Strikingly, in vivo the 4� kDa fragment is also produced but detection was more difficult for 
reasons unknown. Only upon high Notch expression or enrichment of Notch molecules the 
4� kDa fragment could be detected in living cells. Detection of the 4� kDa may also be ham-
pered because of processing by other proteases or degradation by the proteasome.

GrB cleavages at D1860 and D1961 both resulted in a loss of the RAM domain, yet maintain-
ing part of the ankyrin repeats. The RAM domain is required for NICD binding to CSL as well 
as inducing derepression of CSL target genes [29], thus loss results in a block of transcription. 
The CDC10/ankyrin repeats, responsible for CSL binding [30], can activate Notch signalling 
in the absence of a RAM domain [31-33]. However, this is several-fold lower than wild type 
NICD1. Since part of the ankyrin repeats is removed by the second cleavage at D1961 this 
may further attenuate Notch1 transcriptional activity. Thus, both cleavage scenarios lead to 
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a loss of transcriptional activity, thereby effectively blocking transcriptional activation. 

Loeb et al. suggest the cleavage of Notch1 will lead to an increase in apoptosis in tumor 
cells. This coincides with our findings that cleavage of Notch1 results in a block of transcrip-
tional activity. Inhibition of apoptosis by Notch1 appears to occur via several mechanisms. 
Notch1 has been shown to protect cells from apoptosis acting via JNK activation [34], by 
inhibiting p�3 [3�-37], or the PKB/Akt pathway [37, 38]. Breast epithelial cells are protected 
against apoptosis due to the induction of PKB/Akt signaling in response to Notch1 activation 
[39]. In addition, downregulation of Notch1 in pancreatic cells leads to increased apoptosis 
[40]. In tumor cells NICD1 can prevent the degradation of the X-linked inhibitor of apopto-
sis protein (XIAP) thereby increasing cell survival [41]. Loss of Notch1 signaling in either of 
these cases would lead to a loss of anti-apoptotic signals, which may eventually lead to cell 
death. This supports the hypothesis that GrB cleavage may attenuate Notch1 mediated cell 
survival and thereby promote apoptotic potential in tumor cells. 

T-cell proliferation and maturation is a highly Notch1 dependent process, resulting in vari-
ous types of T-cells. In a subset of T-cells, mature Th2 cells, cell death induced by GrB is cas-cell death induced by GrB is cas-
pase independent [42]. Consistently, genetic loss or inhibition of GrB leads to Th2 prolifera-
tion. Since Th2 cells depend on Notch1 activation for their proliferation [43], this suggests 
that GrB could trigger cell death by downregulating Notch1 signalling by directly cleaving 
the receptor. This would ensure control over Th2 lymphocyte numbers and activity after 
executing their function in the immune response, thereby tightly controlling cell numbers 
to avoid an excessive number of activated T-cells. However, in CTLs Notch1 is thought to 
positively regulate the expression of GrB and perforin by directly binding to their promoters 
[44]. One could see the GrB cleavage of Notch1 as an activating cleavage thereby inducing 
an auto-regulatory loop by upregulating GrB and perforin. However, we have clearly shown 
that cleavage of Notch1 by GrB leads to inactivation of signaling making it very unlikely that 
within the CTL there is such a positive auto-regulatory loop. The function of GrB cleaving 
Notch1 within T-cells therefore remains obscure. 

Plasma of healthy individuals contains low levels of GrB, whereas patients suffering from 
viral infections, inflammation, or auto-immune diseases show a several-fold increase in GrB 
levels [24, 4�, 46]. This could be due to leakage out of the immunological synapse, explain-
ing the higher GrB levels in patients since the number of immune reactions is increased. 
However, recently it was found that GrB is actively secreted into the extracellular milieu 
[26]. Moreover, perforin-independent functions of GrB have been reported [24-26]. Here 
we show that the extracellular domain of Notch1 receptor is a substrate to cleavage induced 
by GrB in the absence of perforin. We observed a significant three-fold increase in GrB in-
duced Notch1 shedding, however, without the induction of transcriptional activation. This 
suggests that the cleavage must take place at the N-terminal end upstream of the NRR do-
main, since removal of this domain leads to activation of Notch. Ligand binding to Notch is 
thought to induce a substantial conformational change of the NRR leading to consecutive S2 
and S3 cleavage, producing NICD [16, 47, 48]. The GrB induced cleavage of NECD however 
does not lead to such a conformational change sufficient for receptor activation. Yet, this 
cleavage could shed off the ligand-binding domain, leaving the receptor inactive at the cell 
surface unable to signal. In this way GrB can inactivate the receptor indirectly, resulting in an 
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increased pro-apoptotic environment. Interestingly, there is good correspondence between 
the cleavage fragments observed using N- and C-terminal epitope tags after GrB cleavage. 
Whereas Myc immunoblotting detects the appearance of the �� kDa cleavage product the 
N-terminal HA tag detects a similar reduction in the size of the full-length precursor. Impor-
tantly, no other cleavage events were observed suggesting that the Gluc release in the me-
dium seen after GrB exposure of cells is an indirect effect of GrB. Thus the NECD is cleaved 
by a protease which is activated by GrB. It will be interesting to identify the proteolytic activ-
ity induced by GrB responsible for this NECD cleavage.

Collectively, our results demonstrate that Notch1 is an efficient direct substrate for GrB. 
Cleavage of Notch1 leads to inactivation of signaling both by the action of intra- as well as 
extracellular GrB. Direct cleavage of active NICD, but also downregulating total numbers of 
Notch1 precursors and receptors at the membrane decreases signaling capacity. This down-
regulates anti-apoptotic and pro-proliferative signals achieving a faster and more efficient 
apoptotic response. This example clearly shows an important caspase-independent function 
of granzymes. Since tumor cells recognized by CTLs will not only encounter secreted GrB, 
but a mixture of granzymes [49] it will be of interest to determine the caspase-independent 
spectrum of substrates of the granzymes altogether to gain more insight into the cytotoxic 
killing mechanisms involved in cancer.
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Abstract

The highly conserved Notch signaling pathway is essential for T-cell lymphopoiesis. Dereg-
ulation of Notch by activating mutations leads to T-cell acute lymphoblastic leukemia (T-
ALL). Notch activity can be effectively inhibited by blocking the γ-secretase complex using 
γ-secretase inhibitors (GSI). However, in vitro a significant number of T-ALL cell lines become 
resistant to growth inhibition and apoptosis upon GSI treatment. Recent investigations have 
identified inactivating mutations in tumor suppressor gene PTEN, causing PI3K/Akt activa-
tion, and the E3 ubiquitin ligase Fbw7/CDC-4, a negative regulator of Notch activity, as un-
derlying causes of GSI resistance in T-ALL. Although synergistic treatment using e.g. PI3K in-
hibitors can overcome GSI resistance in a subset of T-ALL cells, the majority of T-ALL remain 
GSI resistant. Thus unknown mechanisms exist that underlie GSI resistance in these cells 
as well. To identify novel proteins involved in GSI resistance we employed a 2D-DIGE ap-
proach to compare the proteomes of GSI treated resistant and sensitive T-ALL lines. Of the 
127 differentially expressed protein spots, 59 were analyzed by tandem mass spectrometry 
resulting in 106 protein identifications. The identified proteins included proteins involved in 
structural, transcriptional and translational processes, as well as signal transduction path-
ways. We assessed the expression of 22 proteins and confirmed the differential expression 
of various proteins by quantitative PCR and/or Western Blotting. 
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Introduction

The Notch pathway is a highly conserved signaling pathway that regulates cell fate deci-
sions and tissue homeostasis in many cellular contexts [1]. Mammals have four Notch genes 
(Notch1-4) which encode transmembrane receptors that interact with the Delta-Jagged 
family of transmembrane ligands on adjacent cells. Ligand binding initiates two successive 
proteolytic cleavages: an ectodomain cleavage (S2) followed by intramembranous cleavage 
(S3) mediated by the γ-secretase complex [2, 3]. This releases the intracellular domain of 
Notch from the membrane, which translocates to the nucleus and binds to the transcription 
factor CSL, initiating transcription. In the absence of ligands, Notch receptors are resistant 
to proteolysis since the Negative Regulatory Region (NRR) blocks access of proteases to 
the rate-limiting S2 cleavage site [4]. Most Notch signalling occurs through CSL-dependent  
transcriptional activation and is referred to as the canonical pathway [5]. Notch1 signaling 
regulates the balance between self renewal and commitment from all three germ layers 
such as gut, neurons, muscle, skin and lymphoid tissue [6]. Furthermore, Notch1 signaling is 
crucial in establishing definitive hematopoiesis and T-cell specification [7] and Notch ligands 
promote self-renewal of lymphoid progenitors [8-10]. Consistent overexpression of Notch1 
in bone marrow of mice leads to T-cell neoplasms and a block in B-cell development [11, 12]. 
Inactivation of Notch1 in lymphoid progenitors leads to the development of B-cells at the 
expense of T-cell generation [13]. In 1% of acute human T-cell lymphoblastic leukemias (T-
ALL), Notch1 was identified as a chromosomal breakpoint at t(7;9) [14], resulting in a trun-
cated ligand-independent constitutively active oncogenic Notch1 protein expressed  from 
the TCRβ locus [15]. More recently, activating mutations in Notch1 have been identified 
in 50-60% of T-ALL cases [16]. Activating mutations localize to the NRR in the extracellular 
domain facilitating S2 proteolysis or in the PEST domain involved in proteasome-mediated 
degradation[17, 18]. Thus, inhibition of γ-secretase cleavage using γ-secretase inhibitors 
(GSI) seems an attractive therapy to block Notch activation in the majority of T-ALL and 
currently several clinical trials evaluating this are ongoing. Unfortunately, a significant num-
ber of T-ALL cells become resistant to growth inhibition and apoptosis upon GSI treatment. 
Recent investigations have identified inactivating mutations in the tumor suppressor gene 
PTEN, a negative regulator of the Akt/PKB survival pathway of leukemic cells, as an underly-
ing cause of GSI resistance [19]. A regulatory loop has been identified where the Notch tar-
get genes Hes1 and c-Myc downregulate PTEN expression and inhibition of Notch increases 
PTEN and attenuates Akt/PKB signaling  [19, 20]. Recently, it has been shown that PTEN loss 
and GSI resistance are primarily observed in established cell lines but not in primary T-ALL 
which remain addicted to Notch1 activity [21]. Another class of mutations in GSI resistant T-
ALL is found in the E3 ubiquitin ligase F-box protein 7 (FBW7) [22, 23]. FBW7 is a tumor sup-
pressor frequently deleted in human cancers and mutations are associated with decreased 
degradation of oncogenes such as Notch, Cyclin-E and c-Myc [22-24]. Although c-Myc is an 
important Notch target gene it is not essential for the growth of T-ALL leukemic cells [25, 
26]. Moreover, although NFkB activation has also been shown to be critical for Notch1-
induced T-ALL growth, NFkB pathway inhibition by a proteasome inhibitor does not sensitize 
all cells to GSI [27]. The mTOR pathway is another pathway regulated by Notch in T-ALL and 
simultaneous inhibition of Notch and mTOR by Rapamycin synergizes in T-ALL growth sup-
pression in part through PI3K/Akt signaling [19, 28]. In addition, glucocorticoids are funda-
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mental in the treatment of leukemias, but upon relapse, T-ALL often becomes resistant due 
to glucocorticoid receptor downregulation protecting cells from apoptosis. Notch inhibition 
by GSI has been shown to re-sensitize T-ALL to glucocorticoid induced apoptosis [29]. This 
opens up the possibility of combining GSIs with glucocorticoids, NFκB and mTOR inhibitors 
broadening the therapeutic window. 

Currently no drugs are available that effectively overcome resistance of γ-secretase inhi-
bition in T-ALL. To discover novel protein cascades involved in GSI resistance in T-ALL we 
compared the proteomes of GSI treated resistant and sensitive T-ALL lines. We characterized 
several of the proteins that differed between GSI treated T-ALL that are resistant to growth 
inhibition versus those that are sensitive. We validated 22 proteins and were able to con-
firm a number of proteins by quantitative PCR and/or Western Blotting, some of which may 
be useful for the development of therapeutic approaches that overcome GSI resistance in 
leukemia.

Materials and Methods

Cell cultures

DND-41 and Jurkat cells were grown for 48 hours in 10cm dishes in the presence or absence 
of 1µM of the γ-secretase inhibitor (GSI) dibenzazepine (DBZ) in RPMI medium supplement-
ed with 10 % Fetal Calf Serum. The GSI was refreshed twice daily. 

Western blot 

Cells were centrifuged for 5 min at 1500 rpm and lysed using 3 freeze-thaw cycles in PBS 
containing 0.05% NP-40. Lysates were spun down for 15 min at 14,000 rpm at 4°C. Super-
natant was measured using Bradford assay and 50µg was boiled for 5 min in Laemmli buffer 
and was loaded onto SDS-PAGE. Immunoblots were incubated with Val1744 antibody (Cellu-
lar Signaling), ZAP-70 (Thermo Scientific), PI3-kinase p85 (BD Biosciences), PI3-kinase p110α 
(Cellular Signaling), phospho-PKB (NEB), Ezrin (Zymed Laboratories), Moesin (Abcam).

Fluorescent Two-dimensional Difference in Gel Electrophoresis (2D-DIGE) 

A total of 4 x 106 DND-41 and Jurkat cells were washed in PBS with 0.05% NP40 and sub-
jected to three rounds of freeze/thaw lysis. Lysates were cleared by centrifugation at 14,000 
rpm for 10 min. Protein concentration was measured by Bradford assay. 100 µg of each (un)
treated cell line was labeled with 400 pmol of Cy3 or Cy5, and a 1:1:1:1 mixture of all sam-
ples was labeled with Cy2, and 300 µg protein in total was separated by 2D gel electropho-
resis as previously described [30]. Dye swaps were included to exclude preferentially labeled 
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proteins from the analysis. Relative quantification of matched gel features was performed 
using Decyder DIA and BVA software (GE Healthcare). For inter-gel analyses, the internal 
standard method was used [31]. Statistical analysis of gel spot volume quantification was 
performed by Student t-test, p<0.05 was regarded as statistically significant. Differentially 
expressed proteins (i) differed at least 1.4-fold in fluorescence volume intensity, (ii) differed 
statistically significant (p<0.05), and (iii) could be detected in at least 3 samples. Decyder 
EDA software (GE Healthcare) was used for hierarchical clustering and a heat map that used 
Euclidean distance with complete linkage. The Amigo Gene Ontology system was used for 
functional classification of the proteins (www.amigo.geneontology.org). 

