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Abstract

Endocytosis and endosomal trafficking have emerged as important cell biological steps in the Notch
developmental signaling pathway. Ligand endocytosis helps generate the physical forces needed to
dissociate and activate the receptor, and activated receptors enter endosomes to signal productively.
Endosomal trafficking is also responsible for down-regulating Notch receptors that have not been
activated by ligand. Recent studies have provided new insights into these Notch trafficking steps,
and have uncovered additional endosomal mechanisms that contribute to asymmetric Notch
activation and ligand-independent Notch signaling.
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Introduction

The Notch signaling pathway, operating in concert with other signal transduction mechanisms,
controls a wide range of developmental processes in many animal tissues (reviewed in [1]).
One of the most striking features of Notch signaling is that the receptor undergoes
intramembrane proteolysis to release a soluble fragment that participates directly in nuclear
gene regulation. Receptor proteolysis is generally triggered by ligand binding and it involves
a series of proteolytic cleavages in the vicinity of the Notch transmembrane domain (reviewed
in [2,3]). In spite of the apparent simplicity of this mechanism, it has become increasingly clear
that a variety of post-translational events, including glycosylation, ubiquitination, and
endocytic trafficking, regulate the activities of both the Notch receptor and its ligands. The
core features of Notch signaling and regulatory modifications have been covered in several
excellent recent reviews [4-7]. In this brief article, we instead concentrate on recent
developments and emerging ideas in one area of the pathway — endocytosis and endosomal
trafficking of Notch and its ligands —focusing particularly on insights from research in
Drosophila.
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Notch receptor and ligand endocytosis: new insights from structural studies

The importance of endocytosis for Notch signaling was first appreciated through genetic
studies which revealed that blocking dynamin-dependent internalization interfered with Notch
signaling in Drosophila [8,9]. These studies pointed to roles for endocytosis in both the signal-
sending and signal-receiving cells, suggesting that internalization of both ligand and receptor
regulates pathway activation. Structural studies have now provided a glimpse into the
biochemical details of how endocytic forces could promote Notch activation. Most Notch
receptors at the cell surface are heterodimeric, single-pass transmembrane molecules in which
the large extracellular domain (or ectodomain) is non-covalently attached to a membrane-
embedded C-terminal transmembrane/intracellular fragment (CTF); the heterodimer is
generated in the secretory pathway by a cleavage called S1. The first ligand-induced cleavage,
which is termed S2 and is performed by members of the ADAM/TACE family of
metalloproteases, occurs at a site in the short extracellular stub of the CTF [9-11]. High-
resolution crystal structures have now revealed that this site is deeply embedded within the
Notch heterodimer prior to ligand stimulation, and hence protected from metalloprotease
cleavage [12]. Ligand binding triggers conformational changes that lift the Notch ectodomain
away from the membrane-anchored CTF and provide access to the ADAM/TACE cleavage
site. Where do the physical forces for these critical conformational changes originate? In an
unusual application of atomic force microscopy to Notch signaling in cell culture, Ahimou and
colleagues [13] demonstrated that the binding of Notch to its ligand Delta is remarkably strong,
consistent with the idea that internalization of either ligand or receptor could pull the ligand-
bound Notch ectodomain away from the CTF. In this model, the dynamic membrane
invaginations that take place during endocytosis are utilized to generate the forces that
dissociate the Notch heterodimer and induce its proteolytic activation [9].

Initial studies of endocytosis in Notch signaling focused on the role of ligand internalization
in the signal-sending cell. Blocking dynamin-dependent endocytosis interferes with the ability
of ligand-presenting cells to signal [8], and a specialized endocytic pathway involving the epsin
Liquid facets and the E3 ubiquitin ligases Neuralized and Mind bomb is required for ligand
signaling [14-16]. Endocytosis of ligand within the signal-sending cell could potentiate
signaling by contributing to the physical forces needed to separate the Notch heterodimer.
Indeed, a recent study in mammalian cell culture indicates that endocytosis of Notch-bound
ligand leads to the non-enzymatic dissociation of Notch heterodimers, rendering them
susceptible to S2 cleavage and activation [17]. In addition, endocytosis followed by subsequent
recycling to the plasma membrane might serve to spatially concentrate ligand molecules in a
specialized membrane environment that promotes receptor activation. These events might also
be associated with post-translational modifications of ligands in endosomal compartments that
increase ligand signaling potency. For example, monoubiquitination of the intracellular domain
of the ligand Delta is associated with increased signaling [16], although the biochemical basis
for this effect remains to be elucidated.