Tandem Mass spectrometry (MS) 

Two-dimensional gels were post-stained by mass spectrometry (MS)-compatible Flamin-
go staining (Bio-Rad). Selected spots were excised robotically (Ettan Dalt Spot Cutter; GE 
Healthcare), reduced with dithiothreitol, alkylated with iodoacetamide, and digested with 
trypsin (Roche) as described [32]. Samples were subjected to nanoflow LC (Eksigent) using 
C18 reverse phase trap columns (Phenomenex; column dimensions 2cm x 100 µm, packed 
in-house) and subsequently separated on C18 analytical columns (Reprosil; column dimen-
sions, 20 cm x 50 µm; packed in-house) using a linear gradient from 0 to 40% B (A = 0.1 M 
acetic acid; B = 95% (v/v) acetonitrile, 0.1 M acetic acid) in 60 min and at a constant flow 
rate of 150 nl/min. Column eluate was directly coupled to a LTQ-Orbitrap-XL mass spectrom-
eter (Thermo Scientific) operating in positive mode, using Lock spray internal calibration. 
Data were processed and subjected to database searches using MASCOT software (Matrix-
science) against Swiss Prot and non-redundant NCBI database, with a 10ppm mass toler-
ance of precursor and 0.8Da for the fragment ion. A protein was considered a positive hit 
if the MS identified at least 4 different peptides for each protein with a minimal MASCOT 
score of 140. 

RNA isolation 

A total of 4 x 106 cells were washed twice with PBS, spun down and the cell pellet was 
snap-frozen in N2 and stored at -80°C. Cells were lysed in RLT buffer (Qiagen RNAeasy) and 
homogenized by passing the lysates through a syringe. RNA was isolated using the Qiagen 
RNAeasy Kit according to the manufacturer’s instructions. Concentration was measured us-
ing the Nanodrop (Thermo Scientific). Isolated RNA was stored at -80°C. 

Real time Quantitative PCR (Q-PCR) 

A total of 800 ng of RNA was used for cDNA synthesis using the SuperScript III First-Strand 
Synthesis SuperMix (Invitrogen) according to the manufacturer’s instructions. As a negative 
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control for Q-PCR part of the samples in the cDNA synthesis were run without the Reverse 
Transcriptase enzyme (minRT). Primers for Q-PCR were designed using the software Beacon 
Designer 7.8 (Premier Biosoft). cDNA was used in Q-PCR reactions using PowerSYBRGreen 
(Applied Biosystems) in the following conditions in a 96-Well GeneAmp PCR System 9700 
(Applied Biosystems): 10 min 95°C, Cycle of 45; 15 sec 95°C, 1 min 60°C. To determine back-
ground, the negative control minRT samples were used. Actin was used as a positive control 
for Q-PCR. To calculate relative gene expression levels the 2-ΔΔCt method was used. 

Results

Proteomic profiling of γ-secretase inhibited DND-41 and Jurkat cells

To identify proteins differentially expressed between GSI resistant and GSI sensitive cells we 
compared a GSI sensitive (DND-41) with a GSI resistant T-cell line (Jurkat). Both cell types 
were grown in the presence or absence of 1µM of the GSI dibenzazepine (DBZ) for 48 hours 
in five independent experiments each, making a total of 20 protein samples. Figure 1 shows 
a general overview of the 2-dimensional fluorescence Difference In Gel Electrophoresis 
(DIGE) methodology used (Figure 1). Immunoblotting confirmed that GSI blocked cleav-
age of Notch1 at Val1744 in both cell lines as expected, indicating that γ-secretase activity 
was inhibited (Figure 2A). Next we ran all 20 samples (5 each cell line +/- treatment GSI) 
on analytical 2D-DIGE gels. Figure 2B shows representative examples of 2D-gels where red 
and green spots represent proteins affected by γ-secretase inhibition in GSI- or non-treated 
DND-41/Jurkat cells. Yellow spots indicate proteins that are unaffected by GSI treatment. All 
4 combinations are analyzed in a matrix against each other and a composite analysis was 
made. First the total of 2911 protein spots that were resolved are computationally analyzed 
between all four conditions. We compared protein spots within the same cell type upon GSI 
treatment, but also between cell types, using an arbitrary cut-off of 1.4 fold observed in at 
least 3 gels with a significant p-value (p<0.05) (Figure 3A). This resulted in 127 differentially 
expressed protein spots that are shown in Figure 3B according to their protein expression 
profiles. As expected a large number of differences is present between the two different 
cell lines. We were mostly interested in proteins that are differentially expressed in both 
cell types (sensitive versus resistant) and affected by GSI treatment. We picked the selected 
protein spots and analyzed them by tandem mass spectrometry (MS). 

T-ALL protein identification

Tandem MS analysis of 59 spots resulted in 106 protein hits. Candidate peptides and their 
predicted proteins were ranked according to their Gene Ontology (GO) terms. Results are 
categorized in a table showing proteins from primates that are up- or down regulated by GSI 
treatment in comparison with cells that received only vehicle (Figure 4A). 

Overall, more proteins were differentially regulated by GSI in DND-41 cells than Jurkat cells. 
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A number of 40 proteins (n= 22 spots) were upregulated in DND-41, whereas 37 (n=16 
spots) were downregulated in DND-41 (Figure 4A). In Jurkat cells the overall numbers were 
lower, 25 proteins were upregulated (n=14 spots) and 25 downregulated (n=12 spots) com-
pared to vehicle-treated Jurkat cells. In addition, analyzing intercellular differences between 
commonly expressed proteins will gain further insight in processes involved in GSI sensitiv-
ity/resistance in both cell types. We looked for proteins differentially expressed in DND-41 
cells upon GSI treatment that remained unchanged in Jurkat cells (Figure 4B) and vice versa 
(Figure 4C). Proteins downregulated in Jurkat cells but unchanged in DND-41 cells could not 
be analyzed due to the low number of protein hits. 

Figure 1: Overview 2D-DIGE approach
Protein samples were labeled with fluorescent Cy-dyes, as an internal standard fractions of each sample were pooled and 
labeled with Cy2. Labeled proteins were mixed and separated using 2D-PAGE. First, proteins were separated based on 
charge (1st dimension), after which they were separated by their molecular weight (2nd dimension). All gels were scanned 
at Cy-dye specific excitation wavelengths using a Typhoon Variable Mode Imager. All gel images were normalized by the 
Cy2-labeled internal standard, superimposed and analyzed for differential expression as depicted by volume intensity 
protein peak patterns using DeCyder software.

 Protein 
extract 1
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Mix labeled extracts
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Some cell-cycle and differentiation associated proteins are affected in DND-41 and Jurkat 
cells upon GSI treatment. For example Centromere protein H (CenpH) and minichromosome 
maintenance protein 7 (MCM7) are downregulated in DND-41 cells, but are unchanged 
in Jurkat. Instead, Jurkat cells showed a relative increase in the cell-cycle associated pro-
teins PP5 and hPAK65 compared to DND-41 cells. Moreover, the 5-aminoimidazole-4-car-
boxamide ribonucleotide formyltransferase/IMP cyclohydrolase (ATIC), involved in purine 
biosynthesis essential for DNA replication, was upregulated in Jurkat upon GSI treatment 
but downregulated in DND-41 cells. Finally, the T-cell differentiation associated protein ad-
enosine deaminase (ADA) was downregulated in both Jurkat and  DND-41 cells upon Notch 
inhibition.

Further proteins involved in protein translational and quality control are also affected by 
GSI. In both Jurkat and DND-41 cells, GSI treatment decreased the expression of transla-
tional initiation and elongation factors eIF4A, eEF1A, and eEF1G. However, translational 
elongation factors eEF1D and eEF2 were only downregulated in DND-41 cells upon GSI 
treatment, but not changed in Jurkat cells. In DND-41 cells we observed an upregulation of 
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Figure 2: Proteomic profiling of GSI-treated T-ALL cells 
A) Val1744-cleaved Notch1 immunoblot showing independent protein samples of DND-41 and Jurkat cells treated with 
either DMSO (1-5) or GSI (6-10). In both DND-41 and Jurkat cells Notch1 cleavage was detected in DMSO treated cells but 
cleavage was attenuated upon γ-secretase inhibition using 1μM dibenzazepine (DBZ), losing detection of the S3 cleavage 
fragment. B) Two representative 2D-gels from the 2D-DIGE analysis. Protein extracts of GSI-treated DND-41/GSI-treated 
Jurkat and non-treated DND-41/non-treated Jurkat cells were labeled with red or green fluorescent dyes respectively. 
Samples were combined and separated by 2D gel electrophoresis. Protein spots shared between the two samples appear 
yellow and represent the unaffected proteome. Protein spots that are affected by GSI are red, while those unaffected by 
GSI appear green. These experiments were performed with five independent protein extracts of GSI- or vehicle treated 
DND-41/Jurkat cells. 
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Farsb, a phenylalanyl-tRNA synthetase responsible for ligation of aminoacids to tRNAs, and 
t-complex polypeptide protein, involved in protein folding. Other proteins involved in mRNA 
splicing or protein folding such as FUSE binding protein 2, molecular chaperone CCT, Hsp70/
Hsp90-organizing protein were all downregulated by GSI. Furthermore, an upregulation of 
the 26S proteasome, crucial in protein degradation, was seen in DND-41, but not in Jurkat.  

Finally we identified differentially expressed proteins in the GO categories of transport, DNA 
repair, and signal transduction. We identified two proteins essential for protein transport 
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Other
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Figure 4: Clustering of proteins post MS identification according to their Gene Ontology terms 
A) Table depicting all proteins up- or downregulated upon GSI treatment that are categorized per cell type according to 
their GO terms. A total of 59 spots was analyzed by MS. Proteins of unknown identity are not included. B) Diagram show-
ing differential expression of proteins in a single cell type but unaffected in the other. Proteins downregulated in Jurkat but 
unaffected in DND-41 cells could not be analyzed due to the low number of protein hits (n=2).
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Figure 5: Validation of protein 
candidates
Validation studies of four pro-
teins from the signal transduc-
tion category. Original 2D-DIGE 
heat map is shown for the 
protein candidate. The graph 
summarizes the 2D-DIGE, West-
ern and Q-PCR data shown in 
relative expression in % upon GSI 
treatment. A) The 2D-DIGE of 
PI3K p85 correlates with West-
ern validation but not with Q-
PCR data in DND-41. Additional 
blots show extended analysis 
of PI3K subunit p110α, present 
in both cell types, and activity 
(p-PKB), only detected in Jurkat 
cells. B) Western analysis con-
flicts with the original 2D-DIGE 
data of ZAP-70 in DND-41 cells. 
Jurkat shows an apparent down-
regulation of ZAP-70 mRNA. C) 
The expression of Ezrin in 2D-
DIGE is confirmed by Western 
and Q-PCR analysis in DND-41 
cells, whereas Jurkat shows am-
biguous results. D) The major 
upregulation of Moesin in DND-
41 cells could not be validated in 
DND-41 cells, but only in Jurkat 
cells. mRNA expression analysis 
contrasts the protein expression 
levels in both cell types. Q-PCR 
experiments were performed in 
duplicate, average is shown.
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over the outer mitochondrial membrane, TOM34 and TOM40 (Haymaker). TOM34 is down-
regulated in both Jurkat and DND-41 cells, whereas TOM40 is increased in GSI-treated DND-
41 cells only. Furthermore, the DNA repair-associated ATP-dependent DNA helicase II and 
its subunit Ku70 (XRCC6), both involved in DNA repair via the non-homologous end-joining 
pathway, were upregulated in both DND-41 as well as Jurkat cells by γ-secretase inhibi-
tion. Interestingly, in the signal transduction category ζ-chain associated protein tyrosine 
kinase 70 (ZAP-70) was found to be upregulated in DND-41, but not in Jurkat cells upon GSI 
treatment. In addition to ZAP-70, also the regulatory subunit 1 of phosphoinositide-3 kinase 
(PI3K p85) was only upregulated in DND-41 cells upon GSI treatment. 

Validation of candidate proteins

To validate GSI responsive proteins we analyzed the relative changes in percentages of can-
didate protein expression using Western Blotting and real time qPCR. First, we analyzed the 
proteins from the signal transduction category that were upregulated in DND-41 cells only. 
For our Western analysis we used independent GSI treated and vehicle-treated DND-41 and 
Jurkat protein samples. 

In DND-41 cells the protein expression of PI3K p85 was increased upon GSI treatment, in 
agreement with the 2D-DIGE data (Figure 5A; Table 1). To further investigate the upregula-
tion of PI3K pathway in DND-41, we examined the expression of the p110α (PI3KCA) sub-
unit. In contrast to the p85 subunit, the p110α subunit was not upregulated in GSI treated 
DND-41 cells. To measure changes in  PI3K activity in GSI-treated cells we examined phos-
phorylation of the PI3K substrate Akt/PKB, a marker for PI3K activity. We observed that 
PI3K/Akt was not phosphorylated and therefore inactive in DND-41 cells. mRNA expression 
analysis showed that PI3K p85 expression was downregulated after GSI. In Jurkat cells PI3K 
pathway is active and the levels of p85 are increased upon GSI treatment. This is in contrast 
with the 2D-DIGE data where no increase in p85 expression was observed. GSI-treated Jur-
kat cells showed an increase in p110α (42%) consistent with the upregulation of PI3K-p85 
observed by Western analysis. Furthermore, we detected high phosphorylated Akt levels in 
Jurkat. Examining mRNA levels of PI3K resulted in a downregulation of p85 transcripts. Next, 
we analyzed the relative change in expression of ZAP-70, which was upregulated in DND-41 
cells but did not change in Jurkats upon GSI treatment. Immunoblot analysis of ZAP-70 pro-
tein levels in DND-41 cells revealed a minor downregulation (Figure 5B). ZAP-70 expression 
levels were slightly increased in agreement with the 2D-DIGE data. As in the 2D-DIGE screen, 
the levels of ZAP-70 protein were not changed upon GSI treatment as detected by Western 
analysis. However, an obvious downregulation of mRNA transcripts is observed. Altogether, 
none of the signaling proteins PI3K p85 and ZAP-70 could be consistently validated at both 
mRNA and protein levels in any of the cell types. 

As an additional analysis of the signal transduction category we analyzed two members of 
the Ezrin/Radixin/Moesin (ERM) proteins that we found in our 2D-DIGE screen. ERM pro-
teins are mainly involved in crosslinking actin to the plasma membrane, however they also 
function in several signaling pathways such as the PI3K/Akt and T-cell receptor signaling 
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pathways [33]. We found Ezrin to be downregulated in DND-41 cells in 2D-DIGE, which was 
observed by immunoblot analysis as well (Figure 5C). Additionally, assessing mRNA levels 
revealed that Ezrin is downregulated more than 2-fold upon GSI treatment. For Jurkat cells 
we found both protein and mRNA levels to be downregulated. This is in apparent contrast to 
the 2D-DIGE data, where a relative increase in expression upon GSI treatment is observed. 
Moreover, comparing expression levels of Ezrin in both Jurkat and DND-41 shows a similar 
expression level in both cell types, whereas the 2D-DIGE proteomic screen shows a 1.5-fold 
intercellular difference. Moesin, another ERM protein was found to be upregulated in both 
DND-41 and Jurkat cells upon GSI treatment. In agreement with this, immunoblotting shows 
upregulation in DND-41 in Jurkat extracts upon GSI treatment, albeit to a lesser extent (Fig-
ure 5D). Overall, the differential expression of the ERM protein Ezrin could be confirmed at 
the protein as well as the mRNA level in DND-41 cells. In Jurkat cells however, only Moesin 
protein expression could be correlated to 2D-DIGE observations. 

In order to further examine differences in expression we selected another 18 candidate 
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Figure 6: Validation of additional candidate genes using quantitative-PCR
Graph depicting the average relative changes in % in expression upon GSI treatment. A) Heat maps of 2D-DIGE of the 6 candidate 
genes for which Q-PCR results are shown. B) Graph summarizing the Q-PCR data and correlating them with the original 2D-DIGE 
data. Both ADA and eEF1D show a consistent downregulation in DND-41 cells. A correlation of Farsb protein and mRNA levels is 
shown in Jurkat. The upregulation of steroid producing enzyme lanosterol synthase could be confirmed in Jurkat. Q-PCR experi-
ments were performed in duplicate, average is shown.
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genes representing categories depicted in Figure 4, and performed a qPCR analysis on RNA 
isolated from independent GSI-treated and non-treated DND-41 and Jurkat cells to assess 
transcription levels. Only 6 genes showed a difference in mRNA expression levels above 40% 
(Figure 6B). In DND-41 cells the T-cell differentiation associated protein ADA, elongation 
factor eEF1D showed a downregulation in agreement with the 2D-DIGE data. However, the 
tRNA synthetase Farsb was slightly upregulated in DND-41 cells at the protein level, yet not 
at the mRNA level. In addition, the mitochondrial translocase TOM40 is also in contrast with 
the upregulation observed in 2D-DIGE upon GSI treatment in DND-41 cells. The observed in-
crease in mRNA of the steroid biosynthesis associated enzyme lanosterol synthase could not 
be compared to the DND-41 2D-DIGE data due to a lack of difference in expression. How-
ever, in Jurkat cells mRNA expression levels coincide with the protein levels as measured by 
2D-DIGE. In addition, ADA and FarsB mRNA levels were changed in concordance with their 
2D-DIGE data. The apoptosis related protein phosducin-like 3 showed a downregulation at 
mRNA levels upon GSI treatment of Jurkat cells, contrasting 2D-DIGE data. This additional 
analysis shows the majority of depicted genes is differentially expressed in concordance 
with 2D-DIGE data in at least one of the cell lines tested. 

Discussion

Aberrant Notch signaling in lymphocytes, due to mutations in Notch1 or in other compo-
nents of the pathway, are causative to T-ALL. Notch activity can be inhibited by blocking the 
γ-secretase complex using specific inhibitors. However, not every T-cell shows a response on 
γ-secretase inhibition. Here we sought to determine proteins and pathways involved in this 
resistance mechanism using a proteomic profiling approach. We determined the proteomes 
of GSI-sensitive and GSI-resistant T-ALL cell lines and compared them in order to identify 

2D-DIGE Western Q-PCR

Protein DND-41 Jurkat DND-41 Jurkat DND-41 Jurkat

ADA -19% -41% -- -- -61% -21%

eEF1D -27% No diff. -- -- -66% -14%

Ezrin -21% 39% -11% -15% -54% -21%

FarsB 16% 22% -- -- -85% 168%

Lanosterol synthase No diff. 27% -- -- 52% 32%

Moesin 54% 21% 7% 14% -36% -14%

Phosducin-like 3 No diff. 26% -- -- 4% -50%

PI3 kinase p85 41% No diff. 20% 26% -24% -16%

TOM40 22% No diff. -- -- -50% -28%

ZAP-70 25% No diff. -6% 0.1% 3% -32%

Table 1
Correlation of up- or downregulation of various proteins. 
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factors involved in GSI resistance. From our screen 127 protein spots were differentially 
expressed between γ-secretase inhibited and non-inhibited cells. We could analyze 59 spots 
by tandem MS encompassing 106 proteins. We performed a validation study examining 22 
proteins on differential expression partly by Western Blot and/or real time quantitative PCR. 

Differences in expression are often determined by analyzing transcript levels using restrict-
ed mRNA arrays looking at a cluster of preselected genes [27, 34]. Although this has lead to 
the identification of crucial processes regarding Notch function in leukemias [27, 34], exam-
ining mRNA expression levels disregards important post-transcriptional processes determin-
ing protein translation, stability and activity. Therefore we employed a 2D-DIGE differential 
proteomic screen to identify differences in protein abundance as a result of GSI treatment. 
Since previous studies reported major differences at the mRNA levels of T-ALL cells after 
24 hour inhibition of the γ-secretase [19], it is to be expected that this would be reflected 
in similar proteome changes 24 hours later. We inhibited T-ALL cells for 48 hours to reduce 
the number of cell cycle proteins that would be identified since continuous GSI treatment 
has profound effects on proliferation and cell survival [35]. Yet, a 48 hour GSI treatment of 
DND-41 cells should be equally effective, resulting in upregulation of Cdk2, and ultimately 
resulting in cell cycle exit [36]. Longer GSI exposure would lead to the downregulation of 
cyclin D3 and its partners Cdk4 and Cdk6 [37]. Furthermore, GSI-treated DND-41 cells start 
exiting the cell cycle and induce differentiation [35, 36]. In our analysis, we did find some 
cell-cycle associated proteins such as MCM7 and CenpH to be downregulated in DND-41 
cells. Together with the relative increase of PP5 and hPAK65 in Jurkat cells, this suggests an 
attenuation of the cell cycle process in DND-41 cells. However, we did not find any of the 
Cdks or Cyclins described previously. Furthermore, assessment of ADA expression indicated 
that differentiation has not yet started in DND-41 cells. 

Although two-dimensional gel electrophoresis is potentially capable of resolving several 
thousand individual protein spots on a single gel, not all proteins could be visualized be-
cause of extremes of molecular weight or charge or because of overlapping gel features in 
some areas. Furthermore, low abundance proteins are probably not detected at all. In addi-
tion, some of the proteins may have been detected on the gels but could not be identified 
by tandem MS, due to low amounts or differences in digestion specificity. Nevertheless, our 
study has demonstrated the feasibility of 2D-DIGE as a potent profiling method to compare 
T-ALL cell proteomes upon response to GSI.

We observed several translation initiation and elongation factors downregulated upon GSI 
treatment, some of which were also validated at the mRNA level in agreement with previous 
results [34]. Moreover, expression of mitochondrial membrane translocases was reduced as 
expected [34], but DND-41 cells did show an increase in TOM40. This could possibly aid in 
Bax-induced apoptosis [38]. In addition, we observed an upregulation of the tRNA synthet-
hase Farsb in DND-41 cells at the protein level, whereas our extended analysis and previous 
observations show a reduction of t-RNA synthesis in mRNA transcripts [34]. In Jurkat how-
ever, Farsb showed a consistent upregulation upon GSI treatment both at the transcriptional 
and protein level, indicative of elevated translational activity. 

An increase in protein and mRNA expression of the enzyme Lanosterol synthase was ob-
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served in Jurkat cells. Lanosterol synthase catalyzes the reaction of 2,3-oxidosqualene into 
lanosterol [39], which can be used as a precursor for cholesterol and other steroids. Strik-
ingly, thymocytes exposed to steroids and retinoids downregulate the Notch target c-Myc 
and induce apoptosis [40]. Therefore it is more likely that the upregulation of Lanosterol 
synthase is indirectly involved in cholesterol production, which assembles in lipid-rafts that 
can mediate PI3K/Akt signaling and cell survival [41]. 

In the GSI-sensitive DND-41 cells we observed an increase in the 26S proteasomal subunit, 
involved in degradation of proteins such as the NFκB effector, IκBα [42]. Inhibiting NFκB 
signaling by the broad-spectrum protease inhibitor Bortezomib sensitizes T-ALL cells to GSI 
[27]. Although we did not validate this target, this would argue that upregulation of the 
proteasome would result in GSI resistance. However, an important role for either Lanosterol 
synthase, FarsB or the 26S proteasome in mediating sensitivity or resistance to GSI, could be 
conclusively demonstrated by loss-of-function experiments. For example, if either of these 
proteins is important in mediating resistance to Notch inhibition in Jurkat cells then RNAi 
mediated knockdown may induce sensitivity and vice versa for DND-41 cells.

The cell’s response to γ-secretase inhibition could result in cooperation of cellular signaling 
pathways. In our screen we observed several components of signaling pathways that may 
be involved in cellular survival. We assessed the expression levels of the signal transduction 
proteins PI3K, ZAP-70, and Ezrin that can all be linked together. Ezrin is known to signal via 
PI3K/Akt pathway [43], mainly resulting in the growth promoting mTOR pathway. In addi-
tion, Ezrin is also required for the recruitment of the tyrosine kinase ZAP-70 [44], involved 
in T-cell receptor signaling. The PI3K pathway can be activated by JAK2 kinase, a component 
of JAK/STAT signaling [45, 46]. A chromosomal translocation resulting in the constitutive 
activate TEL-JAK2 induces T-cell leukemias in mice [47] by constitutively activating PI3K [45]. 
Interestingly, ZAP-70 has been described to be a potential repressor of the JAK/STAT path-
way in order to maintain stemness in mouse embryonic stem cells [48]. Possibly these pro-
teins coalesce in signaling pathways in response to GSI treatment determining resistance or 
sensitivity to γ-secretase inhibition. Reduction of Ezrin may result in loss of Akt-dependent 
survival signals, and thus cell death. However, instead of a concomitant reduction of PI3K 
we see a protein increase in DND-41 cells that may be explained by counteracting the loss 
of Ezrin-dependent PI3K/Akt signaling. The upregulation of ZAP-70 in DND-41 cells upon 
GSI-treatment, suggests pro-proliferative signals by repressing the JAK/STAT pathway. This 
would clarify the lack of activity of upregulated PI3K, due to loss of JAK2-dependent activa-
tion. However, assessment of the expression of the catalytic subunit p110α (PI3KCA) did 
not correlate to the PI3K-p85 expression. The PI3K pathway does not seem to be activated 
in DND-41 cells, whereas Jurkat cells display high phospho-Akt/PKB levels due to a loss of 
PTEN [49]. This indicates that the elevated expression of PI3K-p85 is either not correlated 
with PI3K activity in DND-41 cells, or the prediction based on the peptides identified in MS 
is incorrect suggesting the excised protein spot did not contain the PI3K p85 subunit. Instead 
of an upregulation of ZAP-70 upon Notch inhibition, activation of Notch1 in bone marrow 
cells has been shown to upregulate ZAP-70 mRNA [27]. Furthermore, previous observations 
show that longer exposure of DND-41 cells to GSI downregulated CD3, a T-cell co-receptor 
associated with the ζ-chain [35], the binding partner of ZAP70. Altogether, our analysis ar-
gues that although several proteins described coalesce in signaling pathways, their relation 
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to GSI resistance/sensitivity remains obscure under these conditions. However, possible 
roles of Ezrin dependent PI3K/Akt pro-proliferative signaling would be interesting to exam-
ine in GSI resistance. For instance, assessing viability and proliferation by knocking-down or 
conditionally deleting Ezrin in GSI-resistant Jurkat cells that are simultaneously treated with 
GSI.

In this study we examined the protein expression patterns of GSI sensitive and resistant 
T-ALL cell lines employing 2D-DIGE and tandem MS analysis. However, although Notch1 re-
ceptor cleavage was fully inhibited by GSI, not many differentially expressed proteins were 
found. This may be related to the sensitivity of 2D-DIGE or due to the fact that only two 
leukemic cell lines were used. Some of the proteins that were differentially expressed in 
the 2D-DIGE could be validated using Western analysis and/or Q-PCR. For these validated 
proteins, proposed experiments are needed to investigate in more detail their relevance in 
GSI resistance/sensitivity. Overall, despite the fact that 2D-DIGE is a very powerful approach 
in determining differential protein expression, we think that a 48-hour GSI-inhibition does 
not have a major impact on protein expression in these cells. 
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Abstract

The evolutionary conserved Notch signaling pathway is essential in tissue patterning and 
homeostasis in embryos and adults and often deregulated in cancer. Activating mutations in  
NOTCH1 are associated with acute T-cell leukemias. Although Notch is involved in a broad 
variety of cancers, good mouse models are lacking. Current models are engineered to ex-
press constitutive, non-physiological levels of Notch1 from exogenous promoters. There is a 
strong need for improved models in which the expression and activity of cancer-associated 
Notch1 mutant proteins can be regulated in a tissue-specific and temporal manner, but still 
require enzymatic processing. Such a model would be amendable to therapeutic interven-
tion using drugs that intervene with processing of Notch1. To achieve this, we engineered a 
Notch1 Knock-In allele carrying a T-ALL mutation, expressed from the ROSA26 locus which 
enables tissue-specific activation by Cre recombinase and tetracycline controlled gene ex-
pression of the mutant protein. Here we describe the generation and initial characterization 
this mouse model that may be useful for cancer intervention studies. 