Notch signaling and its attenuation in endocytic compartments

Recent work has highlighted an important role for endocytosis of not only Notch ligands but
also the Notch receptor itself in productive signaling. Notch is continuously internalized into
early endosomes and subsequently sorted to other endocytic compartments, including recycling
endosomes, multivesicular bodies/late endosomes, and lysosomes. These trafficking steps have
complex effects on Notch signaling, both promoting signaling from ligand-induced Notch
while preventing inappropriate signaling from the pool of Notch that has not been activated by
ligand. A systematic analysis of mutations inactivating endocytic regulators has allowed a
general paradigm to emerge. Factors that promote cargo internalization from the cell surface
and entry into early endosomes (for instance, Dynamin and Rab5) are needed for productive
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ligand-dependent Notch signaling [18,19]. In contrast, mutations in ESCRT components,
which sort ubiquitinated proteins from early endosomes into multivesicular bodies, prevent
Notch degradation and exhibit elevated, ligand-independent signaling [19-23]. Inactivation of
the endosomal C2 domain-containing protein Lethal giant discs (Lgd) also results in Notch
endosomal accumulation and ectopic ligand-independent signaling activity [24-26]. Although
the early endosome cargo recruitment factor Hrs is not generally required for Notch signaling
[27,28], it is needed for the ectopic Notch signaling seen in Igd mutants [24-26], again
underscoring the link between active Notch signaling and entry into early endosomes. The
observation that endosomal access is required for effective Notch activation while endosomal
trapping is sufficient to activate even unliganded Notch indicates that receptor kinetics and
flux through endosomal compartments can have important consequences for Notch signaling.
Viewing Notch trafficking as a continuous flow of activated and unactivated receptors through
the various endosomal compartments at a relatively steady rate in a given cell raises the
possibility that flow-modulating effects might be physiologically relevant in vivo.

While much remains to be learned about how different forms of internalized Notch are correctly
sorted into trafficking routes needed for signaling, recycling, or degradation, it is evident that
Notch ubiquitination plays a central role. Several E3 ubiquitin ligases, including members of
the conserved Chl family as well as Drosophila Suppressor of Deltex, mammalian Itch, and
C. elegans SEL-10, have been implicated in the sorting and lysosomal degradation of
unactivated Notch [29-32]. Although the genetic activities of these ubiquitin ligases are
consistent with the idea that they directly modify the Notch intracellular domain, causing it to
be recognized by the ESCRT trafficking machinery or associated sorting factors, direct
evidence for this model still needs to be obtained. The precise biochemical effects of
ubiquitination on Notch, the locations and functional consequences of specific ubiquitination
events, and the identity of key accessory factors are all areas that deserve further attention.

New studies have also clarified an auxiliary mode of Notch signaling that involves activity of
the E3 ubiquitin ligase Deltex. Deltex orthologues are found in Drosophila and mammals,
although not in C. elegans, and complete elimination of Deltex function affects only a narrow
subset of Notch-dependent patterning processes in Drosophila, indicating that Deltex augments
signaling in some contexts but is not required for most Notch signaling [33]. Deltex is needed
for normal endosomal trafficking of Notch [34] and it physically associates with both Notch
and a protein that promotes Notch degradation — the B-arrestin Kurtz [35]. Taken together,
these observations suggest that Kurtz acts as an E3 adapter for Deltex, allowing it to modulate
the differential sorting of Notch into the degradative late endosomal/lysosomal compartment,
as opposed to other endosomal compartments that facilitate ligand-induced signaling. Further
support for this model has come from a new analysis of the fly HOPS and AP-3 complexes,
which regulate aspects of late endosomal/lysosomal biogenesis and protein trafficking. Genetic
impairment of these complexes in Drosophila causes a loss of Deltex-dependent Notch
signaling, strongly suggesting that Deltex targets a pool of intact Notch to the limiting
membrane of the lysosome, where Notch heterodimer dissociation and/or degradation
generates signaling activity from the resulting Notch CTF [36]. What is the biological
significance of this lysosomal Notch signaling? An important clue is provided by the fact that
Deltex-mediated Notch signaling does not require ligand, and hence reflects a cell-intrinsic
signal that evidently is not initiated by neighboring cell contact. This mechanism might be
utilized by some cells to maintain a basal level of Notch activation that dampens signaling
noise or potentiates signaling induced by ligand.