125

A novel mouse model with tissue-specific inducible expression of oncogenic Notch1

VI

Introduction

Notch proteins are transmembrane receptors and part of a highly conserved signaling path-
way coordinating morphogenesis, spatial patterning and homeostasis in embryos and adults 
[1, 2]. Disruption of homeostatic control by deregulated Notch signalling underlies devel-
opmental defects and cancer [3]. Notch proteins are Type I transmembrane receptors, of 
which in mammals four Notch genes (Notch1-4) and five ligands (Jagged1-2, Delta-like 1, 3 
and 4) are known. Upon binding of ligand on neighbouring cells Notch receptors undergo 
two proteolytic cleavages. First, an ectodomain cleavage mediated by the metalloprotease 
ADAM10 [4, 5], which sheds off the Notch extracellular domain (NECD) followed by a cleav-
age in the transmembrane domain of Notch releasing the intracellular domain (NICD) [6, 
7]. NICD translocates to the nucleus and binds the transcription factor CBF1/Suppressor of 
Hairless/Lag1 or CSL (RBP-Jκ in mice) participating in a complex activating its target genes 
[8]. 

Constitutive activation of Notch1 leads to leukemias and contributes to solid tumors such as 
mammary and intestinal cancers [9]. In 1% of acute human T-cell lymphoblastic leukemias 
(T-ALL) Notch1 was found as a chromosomal breakpoint at t(7;9) [10], which resulted in a 
truncated form of the NOTCH1 gene next to the TCRβ locus, expressing a ligand-indepen-
dent constitutively active form of Notch1 [11]. When expressed in bone marrow of mice this 
Notch1 variant leads to T-cell neoplasms in 50% of the mice [12]. In support of this, in up to 
60% of human T-ALL activating mutations in NOTCH1 have been identified that localize to 
the NRR in the extracellular domain facilitating S2 proteolysis [4, 13, 14] and/or in the PEST 
domain involved in proteasome-mediated degradation [13].

Next to leukemias, Notch1 signalling has also been implicated in solid tumor development. 
Notch is aberrantly activated in human breast cancer specimens [15]. In mice, Notch genes 
are frequently activated by proviral insertion in MMTV induced mammary cancer [16, 17]. 
MMTV driven expression of human NICD1 in transgenic mice leads to invasive ductal carci-
nomas [18], which are dependent on activation of the Notch1 target gene c-Myc [19]. MMTV 
driven murine NICD1 resulted in similar invasive carcinomas, but with a longer latency [20]. 

In non-small cell lung carcinomas (NSCLC) alterations of the Notch pathway are frequently 
found. Loss of Numb, a negative regulator of Notch, is observed in 30% of NSCLC cases 
resulting in Notch activation. Moreover, similar to T-ALL in the NOTCH1 gene somatic gain-
of-function mutations were identified in NSCLC samples [21]. Whether these are causal for 
induction of NSCLC remains to be established. 

Pancreatic ductal adenocarcinomas (PDAC) are characterized by mutations in the Kras gene 
[22]. However, both early pancreatic lesions associated with activating Kras mutations, as 
well as high grade PDAC display an upregulation of Notch receptors, ligands, and target 
genes [23]. In addition, pancreatic tumor cells that display high expression of the Notch 
ligands and target genes, show no somatic mutations in the NOTCH1 gene, indicating that 
Notch1 activation remains ligand-dependent in pancreas tumors [24]. Moreover, mice ex-
pressing a pdx1-driven gain-of-function Notch1 allele displayed loss of both endocrine and 
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exocrine differentiation [25], showing forced expression of Notch1 was not sufficient to in-
duce pancreatic carcinogenesis on its own. Instead, pancreatic Ptf1a-driven inactivation of 
Notch1 exhibited impaired regeneration after pancreatitis [26], demonstrating Notch1 does 
have a role in the maintenance of proliferative progenitor cells. 

In the skin, melanocyte-like abnormalities display oncogenic Notch function [27], promot-
ing progression of early-stage melanoma cell lines in a β-catenin-dependent manner both 
in vitro and in vivo [28, 29]. While forced Notch1 expression promotes transformed mela-
nocytes in vitro [30], ectopic Notch1 expression in vivo is not sufficient to induce invasive 
tumors [31, 32]. 

Our interest in the role of Notch in tumorigenesis lies in the gut. Notch1 is activated in the 
crypt progenitor stem cell pool, and can contribute and even accelerate adenoma formation 
in APCmin/+ mice [33, 34]. Villin-Cre directed ROSA26-driven NICD1 expression results in a 
dramatic increase of proliferating cells at the expense of secretory cells [35], whereas Villin-
driven loss of Notch1 did not result in an overt phenotype [36]. In the gut, both Notch1 
and Notch2 are expressed in the crypt epithelium [37], where they function redundant in 
maintaining undifferentiated proliferating crypt progenitor cells [33, 36]. Only a complete 
loss of Notch signaling by conditional deletion of both Notch1 and Notch2 or loss of RBP-jk 
from the crypt epithelium led to massive precocious secretory cell differentiation indicating 
Notch signaling has an essential role in maintaining stemness of the crypt progenitor cells 
[36, 38]. The increased proliferation of crypt epithelium by NICD expression is mostly Wnt/
TCF dependent, whereas the effect of Notch activation on goblet cell differentiation is inde-
pendent of Wnt signaling [34].

However, next to oncogenic properties, examples of Notch as a tumor suppressor are ob-
served in the skin. In the epidermis Notch1 was initially thought to act as a tumor-suppres-
sor [39], since loss of Notch1 promotes epidermal and corneal hyperplasia subsequently 
followed by skin tumor development. However, this has recently been challenged by show-
ing that Msx2-Cre induced loss of floxed Notch1 is able to induce tumorigenesis non-cell 
autonomously in keratinocytes still expressing Notch1 [40], thus showing Notch1 does not 
act as a tumor suppressor in the skin.

A clear example of Notch tumor suppressor function is to be found in the vascular blood 
system. In order for a tumor to grow, a functional and effective blood supply is essential 
for its maintenance. Therefore tumors produce pro-angiogenic factors such as vascular en-
dothelial growth factor (VEGF) [41]. Vessel outgrowth is under the control of Notch1-Dll4 
signaling [42]. Inhibiting Notch1 signaling using Dll4-selective neutralizing antibodies leads 
to uncontrolled vessel sprouting resulting in non-functional blood vessels that are unable to 
adequately supply tumors with nutrients [43]. However, although sustained Notch inhibi-
tion does indeed lead to disorganization of vasculogenesis, it eventually results in vascular 
tumors [44]. Specifically deleting Notch1 in Notch1 expression cells showed this occurs cell 
autonomous unambiguously demonstrating tumor suppressor function in vivo [45]. 

The frequent deregulated expression of Notch receptors, ligands, and target genes in vari-
ous cancers suggest that Notch may be an interesting target for therapeutic intervention. 
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Several approaches have been developed enabling Notch inhibition in vivo that may be 
suitable for therapeutic application. For example, most if not all Notch signalling relies on 
γ-secretase/S3 processing and can be very efficiently inhibited using γ-secretase inhibitors 
(GSIs) [46-48]. However, such approaches may suffer from severe side-effects due to Notch 
inhibition in other tissues such as the gut [38, 49]. Blocking antibodies or substrate-mim-
icking peptides that block either ligand-receptor interaction, unfolding of the extracellu-
lar activation domain or interfere with NICD transcription complex formation [50-53] are 
preferred as they are receptor specific. However, side-effects due to Notch inhibition in 
non-target tissues may remain. Furthermore, resistance against Notch inhibition in T-ALL 
is frequently observed due to secondary mutations that override the requirement for NICD 
activity. Normally, Notch downregulates expression of the tumor suppressor gene PTEN, 
resulting in activation of PI3K/Akt signaling promoting cell survival. However, inactivating 
mutations of PTEN identified in T-ALL cells activate PI3K/Akt independent of Notch1, making 
Notch inhibition not effective [54, 55]. Yet, recently it has been shown that PTEN loss and 
GSI resistance are primarily observed in established cell lines but not in primary T-ALL which 
remain addicted to Notch1 activity [56]. Next to PTEN, inactivating mutations identified in 
the tumor suppressor E3 ubiquitin ligase F-box protein 7 (FBW7) associated with decreased 
degradation of oncoproteins such as Notch, Cyclin-E and c-Myc [57-59], relieve inhibition 
by prolonging Notch activation. Currently, no drugs are available that effectively overcome 
resistance to γ-secretase inhibitors.

Taken together, novel mouse models are needed to address the role of Notch1 signaling 
in cancer initiation and maintenance, and to test novel drugs that may overcome induced 
resistance to Notch inhibitors. Here we describe the generation and initial characterization 
of a novel mouse model with temporal and spatial control over the expression of a cancer-
associated Notch1 allele. 

Materials and methods

Plasmids and Vectors

The LNR Notch1 construct was initially cloned as described [6]. Citrine fusions were made by 
PCR-directed cloning and removal of the 6Myc of the previously described LNR L1594P 6MT 
construct [4] for replacement with the Citrine gene. The pTetBigT was kindly provided by A. 
McMahon (Harvard University, Boston) [60]. The pR26-MCS13-Pur was kindly provided by J. 
Jonkers (NKI, Amsterdam) [61]. For Cre-recombinase expression pOG231 was used. 

ROSA26 targeting 

The LNR Notch1 L1594P Citrine construct was cut by SmaI and SnaBI and cloned into the 
pTetBigT vector [60] cut by ClaI, filled in by Klenow (NEB), and dephoshorylated by CIP 
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(Roche). The pTetBigT-LNRNotch1 L1594P-Citrine was cut by PacI and AscI to release the 
tetracycline inducible gene fragment and ligated into the pR26-MCS13-Pur targeting vector 
[61] cut by NheI and MluI using the adapters Short-174 5’-GGTACCGATATCG-3’ and Long-173 
5’-CTAGCGATATCGGTACCAT-3’. The resulting targeting construct was linearized using SfiI and 
electroporated into IB10 mouse embryonic stem (ES) cells. After selection on gelatine-coat-
ed plates in media containing 224 µg/ml G418 for 7–8 days, resistant ES cell colonies were 
picked and transferred to 96-well plates containing confluent mouse embryo-derived feeder 
cells. After 2–3 days when the majority of ES cells in 96 wells had reached confluence, each 
well was split into three 96-well plates, two master plates were frozen in FCS 10% DMSO 
and stored at -80°C awaiting results from DNA analysis, one plate was directly used for DNA 
screening using Southern Blot. 

Southern Blotting

DNA was isolated from the 96 wells plate using EtOH precipitation. EcoRI digested DNA 
was separated on a 0.7% TBE gel and transferred onto a Hybond N+ membrane (Amer-
sham Biosciences) using 20xSSC buffer (150mM NaCl, 15mM Na3C6H5O7, pH 7-8). Overnight 
hybridisation of the membrane was done in ExpressHyb buffer (Clontech) at 65°C using a 
ROSA 26 5’ probe derived from the pHA607 plasmid by PstI and SalI digestion [61]. The 
3’ probe was PCR derived using primers R26probe3-209 5’-GTTAAGGACTGTATCTCCATAG-3’ 
and R26probe3-210 5’-GCTTATCAGTTTGCCGTTCTC-3’. The Citrine probe was derived by di-
gestion of LNG Notch1 L1594P Citrine with MluI and XbaI. Unlabeled probes were boiled for 
5 minutes and cooled on ice before labelling using the RadPrime kit (Invitrogen) according 
to manufacturer’s instructions. Labeled probes were purified using sephadex columns (GE 
Healthcare). The following day hybridized blots were washed 3x for 30 minutes with 0.1x 
SSC and 0.1% SDS at 50°C and exposed overnight in phosphor screen. Next day the phos-
phor screen was read out on a Typhoon scanner (Amersham Biosciences). 

Karyotyping 

Exponential growing 50-75% confluent cells were cultured with media containing 10µg col-
chicin for 6-8 hour. Cells were rinsed with PBS, trypsinized and spun through medium for 
2 min at 2000 rpm. Pellets were resuspended with 1 ml PBS and spun down for 2 min at 
2000rpm, after which the pellets were resuspended and incubated in 0.56% KCl for 15 min 
at room temperature. Cells were collected by centrifuging for 2 min at 2000 rpm and pellets 
were gently resuspended in cold MeOH:Acetic Acid 3:1 solution and put on ice for 10 min. 
Next, cells were pelleted for 2 min at 3000 rpm and resuspended in 200 µl of fresh, cold 
MeOH:Acetic Acid 3:1 and small amounts were dropped onto clean glass slides and allowed 
to air dry. Slides containing cells were stained overnight with Giemsa and mounted next day 
with Pertex (HD Scientific). Chromosome numbers were counted manually. 
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Western Blotting

ES cells were lysed in RIPA buffer (150 mM NaCl, 1% Nonidet P-40, 0.5% deoxycholate, 0.1% 
SDS, 50 mM Tris pH 8.0) for 20 min at 4 °C. Lysates were spun down for 15 min at 14,000 
rpm at 4 °C. Supernatant was added to 2x Laemmli buffer. Samples were boiled for 5 min 
and loaded onto SDS-PAGE.

Immunofluorescence

ES cells were grown on gelatin coated glass coverslips in BRL++ medium. Cells were washed 
with PBS and fixed using 4% formaldehyde for 10 minutes, washed twice with PBS. After 
which cells were incubated with DAPI (1:10.000) for 10 minutes, washed twice with PBS. 
Coverslips were mounted using Immumount (Thermo Scientific) after which they were ana-
lyzed on a Leica microscope.

Reporter assay

ES cells were grown in a gelatin coated 24-wells plate in BRL++ medium and transfected with 
a pGL4.24 12xCSL Firefly luciferase reporter, Renilla luciferase was used as a transfection 
control. Cell samples were lysed using Passive Lysis Buffer before analysis with the Dual lu-
ciferase kit (Promega) on a luminometer. Firefly values were corrected for Renilla luciferase 
values, resulting in relative light units (RLU).

Blastocyst injection 

Four days before blastocyst injection correct ES cell clones were thawed and grown in 12 
wells plates containing confluent mouse embryo-derived feeder cells. Cells were split on 
day 2 in varying cell concentrations. On the day of injection cells were trypsinized till single 
cell suspension and handed over to the Blastocyst Injection Facility of the Laboratory of 
Experimental Animal Sciences in Utrecht. Cells were injected into C57Bl/6J blastocysts and 
reimplanted into C57Bl/6J pseudo-pregnant foster mothers. Offspring was analyzed on chi-
maeric fur colors. 

Genotyping

Genotyping was performed with two primersets: R26-566 5’-GGCTCATTAGGGAATGCTTC-3’ 
and R26-567 5’-GTGTCTGAAGACCACAAGTG-3’ for the wildtype PCR, R26-566 5’-GGCT-
CATTAGGGAATGCTTC-3’ and LNRN1-161 5’- GCATTGTCTGAGTAGGTGTC-3’ for LNRN1 PCR. 
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Samples are run in standard PCR conditions. The wildtype PCR product is 664 bp and a band 
of 503 bp corresponds to the mutated allele. 

Viral injection

Mice were injected with Ad5-Cre or Ad5-dsRed virus (Vector Development Laboratory) in-
travenously (109 p.f.u.), intraperitoneally and subcutaneous (107 p.f.u.). Mice to be injected 
intrarectally were kept under starvation for 24 hours. Next day, anesthetized mice were 
given two successive enemas before intrarectal administration of Adenovirus (0.3 ml, 5 x 
108 p.f.u./ml). Mice were observed twice daily for 5 consecutive days before they were sac-
rificed and tissues were isolated. 

Recombination PCR

Recombination nested PCR was performed with the external primer pair seq6 f-579 
5’-TGCCTGTTGAATTCGGTACC-3’ and pTETLNG Rev-151 5’-GTTAGGCAGAGCAAGGGC-
GTC-3’, and the internal primer set TetO F1-568 5’-GCAGAGCTCGTTTAGTGAAC-3’ and LNR 
R1-573 5’-GATAAGCTAGCTTGGGCTGC-3’ using standard PCR conditions for both reactions. 
The template is 520 bp and the internal product is 212 bp.

Quantitative PCR (Q-PCR)

A total of 400 ng of RNA was used for cDNA synthesis using the SuperScript III First-Strand 
Synthesis SuperMix (Invitrogen) according to the manufacturer’s instructions. For use as a 
negative control in Q-PCR part of the samples in the cDNA synthesis were run without the 
Reverse Transcriptase enzyme (minRT). cDNA was used in Q-PCR reactions using PowerSYB-
RGreen (Applied Biosystems) in the following conditions in a 96-Well GeneAmp PCR Sys-
tem 9700 (Applied Biosystems): 10 min 95°C, Cycle of 45; 15 sec 95°C, 1 min 60°C. Primers 
used were Citrine F1-517 5’- GCACCATCTTCTTCAAGG-3’, Citrine R1-518 5’- TTGTGGCTGTTG-
TAGTTG-3’, and Citrine F2-519 5’- CCCACCCTCGTGACCACCTTC-3’, Citrine R2-520 5’- GTCTT-
GTAGTTGCCGTCGTCCTTG-3’. Control primers were Actin F-523 5’- CTAAGGCCAACCGT-
GAAAAG-3’, Actin R-524 5’- ACCAGAGGCATACAGGGACA-3’ [62]. Cycle threshold (Ct) values 
of 35 and higher were considered negative. DCt values were given by CtminRT – Ctsample. Fold 
change was calculated as 2x, where x is ΔCtexperiment /ΔCtactin . 

Immunohistochemistry

Immunohistochemical analysis was carried out on 3µm sections. For stainings all slides were 
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deparrafinized in xylene and rehydrated in decreasing ethanol dilutions. Endogenous per-
oxidase activity was blocked with 1.5% H2O2 in phosphate buffered saline (PBS) for 15 min-
utes, followed by antigen retrieval, by boiling for 20 minutes in 10mM citrate buffer pH 6.0. 
After three 5 minutes washes with PBS slides were cooled down and incubated with primary 
GFP antibody (Abcam; ab290) 1:1000 in PBS/BSA at room temperature. Slides were washed 
three times for 5 minutes with PBS and incubated with Swine-anti-Rabbit-PO (Dako) 1:50 in 
PBS/BSA for 30 minutes at room temperature. After three 5 minute washes with PBS slides 
were developed with diaminobenzidin (DAB) and counterstained with hematoxylin, dehy-
drated in increasing ethanol dilutions and cover slipped. Appropriate negative and positive 
controls were used throughout.

Results

Generation and analysis of R26 Notch ES cells

In order to examine the role of Notch in tumorigenesis we designed a gene targeting ap-
proach making use of the ROSA26 allele, a ubiquitously expressed locus suitable for gene 
insertion via homologous recombination [60, 61, 63]. We designed a strategy in which Cre-
mediated recombination is used to enable tissue-specific transgene activation and tetracy-
cline may be used to regulate gene expression levels in such tissues (Figure 1). To enable 
the tracing of Notch1 expressing cells in vivo we fused a modified monomeric YFP variant, 
Citrine, to the C-terminus of Notch1. Thus, cells that express Notch1 may be visualized by 
YFP fluorescence in vivo or on tissue sections. To achieve ligand independent Notch1 signal-
ing, similar to T-ALL leukemic cells with Notch gain-of-function mutations, we introduced a 
common oncogenic mutation L1594P in our Notch1 protein. The construct harbors a floxed 
pGK-Neo cassette that has a dual function for selecting recombinants in ES cells as well as 
functioning as a Stopper cassette in vivo to block transcription of Notch1 in tissues that do 
not express Cre. Upon Cre expression the pGK-Neo cassette is deleted allowing transcrip-
tion from the minimal promoter with Tetracycline Operator (TetO) sequences. Transcription 
is controlled by expression of the tetracycline TransActivator protein (tTA) from the same 
locus, which binds to the operator sequences. Doxycycline disrupts tTA binding to the TetO 
sequences thereby blocking transcription of Notch LNR L1594P Citrine gene (Figure 1).

After transfection in ES cells and selection with G418 we obtained a large number of resis-
tant colonies that were expanded and analyzed for the expected modification by Southern 
Blot analysis. As seen in figure 2, in wild type ES cells, upon EcoRI digestion and hybridiza-
tion with a 5 primed probe located just outside the targeting construct (Figure 2A) a single 
15.5kb band was observed, whereas cells carrying the targeted insertion of Notch1 into the 
ROSA26 locus showed an additional band at the expected height of 6.5kb (Figure 2B). Ad-
ditional analysis of an internal and 3 primed probe confirmed the correct integration of the 
transgene. Karyotyping was performed (not shown) and ES cell clones containing 40 normal 
looking chromosomes were selected for further analysis. We conclude the selected clones 
contained a single targeted integration of Notch1-YFP transgene at the ROSA26 locus.
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To determine if the transgene works properly we transfected our ES cell clones with Cre re-
combinase and with and without doxycycline to regulate transcription. Using fluorescence 
microscopy analysis we examined Notch expression by detection of the fluorescent YFP/
Citrine tag in the ES cells. Transfection of Cre recombinase in these clones induced the ex-
pression of Notch1-Citrine allele in a doxycycline-dependent manner. Cells transfected with 
Cre but cultured in the presence of doxycycline did not display YFP fluorescence, whereas 
the same cells cultured without doxycycline showed clear staining (Figure 2C) As expect-
ed, cells not transfected with Cre recombinase did not express Notch-Citrine. Immunob-
lot analysis using Notch1 antibodies on lysates from these ES cells confirmed the Cre and 
dox regulated Notch1 expression (Figure 2D). Importantly, the Notch1 receptor seems to 
be furin-processed as indicated by the TMIC fragment running at the predicted molecular 
weight of 95 kDa. Immunoblot  analysis confirmed that the oncogenic mutation (L1594P) 
introduced here produces a gain-of-function allele that acts similar to  that in human T-ALL 
cells, since it is cleaved at the same position as detected by anti-activated Notch1 Val1744-
antibody (Figure 2D). To determine whether the Val1744-cleaved Notch1-Citrine L1594P 
was also transcriptionally active in a dox-dependent manner we transfected ES cells with a 
construct containing Firefly luciferase under the control of 12 x CSL–Notch responsive ele-
ments (12xCSL-Fluc). We observed that Cre transfection induced transcriptional activity in 
a dox-dependent manner (Figure 2E). Moreover, transcriptional activity was blocked by cul-
turing in the presence of GSI, indicating γ-secretase activity was required for Notch-Citrine 
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Figure1: ROSA26 transgene locus
Schematic overview of the transgene located in the ROSA26 locus. A) Upon Cre-expression the two LoxP sites surround-
ing the pGK-Neo-4xpA cassette, functioning as a transcription block, will be recombined into a single LoxP site, thereby 
deleting the pGK-Neo cassette allowing transcription of the downstream gene. B) The native ROSA26 promoter drives ex-
pression of the tetracycline transactivator (tTA) protein that induces transcription of LNR L1594P Citrine by binding to the 
minimal promoter with Tetracycline Operator (TetO) sequences. Doxycycline (hexagons) binds to tTA (white bars) leading 
to a conformational change disabling binding to the TetO and blocks transcription. Only in the absence of doxycycline tTA 
can bind to TetO elements driving minimal CMV promoter and initiate transcription leading to Notch LNR L1594 Citrine 
expression. 
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activity. Cells not transfected with Cre recombinase expression did not show any reporter 
activity as expected. 

Altogether these results indicate that the introduced Notch1 modification acts as condition-
ally active Notch1 mutant that may be used in vivo to achieve tissue-specific and tetracycline 
controlled gene expression. 

In vivo analysis of the transgene

To obtain mice we selected four ES cell clones for blastocyst injection. Blastocyst injection 
resulted in the generation of four male founders of which two transmitted the transgene 
through the germline. Southern Blot analysis identified offspring carrying the transgene 
which was confirmed by PCR genotyping (Figure 3).

To analyze the functionality of the allele in vivo we conducted several experiments. We 
chose to use a fast and efficient way of Cre-induced recombination by viral delivery of Cre 
recombinase [64], that when injected into the tail vein will recombine the genome in several 
organs, primarily the liver [64]. Six-week old mice were simultaneously injected intrave-
nously (109 p.f.u.), intraperitoneally (107 p.f.u.) and subcutaneously (107 p.f.u.) with either 
Cre-recombinase adenovirus or dsRed adenovirus as a control. After 5 days the mice were 
sacrificed and tissues were isolated for analysis of recombination at the DNA level, and ex-
pression at the mRNA and protein level. 

Unfortunately, we could not conclusively detect any recombination at the DNA level that 
resulted in mRNA or protein expression (not shown). Moreover, the expression of dsRed 
protein was not detected, indicating that cells in the tissues tested were not infected by ad-
enovirus. Possibly, the adenovirus used was unable to reach tissues in vivo due to unknown 
reasons, and we therefore sought other methods for validation of the transgene in vivo. 
Instead of systemic virus delivery, we treated mice locally by administration of virus in the 
caudal part of the colon via intrarectal injections [65]. First, mice were starved for 24 hours 
after which they received two successive enemas before adenovirus (1.66 x 108 p.f.u.) was 
introduced. Five days after virus administration mice were sacrificed and colon and other 
tissues were isolated. In colon or rectum samples we could not detect any recombination of 
the transgene at the DNA level, or detect mRNA and protein expression. Neither could we 

A      B      C     D
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Wildtype PCR

Mutant PCR
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Figure 3: In vivo transgene DNA analysis
Southern Blot showing EcoRI digested genomic DNA of mice 
that are agouti offspring from Chimaera x C57Bl6 and heterozy-
gous for the Notch1 Citrine transgene as detected with the R26 
5’ probe. Genotype PCR confirms the integration of the Notch1 
Citrine transgene in the genome as depicted by the detection of 
mutant PCR products. 
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detect dsRed mRNA or protein expression (not shown). Altogether, our results demonstrate 
that adenovirus failed to infect tissue cells in vivo using our approach. Therefore we were 
not able to test the functionality of the transgene in vivo.

During the course of our in vivo analysis we encountered some unexpected problems. First 
of all, although the percentages of offspring carrying the knock-in allele were fairly normal 
(43.8%), they were a lot smaller that their wildtype littermates. The weight of heterozygotic 
transgenic mice was on average half of that of their wildtype littermates at the age of 3,5 
weeks. Some transgenic mice showed to differ even 70% in weight compared to their wild 
type littermates. Although this diminished with age, still a 20% variation in weight was ob-
served after 8 weeks. Next to that, transgenic animals displayed skin lesions from the age of 
5 weeks onwards and developed itches resulting in scratching wounds, while wild type mice 
did not show such a phenotype. This phenotype remains obscure since we were not able to 
determine the cause of the displayed features.

Discussion

Deregulation of the Notch signaling pathway can result in constitutive activation and lead 
to cancer. Existing mouse models addressing the role of Notch in tumorigenesis utilize non-
physiological constitutively active Notch1 variants driven by exogenous promoters, hardly 
mimicking actual cancer as found in the human situation. Since there is a need for better 
mouse models we generated a knock-in model expressing a cleavage-dependent cancer-
associated Notch1 mutant protein which can be regulated in a tissue-specific and temporal 
manner. Here we have described the generation and initial analysis of this mouse model. 
Our data indicate the transgene works properly in vitro, whereas the functionality of the al-
lele in vivo could not yet be determined. 

We tried to address the functionality of the Notch1 knock-in allele in vivo. We therefore 
administered mice intravenously with Cre-recombinase adenovirus that should recombine 
cells in various tissues throughout the mouse body, primarily the liver [64]. Although we have 
ample experience in administering Cre-adenoviruses intravenously, we could not establish 
successful Cre-mediated recombination in our mouse model. We encountered problems 
with administration of adenovirus via the tail vein, and although intraperitoneal, subcutane-
ous, and intrarectal injections went well, no recombination or expression of the transgene 
was detected in any tissue tested. Moreover, assessment of control virus infection by exam-
ining dsRed protein did not reveal any expression at mRNA or protein level. Together with 
our PCR analysis of Cre-virus injected mice, this indicated that adenoviral infection of tissue 
and subsequent Cre-mediated recombination occurred very inefficient, if at all. Therefore, 
we conclude that in our approach adenoviral administration, either systemically or locally, 
did not result in infection of tissue cells in vivo. This could be due to either i) the dose of the 
adenovirus used, ii) the combined 129/sv-C57Bl/6J mouse strain is less susceptible for ad-
enoviruses, or iii) virus was efficiently cleared from the mouse body before actual infection 
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of target cells could occur. 