From the cell surface to the lysosome — where does y-secretase fit in?

Following ligand binding and Notch heterodimer dissociation, the resulting membrane-
tethered Notch CTF undergoes the S3 cleavage mediated by y-secretase, an intramembrane
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aspartyl protease, to release a soluble intracellular Notch signaling fragment (reviewed in [2,
3]). The growing appreciation of the extent to which Notch activation and down-regulation are
influenced by endocytic trafficking raises questions about how y-secretase proteolysis of Notch
is related to Notch trafficking. Genetic results demonstrate that Notch signaling emanating
from certain endosomal compartments, including the Hrs-positive endosomal compartment in
lgd and ESCRT gene mutants as well as the lysosomal compartment associated with Deltex-
dependent signaling, requires functional y-secretase [19,26,36]. Thus y-secretase might be
capable of cleaving Notch at several different points in the endocytic trafficking pathway. One
simple idea is that y-secretase is able to cleave and activate Notch receptors wherever they are
encountered in the trafficking system as long as the Notch ectodomain has been shed, which
can be accomplished by ligand binding, lysosomal degradation, or other mechanisms that cause
heterodimer dissociation. Arguing against this idea is the fact that Notch cleavage by y-
secretase in an ex vivo assay that forces heterodimer dissociation still depends on endosomal
access, indicating that entry of Notch into endosomes has another, essential regulatory function
in Notch activation [19].

An alternative possibility is that the membrane composition or microenvironment of each
trafficking compartment might exert direct effects on the intramembrane proteolysis of Notch
by y-secretase. In the case of Amyloid Precursor Protein (APP), a well-characterized y-
secretase substrate, cleavage products are produced in distinct membrane compartments
including the cell surface and the endosomal/lysosomal system [37-39]. The y-secretase
cleavage site near the middle of the APP transmembrane domain displays considerable
positional heterogeneity, producing peptides from APP that differ by only a few amino acids,
yet show markedly different biological toxicities (reviewed in [40]). A new analysis of
intracellular Notch fragments generated from the y-secretase transmembrane cleavage site near
the inner leaflet of the membrane suggests a similar potential for cleavage site heterogeneity.
Amino acid substitutions in the Notch transmembrane domain or juxtamembrane intracellular
region can shift the precise location of y-secretase cleavage by up to a few residues, producing
Notch signaling fragments with different stabilities and, hence, different signal-transducing
potencies [41]. It will be fascinating to determine whether these alternative cleavage sites are
ulitized in vivo to accomplish specific signaling outcomes.

Hints that specific biophysical features of the different endocytic compartments might impinge
upon Notch signaling have emerged from genetic studies. Drosophila mutants lacking
phosphocholine cytidyltransferase activity show aberrant Notch signaling and trafficking,
raising the possibility that altering lipid biosynthesis and membrane composition can have
subtle effects on Notch signaling [42]. The Big brain (Bib) protein is a Drosophila channel of
the aquaporin family that localizes to the plasma membrane and intracellular vesicles [43] and
is needed for optimal Notch signaling in some cell lineages [43,44]. Bib was reported recently
to promote endosome maturation, Notch trafficking, and acidification of the endosome
pathway [45], but subsequent studies indicate that the overt Notch trafficking effects are due
to an unlinked locus (R. Kanwar, M. E. Fortini, S. Bray, and T. Klein, unpubl. results). Analysis
of new bib mutant stocks confirms that Bib is needed for acidification of the endocytic pathway,
which might potentially impact alternative y-secretase cleavage site usage in Notch. While it
remains to be determined whether and how endocytic acidification might affect Notch
activation, progressive acidification is a highly conserved feature of the endocytic trafficking
system [46], and y-secretase is reported to be enzymatically more active in the low pH
environment of the lysosome [39].
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Asymmetric segregation of endosomes during cell division: biasing Notch
signaling through new trafficking patterns