Notably, all transgenic mice developed itches and scratching wounds, whereas the wild type 
mice did not exhibit such a phenotype. This cannot be due to loss of the ROSA26 allele, 
since even homozygous ROSA26 deletion mutants are still viable and fertile displaying no 
phenotype at all [63]. Pathological examination of the mice showed inflammation primar-
ily in the skin, but also some in the kidney. On top of that,  extramedullary hematopoiesis 
was observed in the spleen which could point to disease processes. In order to determine 
whether this is caused by Notch1 activation we tried to address whether the transgene 
‘leaks’, possibly resulting in expression of Notch despite a lack of recombination. Our in vitro 
data showed that targeted ES cells did not display an overt activation of Notch in transcrip-
tional assays in the absence of Cre-recombinase (Figure 2D). Additionally, FACS analysis of a 
spleen of a single heterozygous mouse revealed no Notch-Citrine expression at all, indicat-
ing no leakage of the transgene in vivo in this tissue (not shown). Neither did we find aber-
rant numbers of T- or B-cells pointing to leukemia, a cancer often caused by Notch gain-of-
function mutants [13]. Overall, the displayed phenotype remains obscure, especially since 
the founders do not display any phenotype at all. A possible explanation of the phenotype 
observed, could be that the integration of the Knock-in gene caused additional mutations 
into the genome surrounding the site of integration. More experiments are needed to solve 
this problem.

In conclusion, we have generated a Notch1 knock-in mouse model for use in future cancer 
therapeutic studies. Our in vitro ES cell assays demonstrate a properly working knock-in 
allele, showing doxycycline-dependent Notch1 expression upon Cre recombination. The ini-
tial analysis performed in vivo was inconclusive due to unknown reasons. Ultimately, after 
thorough in vivo analysis, this model may be used in therapeutic studies that intervene with 
Notch processing and ascertain its effect on cancer formation.
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At first glance the Notch signaling pathway does not look that complicated: a cell-surface 
receptor gets activated by ligand binding and signals to the nucleus to start transcription. 
However, by closely examining the regulatory mechanisms involved in the activation of 
Notch, it is far more complex than  first imagined. Receptor activation involves the concert-
ed action of various proteases cleaving the Notch protein at multiple levels. Such processes 
could get out of balance, leading to deregulation of the pathway, triggering cancer initiation 
and/or progression [1, 2]. Therefore it is of key importance to understand the regulatory 
mechanisms involved in Notch activation. This will not only lead to a better understanding, 
but ultimately to the development of therapeutic intervention strategies that target Notch 
activation and its response in cancer progression and tumor survival. In this thesis we have 
discussed several aspects of Notch signaling, from the regulation of activation mechanisms 
as well as on its role in cancer. 

Proteolysis of Notch: The Rise and Fall

Chapter 1 reviews the three cleavages that control Notch activity in several organisms. Al-
though small species-specific differences exist, the principle of pathway activation is similar 
in all organisms. The signaling pathway consists of ligands (Delta/Jagged) that are expressed 
on neighboring signal-sending cells that will bind to cell-surface Notch receptors on signal-
receiving cells. In mammals, during maturation and transport of the receptor, the major-
ity of Notch undergoes a furin S1 cleavage resulting in a heterodimeric receptor [3, 4]. In 
flies, receptors that bind ligand undergo a series of cleavages irrespective of S1 processing, 
whereas mammals are highly dependent on furin-S1 cleavage for membrane expression and 
signaling capacity. However, deleting the S1 cleavage loop still permits cell surface expres-
sion of Notch molecules, although at several-fold lower levels [5]. In S1 cleavage loop dele-
tion mutants harboring gain-of-function mutations, allowing ligand-independent activation, 
Notch receptors were capable of signaling, albeit to a lesser extent [5]. The fact that overall 
surface expression of these mutants was lower, may explain the decreased activity observed 
in these gain-of-function mutants. However, although Notch activation can also occur in the 
absence of S1 cleavage [6], the most commonly found form of Notch on the cell surface in 
most organisms is the heterodimeric version. Perhaps certain stages of development make 
use of unprocessed Notch1 receptors to signal via the non-canonical CSL-independent path-
way, which could be of importance. However, additional research is needed to address this 
hypothetical activity of the Notch signaling pathway. 

Cell surface bound Notch receptors are activated upon ligand binding that leads to a series 
of consecutive cleavages; first the S2 cleavage that removes the majority of the Notch extra-
cellular domain, and subsequently the S3 cleavage releasing the Notch intracellular domain 
(NICD). Ligand binding induces a conformational change resulting in the exposure of the S2 
site allowing the subsequent S2 cleavage to occur. This cleavage event appears to be neces-
sary for Notch activation in all organisms and is mediated by the A Disintegrin And Metal-
loprotease (ADAM) family members. In Chapter 2 we elaborate on the Notch S2 cleavage 
by the identification of ADAM10 as the main protease involved in ligand-dependent Notch1 
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activation. Initial studies pointed to a role for ADAM17 to mediate the S2 cleavage [7, 8]. 
However, ADAM17 deficient mice do not show a Notch phenotype [9]. Moreover, flies and 
worms utilize ADAM10 for S2 cleavage [10-13], and in support of that, mice lacking ADAM10 
phenocopy a Notch phenotype [14]. Using a novel epitope-specific antibody recognizing the 
newly exposed N-terminus of S2 cleaved Notch1 we demonstrated that upon ligand activa-
tion, endogenous Notch1 receptors are cleaved at Val1711. We determined that in addition 
to wild type receptors Notch molecules carrying cancer-prone T-cell acute lymphoblastic 
leukemia (T-ALL) mutations are also cleaved at Val1711. Genetic experiments revealed that 
endogenous ligand-dependent Notch1 signalling in cells requires ADAM10, but not ADAM9, 
12, 15, or 17. The requirement of ADAM10 could perhaps be due to a privileged cellular 
location where ADAM10 concentration is optimal. 

Interestingly, a recent study by Gibb et al. using a conditional mouse model ectopically 
expressing ADAM10, proposed that gradient-dependent Notch S2 cleavage leads to small 
disparities in differentiation [15]. Normally in haematopoiesis, ligand stimulated Notch un-
dergoes both S2 and S3 cleavage, which results in T-cell differentiation. In the absence of 
ADAM10, Notch is not processed and cells are stimulated to B-cell differentiation. Overex-
pression of ADAM10 however, induces increased ligand-independent S2 cleavage, as previ-
ously reported [16]. The S2 cleaved Notch accumulates and in the absence of S3 cleavage 
promotes myelopoiesis and delayed T-cell differentiation [15]. This represents a certain 
gradient of Notch signalling in hematopoiesis, where high Notch induces T-cells, mediate 
Notch signalling lymphoid cells, and no Notch activity induces B-cells [15]. Whether ligand-
independent ADAM10 mediated S2 cleavage occurs at the classical S2 site remains to be 
established. 

In the absence of ADAM10, some residual Notch1 S2 cleavage is observed which could be 
attributed to the closely related ADAM17. However, it is not very likely that this is the only 
redundant protease, since double knockdown of ADAM10/ADAM17 still displayed ligand-
dependent Notch activity in reporter assays [17]. Moreover, there are strong indications of 
tissue-specific Notch activation by the matrix metalloproteinase 7 (MMP7) in pancreas [18]. 

Whereas wild type receptors show an almost full dependency on ADAM10 cleavage, our 
studies indicate that ligand-independent Notch1 proteins no longer depend on a single en-
zyme. This was also observed by Bozkulak et al. showing cancer-associated mutant recep-
tors solely rely on ADAM17 for ligand-independent cleavage, whereas ligand-dependent 
stimulation of these T-ALL mutated Notch does still require ADAM10 [17]. Notch1 receptors 
harbouring a mutated S2 cleavage site act as ligand-independent gain-of-function mutants 
and were cleaved at an unknown residue instead [19]. Therefore, differential requirements 
of ADAM10 and ADAM17 in in vitro cleavage of purified polypeptides, and in in vivo cleavage 
of wild type and mutant Notch1 receptors may reflect the important relationship between 
the structural conformation of substrates and their proteases [20]. The identity of proteases 
that access mutant Notch1 molecules are of interest, since inhibition of these would specifi-
cally block Notch activation in cancer.

In this respect it is worth noting that ligand-independent cleavage of wild type Notch1 can be 
induced by overexpression of ADAM17 and ADAM10 in Drosophila [16]. Upon knock-down 
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of both ADAM10 and ADAM17, T-ALL-associated mutant Notch receptors still display cleav-
age at Val1711 (unpublished data GvT), and are able to induce transcription [17]. Moreover, 
in the presence of Zn2+ chelators that inhibit metalloproteases, cleavage of T-ALL mutant 
Notch receptors still occurs, although at unknown residues. This indicates that activation of 
Notch relies on the concerted action of multiple proteases, some of which are independent 
of Zn2+ ions. Series of broad-spectrum inhibitors blocking activity of serine, cysteine, and 
aspartyl proteases did not hint to a possible involvement of either of these classes acting 
in Notch processing. The additional ADAM10/17 independent Notch-processing activity is 
most likely to be found among the membrane-bound protease families.

Surface biotinylation and immunostaining with αVal1711 antibodies demonstrated S2 cleav-
age occurred at the cell surface. However, we also noted internalization of some S2-cleaved 
fragments into cytoplasmic vesicles. This could either be full-length Notch receptors that 
are processed intracellularly, or cell surface S2-cleaved receptors that are internalized for 
further processing. Possibly, endocytosed Notch molecules are cleaved at Val1711 by dif-
ferent proteases than those at the cell surface, explaining in part the dependence of T-ALL 
mutated Notch on ADAM17 and ADAM10. Activation of Notch has been demonstrated in 
vesicles. Notch can be activated by ligand which it encounters in multivesicular bodies, or 
Sara-endosomes in Drosophila [21]. Alternatively, ligand-independent activation may occur 
due to more acidic pH environments that allow spontaneous unfolding of the NRR, and thus 
subsequent activation by proteases, such as ADAM10 and/or γ-secretase [22, 23]. In sup-
port of this, the majority of subsequent S3 processing is demonstrated to occur in vesicles 
[24]. 

Following S2 cleavage, the truncated Notch molecules become an efficient substrate for 
γ-secretase. The γ-secretase complex is a complex of 4 transmembrane proteins consisting 
of Aph-1, PEN-2, Nicastrin (Nct), and Presenilin (PS) of which PS is the catalytic compo-
nent. PS is an aspartyl protease that cleaves Notch intramembranously at Site-3 (S3), which 
liberates the Notch intracellular domain that enters the nucleus and subsequently starts 
transcription of its target genes. The presenilin-dependent γ-secretase/S3 cleavage lead-
ing to the release of NICD seems to be unique; no other protease is capable of fully taking 
over Notch activation in the absence of presenilins. However, some Notch transcriptional 
activation is observed in the absence of both mammalian isoforms of presenilin, PS1 and 
PS2 [25, 26]. This could be similar to Notch signaling in the absence of furin processing. 
However, this cleavage-independent Notch activation remains elusive and further research 
needs to be done to clarify its contribution to developmental processes. The final S3 cleav-
age releases NICD which translocates to the nucleus where it binds the transcription fac-
tor CSL and participates in a co-activator complex starting transcription of its target genes 
[27]. The S3 cleavage is well defined, and although initially it was thought to only occur at 
the cell surface at site Val1744, recent studies have demonstrated that the majority of the 
cleavage takes place in intracellular vesicles resulting in NICD-S1747 instead of NICD-V1744 
[24]. It is tempting to speculate that the alternative S2 cleavage described above, may some-
how influence the γ-secretase/S3 cleavage position and thus NICD stability and activity [24, 
28]. Since there is no strict correlation between Val1711 and Val1744 cleavage, this is a 
likely hypothesis. Next to the S3 cleavage, an additional cleavage occurs in the transmem-
brane domain, the S4 cleavage [28]. In Alzheimer’s disease, incorrect S4 or γ-cleavage of 
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the Amyloid-β Precursor Protein (APP), a γ-secretase substrate, can cause amyloid plaques 
in the brain causing the disease. No function has been attributed to the Notch S4 cleavage; 
it is mainly thought to remove residual Notch fragments stuck within the transmembrane. 
The composition of the γ-secretase complex coordinating the S3 cleavage is less well under-
stood. Although the complex is thought to consist of at least four components, recently a 
γ-secretase complex consisting of only three components, lacking Nicastrin, was shown to 
be active albeit to a lesser extent [29]. To date no observation has been described identify-
ing this minimal γ-secretase activity in vivo. Perhaps different γ-secretase complexes act in 
separate subcellular locations cleaving Notch at various positions, thereby creating a large 
diversity of short- and long-lasting Notch signals during several stages of development. The 
variety in protease cleavages in Notch probably represents an additional level of regulation 
reflecting temporal and tissue-specific needs. For instance, the Aph-1b variant is primar-
ily incorporated in the γ-secretase complex expressed in the brain [30]. Systemic use of 
γ-secretase inhibitors in the treatment of Notch-associated disease or Alzheimer’s disease 
causes severe side-effects (see below). The Aph-1b specific expression may be advanta-
geous in the treatment of Alzheimer’s disease, by specifically inhibiting the Aph-1b subunit, 
and thus the γ-secretase in the brain. This allows inhibition of APP processing, but does not 
affect Notch cleavage outside the brain. 

In Chapter 3, we continued addressing Notch cleavage, but instead of activation we concen-
trated on proteases that inactivate Notch. In immune responses, cytotoxic T-cells or natural 
killer cells release Granzyme serine proteases and perforin, allowing Granzymes to enter 
the cell triggering apoptosis by activating caspases [31]. Previously, Loeb et al. screened for 
novel GrB substrates, and showed that Notch1 is a caspase-independent GrB substrate [32]. 
We investigated the cleavage mechanism of Notch1 by GrB in more detail and confirmed 
Notch1 to be a caspase-independent GrB substrate. Interestingly, Notch receptors are GrB 
substrates irrespective of their activation status. GrB cleavage results in Notch inactivation, 
attenuating signalling at all subcellular locations. This occurs either directly, by cleaving the 
Notch effector NICD resulting in inactivation of transcriptional activity, or indirectly, by cleav-
age of precursor and membrane-bound forms of the receptor. The latter results in a lower 
amount of intact Notch full-length molecules at the cell surface decreasing signaling capac-
ity indirectly. Concordantly, the identification of the cleavage sites in Notch1 targeted by GrB 
confirmed that cleavage leads to the inactivation of Notch activity. 

Mutation analysis revealed two major cleavage sites D1860 and D1961 that resulted in a 
55kDa and 45kDa fragments, respectively. An additional cleavage site at D1823, more proxi-
mal to the plasma membrane, was identified by mutation of D1860. However, this cleavage 
was not as efficient as those at D1860 and D1961, and could only be detected in D1860A 
mutants. Cleavage of the receptor at these two major sites resulted in a loss of the RAM 
and part of the ankyrin repeat domain essential for interaction with the transcriptional 
co-activator complex [33, 34] and target gene transcription. Thus, GrB cleavage effectively 
blocks Notch transcriptional activation. Next to GrB, a different unknown protease has been 
reported to be capable of cleaving Notch in the intracellular domain [35]. This cleavage 
occurs independent of γ-secretase or caspases, but the protease is sensitive for cysteine 
protease inhibitor E-64, which attenuates cleavage in the NICD but increases S2 cleavage. In 
our studies we did not observe an effect of E-64 treatment on Notch1 cleavage (unpublished 
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results GvT).

Interestingly, GrB can also induce cleavage of the Notch extracellular domain (NECD) from 
the cell surface independent of perforin. Since the NECD of Notch does not harbor GrB 
cleavage consensus sites we hypothesized that the cleavage could be indirect. Using N-ter-
minal tags we determined GrB does not cleave NECD during maturation of the receptor, 
indicating cleavage is indirect. Apparently, NECD is cleaved by another protease activated 
by GrB. Extracellular GrB levels have been described in plasma of healthy individuals and 
are elevated in several diseases [36]. GrB is involved in the remodeling of the extracellular 
matrix (ECM) [37], but can also act on extracellular substrates in the clotting cascade such as 
plasmin and plasminogen [38]. Since both plasmin and plasminogen are serine proteases, 
possibly one of those may be activated by GrB in order to cleave Notch in its extracellular 
domain. GrB induced NECD cleavage does not result in activation indicating that proteoly-
sis probably takes place between the N-terminal end and the NRR domain, as removal of 
this latter domain leads to activation of Notch [39]. Perhaps extracellular cleavage of Notch 
NECD by GrB is yet another way of shutting down Notch receptor signaling through removal 
of the ligand binding domain, leaving the receptor inactive at the cell surface. Recently, oth-
ers have reported on secretion of GrB into the extracellular milieu cleaving substrates in a 
perforin-independent manner [36, 40, 41].

In lymphopoiesis, Notch is very important during T-cell selection and maturation processes 
[42]. The cleavage of Notch1 receptors by GrB could have a function during T-cell homeo-
stasis, in particular of Th2 cells since they depend on Notch1 activation for their prolifera-
tion [43]. Moreover, GrB induced cell death in Th2 cells is caspase-independent [44]. This 
suggests that GrB could trigger cell death by cleaving and thus downregulating Notch1 sig-
nalling, resulting in a block of proliferation and induction of apoptosis. This would ensure 
proper control over Th2 lymphocyte numbers and activity after executing their function in 
the immune response. Our finding that GrB cleavage inactivates Notch receptor signaling at 
many levels provides a mechanism of modulating Notch activity during T-cell homeostasis. 
Similar mechanisms may be operative during tumor progression whereby effector T-cells 
promote apoptosis of tumor cells during immune-surveillance by cleavage Notch1 receptors 
on tumor cells. In vivo experiments are needed to address this possibility.

Altogether, the first part of this thesis shows that regulation of Notch activity is governed 
by multiple cleavages at diverse levels. Cleavage is important for the formation of a mature 
cell-surface bound receptor, other cleavages in response to ligand binding are required to 
activate Notch. On the other hand, cleavages can also direct Notch inactivation and degra-
dation. Thus proteolysis dictates both the ‘rise and fall’ of Notch signaling. 

The oncogene Notch1: Implications of inhibition

In Chapter 4 and 5 we discuss the role of Notch as an oncogene. The best example of onco-
genic function of Notch can be found in hematopoietic cancers, where mutations in Notch1 
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are causative of T-ALL [2]. Next to leukemia, deregulated Notch receptors, ligands, and target 
genes are frequently observed in various other cancers [1]. Notch may therefore be an inter-
esting target for therapeutic intervention, and several methods have been described inter-
vening with Notch activation such as γ-secretase inhibitors (GSIs) [45-47], inhibitory block-
ing antibodies [48-50], and substrate-mimicking peptides [51]. However, side-effects and 
acquired resistance have been reported [52-55]. In Chapter 2 we examined the contribution 
of metalloproteases to Notch activation. Using broad-spectrum or specific metalloprotease 
inhibitors we were able to completely block cleavage at Val1711 but could not inhibit Notch 
processing at alternative sites, still displaying 50% transcriptional activity. Furthermore, in 
a study of Gibb et al. in vivo overexpressing ADAM10 in vivo in the hematopoietic system, 
γ-secretase inhibitors could inhibit T-cell differentiation, but not myelopoiesis. Thus GSI inhi-
bition of tumors that overexpress ADAM10, activating Notch independent of ligand, induces 
myeloproliferative disorders. However, when using the same ADAM10-specific metallopro-
tease inhibitor as we did, overall Notch activity could be inhibited resulting in both a loss of 
T-cell differentiation as well as loss of myelopoiesis [15]. This demonstrates that there may 
be tissue-specific responses to Notch inhibitors, and exemplifies that there is a need for ad-
ditional inhibitors specific for Notch to intervene with Notch-dependent cancer progression.

In T-lymphocytes aberrant Notch signaling due to mutations in the Notch gene itself or other 
pathway components, causes T-ALL [2]. As described above, Notch is highly dependent on 
γ-secretase processing and Notch activity can be efficiently inhibited by GSI. Notch inhibi-
tion results in a G2/M cell cycle block and apoptosis, which is desirable in the treatment of 
Notch dependent tumors. Unfortunately, many T-ALL cells are refractory to the inhibitory ef-
fects of GSI. This resistance to GSI is caused by additional mutations in pathways controlling 
cell growth and proliferation [53, 54]. This shows novel therapies need to be developed to 
overcome this GSI resistance. Therefore, we sought to determine which proteins and pro-
cesses are involved in GSI resistance mechanisms by comparing proteomes of GSI-sensitive 
(DND-41) and GSI-resistant (Jurkat) T-ALL cells. Such comparisons had already been done at 
mRNA levels, but not yet at the protein level, which also takes post-transcriptional processes 
such as protein translation, stability and activity into account. We found 127 protein spots 
to be differentially expressed between the two leukemic cell lines, and performed validation 
experiments on 22 differentially expressed proteins using Western and/or quantitative-PCR 
analysis. Although we did not find any of the proteins that were previously identified com-
paring mRNA expression after GSI inhibition, we did find similar proteins to be differentially 
expressed in either 2D-DIGE, Western or qPCR. Among those were the tRNA-synthetase 
family members, translational initiation and elongation factors, and mitochondrial mem-
brane translocases [56]. Unfortunately, of these proteins differential expression could not 
be confirmed using our validation assays. 

In our approach we also identified the signaling proteins phosphoinositide-3 kinase (PI3K) 
and the ζ-associated protein tyrosine kinase 70 (ZAP-70) to be differentially regulated. The 
PI3K pathway is important in cell proliferation and survival, and ZAP-70 is associated with 
T-cell receptor signaling directing several pathways. Interestingly, both pathways show in-
volvement of the JAK/STAT pathway. PI3K can be activated by the JAK/STAT kinase JAK2 [57, 
58], while ZAP-70 has been described to repress the JAK/STAT pathway in order to maintain 
cells in an undifferentiated state [59]. Next to PI3K and ZAP70, a downregulation of the ERM 
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protein Ezrin is observed in GSI-sensitive cells. Ezrin is known to signal via PI3K/Akt pathway 
[60, 61], by sequestering PI3K to the plasma membrane, and initiating pathway activity that 
promotes cell proliferation and survival. In addition, Ezrin is also required for the recruit-
ment of ZAP-70 to the T-cell receptor (TCR) upon signaling [62]. A reduction of Ezrin could 
thus result in less recruitment of ZAP70 and thus TCR signaling, resulting in relief of re-
pression of the JAK/STAT pathway, and increase of JAK2 activated PI3K. However, additional 
analysis demonstrated that the concomitant upregulation of the catalytic subunit p110α 
and PI3K activity could not be confirmed, indicating elevated expression of PI3K-p85 is not 
correlated with PI3K activity in GSI-sensitive cells, or the prediction based on the peptides 
identified in MS is incorrect suggesting the excised protein spot did not contain the PI3K p85 
subunit. Also, we observed an increase in ZAP-70 which is not supported by the reduction 
of Ezrin. Previously it has been reported that GSI-sensitive cells downregulate a T-cell co-
receptor associated with the ζ-chain [63], the binding partner of ZAP70. This together with 
the observation that activation of Notch1 in bone marrow cells upregulates ZAP-70 mRNA 
[64], argues against the upregulation seen in DND-41 upon Notch inhibition. 

Altogether, this shows that although several proteins identified seem to coalesce in signal-
ing pathways, neither of them could be related to GSI resistance/sensitivity. We did confirm 
a consistency with Ezrin in GSI-sensitive cells, indicating a possible role of Ezrin in PI3K/Akt 
signaling, which would be interesting to examine in more detail. 

Chapter 5 describes the design and initial characterization of a novel mouse model that 
may be used to address the role of Notch1 in tumorigenesis. As mentioned above, series of 
Notch inhibitors have been developed that may have therapeutic opportunities in vivo. At 
present, existing mouse models make use of non-physiological constitutively active Notch1 
variants, not representative of human cancer initiation and progression. There is a strong 
need for improved mouse models in order to examine the efficacy of such therapeutics for 
cancer treatment in vivo. Moreover, these models will be key to understand exact roles of 
Notch1 in tumorigenesis. Our novel knock-in mouse model utilizes an S2 cleavage-depen-
dent cancer-associated Notch1 mutant protein under the control of a binary Cre-lox TET-OFF 
system. Cre recombinase directs spatial tissue-specific expression whereas the doxycycline-
dependent promoter permits the temporal expression of the Notch transgene.

In vitro analysis of targeted ES cells shows the transgene integrated correctly into the ge-
nome, expression of Notch is only observed upon Cre-mediated recombination, and is doxy-
cycline-dependent shutting down transcription. This indicates the transgene works properly 
in vitro. We therefore continued to determine the functionality of the Notch1 knock-in allele 
in vivo, by administering mice Cre-recombinase adenovirus. When injected intravenously, 
this virus should recombine cells in various tissues very efficiently. Although primarily in the 
liver recombination should be observed, also other tissues such as heart, intestine, lung and 
pancreas should be infected with adenovirus [65]. However, from our in vivo analysis we 
could not conclude from any tissue that successful Cre-mediated recombination in the ge-
nomes of our mice had taken place. This was also reflected by the fact that we could not de-
tect any mRNA transcripts or protein expression in tissues. Moreover, together with the fact 
that our control mice did not display any expression of the control dsRed virus, this indicated 
that adenoviral infection of tissues, and in the case of Cre-adenovirus subsequent Cre-medi-
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ated recombination, occurred very inefficient or failed. In our analysis we had problems with 
the majority of intravenous injections of adenovirus via the tail vein. Although injections 
given intraperitoneally, subcutaneously, and intrarectally went well to our knowledge, none 
of the injected mice did show recombination or expression of the transgene in any tissue 
tested. Because of the lack of recombination and dsRed expression we therefore conclude 
that in our approach adenoviral administration, either systemically or locally, did not result 
in infection of tissue cells in vivo. 

Strikingly, we noticed that transgenic mice were smaller than their wildtype littermates, 
varying from 20% up to 70% variation in weight. Next to that, we observed that transgenic 
animals developed skin lesions from the age of 5 weeks onwards. These lesions occurred 
spontaneously, and additional scratching wounds developed upon itch. None of the wild 
type mice showed such a phenotype. The introduction of the transgene results in the loss of 
a single ROSA26 allele, but even homozygous ROSA26 deletion mutants are still viable and 
fertile displaying no phenotype at all [66]. Pathology reports showed, next to skin, inflam-
mation in other tissues such as kidney. On top of that, extramedullary hematopoiesis was 
observed in the spleen, which could be induced by disease. This made us think that the 
transgene somehow leaks, resulting in expression of the Notch transgene despite a lack of 
recombination. Yet, our in vitro data show targeted ES cells in the absence of Cre-recombi-
nase do not display any Notch activation in transcriptional assays. Additionally, FACS analy-
sis of a spleen of a single heterozygous mouse revealed no Notch-Citrine expression at all, 
indicating no leakage of the transgene in vivo either. Additional mutations causing such a 
phenotype could be introduced in close proximity of the site of integration of the Knock-in 
gene, and may therefore only be observed in transgenic animals. Yet, the chimaeric found-
ers do not display any phenotype at all. The phenotypic features could not be explained and 
remain elusive.

The ultimate goal of the Notch1 knock-in mouse would be to use it as a pre-clinical thera-
peutic model enabling us to test the efficacy of anti-cancer drugs. Moreover, it would be 
crucial to address the role of Notch 1 in tumorigenesis in a subset of cancers, and findings 
from studies described in Chapters 2 or 4, could be implemented in order to validate their 
significance in vivo. However, this model first needs to be tested thoroughly before it may be 
used in such therapeutic studies intervening with Notch processing and ascertain its effect 
on cancer formation.
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Het onderzoek beschreven in dit proefschrift is gericht naar de activatie mechanismen van 
Notch en de rol die het eiwit in kanker speelt. In het eerste deel (hoofdstukken 2, 3 en 4) 
beschrijven we de verschillende klievingen die noodzakelijk zijn voor de activatie van Notch. 
Daarnaast worden twee klievingseiwitten die Notch op verschillende plekken knippen in 
detail bestudeerd. In het tweede deel (hoofdstukken 5 en 6) beschrijven we de rol van Notch 
in kanker. In hoofdstuk 5 maken we gebruik van een methode om nieuwe eiwitten te vinden 
die betrokken zijn bij de resistentie tegen Notch remmende medicijnen in T-cel leukemie. 
Hoofdstuk 6 beschrijft de ontwikkeling van een pre-klinisch muismodel dat gebruikt kan 
worden om de effectiviteit van Notch remmende medicijnen te valideren alvorens deze in 
de mens kunnen worden toegepast. 