Recent studies have led to a growing appreciation that the asymmetric segregation of
endosomes during cell division plays a prominent role in the regulation of Notch signaling.
Remarkably, several different asymmetrical trafficking mechanisms appear to operate
simultaneously in the sensory organ precursor (SOP) lineages of the Drosophila peripheral
nervous system. In one mechanism, a membrane-associated inhibitor of Notch signaling,
termed Numb, is localized along a crescent-shaped zone along one side of the dividing cell,
such that it segregates asymmetrically into one of the resulting daughter cells. In this daughter
cell, Numb might inhibit Notch activation by linking Notch to transport vesicles that target it
for accelerated degradation [47] and/or by sequestering and inactivating the positive Notch
effector Sanpodo within endocytic vesicles [48-50]. In another mechanism that leads to
asymmetric Notch signaling activity in the SOP lineages, the E3 ubiquitin ligase Neuralized
is also asymmetrically partitioned between daughter cells and, by virtue of its action in
promoting ligand endocytosis, enhances the signaling potency of ligand in one daughter cell
relative to the other [51]. This asymmetry in ligand potency is reinforced by a Numb- and
Neuralized-independent mechanism whereby preferential entry of the ligand Delta into a
Rab11-positive, Sec15-dependent recycling compartment in one daughter cells increases its
signaling activity [52,53].

Remarkably, in addition to these mechanisms that increase Delta signaling and negatively
regulate Notch activity in one SOP daughter cell, a new study reveals that asymmetric
segregation of Notch- and Delta-containing endosomes that are already present in the parental
SOP cell prior to cell division also contributes to the Notch signaling bias between daughter
cells [54]. In the Drosophila SOP cell that is to undergo mitosis, specialized endosomes are
found that contain Notch, Delta, and the protein Sara, and they segregate into one daughter cell
in preference to the other. These Sara-positive endosomes contain y-secretase activity and
generate the active Notch signaling fragment, and hence they confer an increased level of Notch
signaling to the daughter cell that inherits them. This mechanism is a striking example of
selective transmission of not just a single protein or asymmetric determinant, but of an intact
endosomal organelle from a parental cell to one of two daughter cells. The asymmetric sorting
of these Sara endosomes illustrates the great potential for exploiting the flexibility of the
endosomal trafficking system in the fine-tuning of Notch signaling.

Future prospects

While much still remains to be learned about the endocytic trafficking of Notch and its ligands,
it is already abundantly clear that both the early and late endocytic compartments exert
important regulatory controls on productive signaling and signal attenuation. The importance
of receptor internalization and intracellular trafficking is now appreciated for many different
signaling pathways, raising the possibility that some trafficking mechanisms that influence
Notch activity might play even more general roles in biological signal transduction.
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Figure 1.

Overview of ligand and receptor endocytosis in the Notch signaling pathway. In the signal-
sending cell (top), endocytosis of Notch ligands (violet) is needed for their productive signaling
activity. Ligand endocytosis generates the physical forces needed to dissociate and activate
Notch receptors in nascent invaginating endocytic vesicles, and it might also concentrate ligand
molecules through their trafficking and/or post-translational modification in the recycling
compartment. In the signal-receiving cell (bottom), Notch receptors (blue) are internalized into
endocytic vesicles and subsequently routed to early endosomes. Ligand-activated Notch is
sorted into multivesicular bodies and thence to lysosomes for degradation; non-ligand-
activated Notch can undergo trafficking to the cell surface via recycling endosomes. The
identities of various endocytic factors involved in these trafficking steps are shown near their
approximate sites of activity; those that promote signaling are indicated in green whereas those
involved in signaling down-regulation are indicated in red. The y-secretase-mediated cleavage
of Notch that generates the active signaling fragment NICD can occur at different points in the
endosomal trafficking pathway (see text for details).
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