Klievingen van Notch1

De Notch signaleringsroute is een evolutionair geconserveerde route die belangrijk is in 
vele ontwikkelingsprocessen en weefselhuishouding van embryo’s en volwassenen. Notch 
eiwitten coördineren het normaal functioneren van weefsel door middel van ligand-recep-
tor interacties tussen naburige cellen. Gebrekkig functioneren van Notch signalering kan de 
oorzaak zijn van ernstige defecten gedurende ontwikkeling van een organisme maar kan ook 
resulteren in de vorming van kanker. 

Notch receptoren zijn relatief grote eiwitten gelokaliseerd in het celmembraan, en bestaan 
uit een extracellulair deel aan de buitenkant van de cel evenals een intracellulair domein dat 
zich aan de binnenzijde van de cel bevindt. De receptor komt voor in de meeste multicel-
lulaire organismen. Zo heeft de fruitvlieg een enkele Notch receptor, samen met twee typen 
liganden, Delta (Dl) en Serrate (Ser). In de worm zijn twee Notch receptoren aanwezig, LIN-
12 en GLP-1, en verschillende liganden (LAG-2/APX-1). Zoogdieren hebben vier Notch genen 
(Notch1-4) en vijf liganden: Jagged 1-2, Delta-like ((Dll)1,-3,-4). De liganden worden geza-
menlijk DSL liganden genoemd (Delta, Serrate, en LAG-2). 

De interactie tussen ligand en receptor wordt gereguleerd door het toevoegen van bepaalde 
suikergroepen aan het extracellulaire domein van de receptor. Notch heeft met deze sui-
kergroepen een grotere kans om aan Delta te binden in plaats van Jagged liganden. Binding 
van het ligand aan de Notch receptor zorgt er voor dat de receptor twee opeenvolgende 
klievingen ondergaat: eerst wordt het extracellulaire deel van de receptor er af gehaald. 
Vervolgens wordt de receptor in het membraan gekliefd, dat ervoor zorgt dat het intracel-
lulaire deel (NICD) loskomt van het membraan. Dit twee-staps activatie mechanisme wordt 
‘gereguleerde intramembrane eiwitklieving (RIP)’ genoemd en ligt ten grondslag aan zowel 
normale Notch signalering als abnormale signalering zoals gevonden in ziektes. De vrijgeko-
men NICD verplaatst zich vervolgens naar de celkern waar het bindt aan de transcriptiefac-
tor CSL om transcriptie van bepaalde genen te starten. In afwezigheid van ligand wordt 
de Notch receptor beschermd voor klieving door een heterodimerizatie domein dat zich 
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in het extracellulaire domein bevindt en de S2 site afschermt, waardoor Notch dus niet of 
nauwelijks geactiveerd kan worden. De Notch signaleringsroute is vaak abnormaal geregu-
leerd wat ervoor kan zorgen dat er kanker ontstaat. In humane acute T-cel leukemie zijn er 
verschillende mutaties in het NOTCH1 gen gevonden die oorzaak zijn van de bloedkanker. 
Een groot deel van de mutaties zijn gevonden in het heterodimerizatie domein, waardoor 
deze zijn beschermende functie verliest en de receptor continu geactiveerd kan worden in 
afwezigheid van ligand. Activatie van Notch in kanker is nog altijd afhankelijk van klievingen 
en om een goede therapie te ontwikkelen om kanker-gerelateerde Notch activatie te rem-
men is het noodzakelijk dit activeringsmechanisme te begrijpen. 

In hoofdstuk 2 van dit proefschrift beschrijven we wat er in de literatuur bekend is over de 
verschillende klievingen die betrokken zijn bij Notch signalering. Na translatie van het Notch 
eiwit gaat de receptor via verschillende celcomparimenten (endoplasmatisch reticulum en 
Golgi) naar het membraan, waar het zijn functie kan uitoefenen. In het Golgi systeem wordt 
de receptor gekliefd door een furine protease op Site-1 (S1), resulterend in een tweedelige 
receptor op het celmembraan, een zogeheten heterodimeer. Dit proces is niet in elk organ-
isme gelijk, zo is deze klieving niet noodzakelijk in de fruitvlieg voor het normaal function-
eren van Notch. In zoogdieren is het juist wel noodzakelijk dat het overgrote deel van de re-
ceptoren door furine wordt gekliefd om functioneel te zijn. Eenmaal aan het membraan kan 
de receptor een ligand van een andere naburige cel binden wat voor een verandering van 
vorm van de receptor zorgt. Deze verandering zorgt voor een serie klievingen die uiteindelijk 
tot de activatie van Notch leiden. Allereerst wordt Notch gekliefd op Site-2 (S2) door een 
eiwit uit de ADAM metalloprotease familie. Eerder werd gedacht dat de metalloprotease 
ADAM17 verantwoordelijk was voor de S2 klieving. Echter, experimenten met muismodel-
len waarin het ADAM17 gen verwijderd was lieten zien dat dit niet hetzelfde beeld (feno-
type), geeft als een muis die geen Notch1 gen meer heeft. Muizen die het ADAM10 gen mis-
sen lieten dit beeld wel zien. Dit duidt er op dat Notch niet geactiveerd wordt door ADAM17, 
maar wellicht door ADAM10. Verder laten onderzoeken met vliegen zien dat ADAM10 ve-
rantwoordelijk is voor de S2 klieving. Daarom hebben we in hoofdstuk 3 in ons onderzoek 
gekeken welke protease de hoofdrolspeler was van de S2 klieving in zoogdieren. We hebben 
gebruik gemaakt van genetische en biochemische methoden om te bewijzen dat ADAM10, 
en niet de voorheen beschreven ADAM17,een belangrijke rol speelt in ligand-geinduceerde 
S2 klieving in zoogdiercellen. 

Kanker-geassocieerde mutaties in het heterodimerizatie domein zorgen voor een dusdanige 
verandering in de vorm van de receptor dat ADAM metalloproteases Notch ook kunnen 
knippen in afwezigheid van ligand binding, in tegenstelling tot normale Notch receptoren. 
In andere studies laten ze zien dat deze mutanten van Notch zowel door ADAM10 als door 
ADAM17 geknipt kunnen worden. Genetische of farmacologische remming van metallopro-
teases kon niet voorkomen dat S2 klieving plaatsvond, wat aangeeft dat er, naast ADAM10 
en ADAM17, ook andere proteases aanwezig zijn die kunnen klieven op S2. De identiteit 
van deze eiwitten zal bepaald moeten worden om een compleet beeld te krijgen van de 
regulatie van het activeringsmechanisme van Notch in kanker, en om dit proces zonodig te 
kunnen remmen.

De S2 klieving resulteert in het verlies van het extracellulaire domein en induceert de vol-
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gende klieving die in het transmembraan domein plaatsvindt. Deze klieving wordt geme-
dieerd door het eiwitcomplex γ-secretase op Site-3 (S3). De γ-secretase gemedieerde laatste 
klieving resulteert in de vrijlating van het intracellulaire deel van de receptor (NICD), dat zich 
naar de celkern verplaatst waar het bindt aan de transcriptiefactor CSL en het de transcriptie 
start van bepaalde genen. Tot op heden is de γ-secretase het enige eiwitcomplex waarvan 
we weten dat het de S3 klieving van Notch kan uitvoeren. Experimenten laten zien dat de S3 
klieving niet alleen op het membraan van de cel, maar ook in interne compartimenten van 
de cel kan gebeuren. Dit verschil is waarschijnlijk nodig om de duur en kracht van het Notch 
signaal te reguleren.

Naast het feit dat proteases Notch kunnen activeren, zijn er ook proteases die de receptor 
inactiveren. Een voorbeeld hiervan is te vinden in het immuunsysteem en wordt beschreven 
in hoofdstuk 4. Het immuunsysteem bestaat uit gespecialiseerde effector cellen, onder an-
dere Natural Killer (NK) cellen, die zieke cellen herkennen en dood maken. Sommigen van 
de effector cellen maken gebruiken van een speciale serine protease, genaamd Granzym B 
(GrB). GrB wordt vanuit een NK cel in de zieke cel gebracht en kan daar eiwitten activeren 
die celdood veroorzaken, zogenoemde caspases. Naast de activatie van caspases kan GrB 
ook andere eiwitten knippen om zodoende de celdood te versnellen. Een voorbeeld van een 
dergelijk eiwit is de Notch1 receptor. In hoofdstuk 4 hebben we de klieving van Notch1 door 
GrB in detail bestudeerd. We laten zien dat deze klieving plaatsvindt in het intracellulaire 
gedeelte van de receptor. Om te weten te komen waar de receptor precies gekliefd wordt 
hebben we mutaties in het Notch1 eiwit aangebracht. Hiermee kunnen we laten zien dat 
GrB Notch1 klieft op twee verschillende plaatsen; namelijk na aminozuren 1860 en 1961. 
We laten zien dat Notch1 in alle verschillende delen van de cel door GrB wordt gekliefd; 
gedurende transport, op het membraan, maar ook het vrijgelaten NICD in de celkern. Het 
gevolg van de klieving is dat Notch1 zijn functionaliteit verliest en dus inactief wordt. Dit kan 
resulteren in een remming in celdeling wat de celdood zal versnellen.

Notch en kanker

Tijdens de ontwikkeling van bloedcellen is Notch1 signalering essentieel. Met name in het 
proces van T-cel specificatie speelt Notch een belangrijke rol, onder andere bij de celdeling 
en ontwikkeling van T-cellen. Mutaties die gevonden zijn in het NOTCH1 gen leiden tot acute 
T-cel leukemie. Wanneer actieve mutanten van Notch tot expressie worden gebracht in het 
beenmerg van muizen leidt dit tot acute T-cel leukemie. Om de rol van Notch in leukemie en 
andere soorten kanker te beperken, zijn er verschillende medicijnen die effectief Notch ac-
tivatie kunnen remmen, de zogeheten γ-secretase remmers (GSI). Een bijkomend probleem 
van deze therapie is dat sommige cellen resistent worden tegen zulke medicijnen. Tot op 
heden zijn er geen methoden gevonden die GSI resistentie kunnen behandelen. In hoofd-
stuk 5 zijn we op zoek gegaan naar eiwitten die betrokken zijn bij dit proces van resistentie 
tegen GSI’s. Hiervoor hebben we gebruik gemaakt van een grote eiwit screenings methode 
(2D-DIGE ) waarin we alle eiwitten vergelijken tussen een GSI-gevoelige en GSI-resistente 
T-cel leukemie cellijn. De eiwitten die verschillen laten zien in expressie, kunnen betrokken 
zijn bij de ontwikkeling van resistentie. In totaal hebben we 2911 eiwitten geanalyseerd 
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waarvan we een significant verschil zagen bij 127 eiwitten. Hiervan hebben we 59 eiwitten 
kunnen identificeren met eiwit identificatie methodes, zogeheten massaspectrometrie. Van 
deze groep eiwitten zijn er door middel van biochemische technieken zoals Western Blot en 
quantitatieve-PCR 22 geverifieerd. Uiteindelijk hebben we met behulp van deze methodes 
het eiwit Ezrin geïdentificeerd. De exacte rol die Ezrin speelt in resistentie is echter nog 
onduidelijk.  

Naast het feit dat Notch betrokken is bij acute T-cel leukemie, zijn er ook andere soorten 
kanker waarin Notch een belangrijke rol heeft. Om dit proces goed te kunnen onderzoeken 
is het noodzakelijk dit in een levend organisme te bestuderen. Helaas zijn er op dit mo-
ment geen goede Notch muismodellen om dit te onderzoeken. Huidige modellen maken 
gebruik van niet-natuurlijk voorkomende Notch varianten die continu tot expressie wor-
den gebracht en die nauwelijks de werkelijke situaties in de vorming van kanker kunnen 
nabootsen. Daarom zijn er betere muismodellen nodig waarin de expressie en activiteit 
van kanker-geassocieerde Notch1 mutante eiwitten beter gereguleerd kan worden. Om-
dat kanker altijd begint in één enkel orgaan is het daarom belangrijk om weefsel-specifiek 
de vorming van kanker te bestuderen. In hoofdstuk 6 beschrijven we de ontwikkeling van 
een nieuw muismodel waarbij we gebruik maken van een kanker gerelateerd Notch1 gen 
dat we in het DNA van de muis zetten, een zogenaamd knock-in gen. Dit extra gen wordt 
geactiveerd door middel van een specifiek enzym, Cre-recombinase, dat ervoor zorgt dat 
het kanker-geassocieerde Notch1 gen weefsel-specifiek tot expressie kan komen. Daarnaast 
bevat het knock-in gen bepaalde elementen in het DNA waardoor het mogelijk wordt het 
gen naar wens tot expressie te kunnen brengen middels een aan of uit mechanisme. Om 
dit model te ontwikkelen hebben we het gen ingebracht in zogenaamde stamcellen van een 
embryo (ES cellen), die bijdragen aan de ontwikkeling van een jonge muis. Experimenten 
laten zien dat de ES cellen het knock-in gen werkelijk bevatten en dat het functioneel is. Van 
deze cellen hebben we middels een standaard techniek een muis gegenereerd. Analyse van 
het DNA laat zien dat de muis het extra knock-in gen bevat. Uitgebreide analyses van het 
muismodel ontbreken nog en op dit moment wordt de muis gekarakteriseerd en zal blijken 
of het model bruikbaar is. Uiteindelijk zal dit nieuwe muismodel gebruikt kunnen worden 
voor therapeutische interventie studies om te kijken naar de effectiviteit van medicijnen die 
voorkomen dat Notch gekliefd wordt.

De resultaten beschreven in dit proefschrift laten belangrijke inzichten zien in de activerings-
mechanismen van Notch1. Deze zullen bijdragen aan de ontwikkeling van medicijnen om te 
voorkomen dat Notch actief wordt in kanker en bijdraagt aan tumorgroei. Deze en andere 
bevindingen kunnen direct getest worden in het nieuw ontwikkelde muismodel. Toekom-
stige experimenten zullen nodig zijn om eventuele nieuwe proteases betrokken bij Notch 
activatie te identificeren. Ook zal de rol van Ezrin in resistentie in meer detail bestudeerd 
moeten worden. Uiteindelijk zullen de in dit proefschrift beschreven resultaten samen met 
toekomstige studies bijdragen aan een beter begrip van Notch signalering en met name van 
de rol van Notch in kanker. 
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