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Abstract

Notch signaling occurs through direct interaction between Notch, the receptor, and its ligands,
presented on the surface of neighboring cells. Endocytosis has been shown to be essential for
Notch signal activation in both signal-sending and signal-receiving cells and numerous genes
involved in vesicle trafficking have recently been shown to act as key regulators of the pathway.
Defects in vesicle trafficking can lead to gain- or loss-of-function defects in a context dependent
manner. Here, we discuss how endocytosis and vesicle trafficking regulate Notch signaling in both
signal-sending and signal-receiving cells. We will introduce the key players in different trafficking
steps, and further illustrate how they impact the signal outcome. Some of these players act as
general factors and modulate Notch signaling in all contexts, whereas others modulate signaling in
a context-specific fashion. We also discuss Notch signaling during mechanosensory organ
development in the fly to exemplify how endocytosis and vesicle trafficking is effectively used to
determine correct cell fates. In summary, endocytosis plays an essential role in Notch signaling
whereas intracellular vesicle trafficking often plays a context dependent or regulatory role, leading
to divergent outcomes in different developmental contexts.

A. Notch Signaling and its regulation by Endocytosis and Vesicle
Trafficking

Al. Introduction

Notch signaling is an evolutionally conserved signaling pathway which takes place between
neighboring cells. When Notch receptors are activated by DSL (Delta/Serrate/LAG-2)
ligands, Notch undergoes a set of serial proteolytic cleavages resulting in the release of the
Notch intracellular domain (NICD). NICD translocates into the nucleus to form a positive
transcriptional complex with a key transcription factor CSL for CBF-1/Su(H)/LAG-1 (C-
promoter binding factor-1/Suppressor of Hairless/Lin-12-and-GLP-1) and a coactivator,
Mastermind (Kopan and llagan, 2009). This CSL-dependent process is referred to as
canonical Notch signaling. It has also been shown that in certain contexts, Notch signaling

#Corresponding Author: Hugo J Bellen (hbellen@bcm.tmc.edu).



1duosnue Joyiny |IANHH 1duosnue Joyiny |ANHH

1duosnue Joyiny |ANHH

‘Yamamoto et al.

Page 2

activity can be mediated through a CSL-independent pathway, which is usually referred to as
non-canonical Notch signaling (Ligoxygakis et al., 1998; Ordentlich et al., 1998; Ramain et
al., 2001; Zecchini et al., 1999). Since both ligands and receptors are transmembrane
proteins, endocytosis and vesicle trafficking play a critical role in the regulation of this
signaling pathway.

A2. Intracellular trafficking of Notch and DSL ligands

Notch receptors and DSL ligands are produced in the endoplasmic reticulum (ER) and traffic
through the Golgi apparatus to reach the plasma membrane (Fig. 1). From the cell surface,
they re-enter the cell via endocytosis, a process by which vesicles invaginate from the
plasma membrane into the cytoplasm. These endocytic vesicles typically fuse with an early
endosome, a sorting center of the endocytic pathway, often referred to as the “sorting
endosome”. From this early/sorting endosomes, proteins can be recycled back to the plasma
membrane, transported to the Golgi apparatus, or transported to the late endosome, which
eventually fuses with the lysosome for protein degradation (Doherty and McMahon, 2009).
In the past, endocytosis was considered to only play a negative role in signaling pathways by
removing receptors from the membrane. However, more and more evidence suggests that
endocytosis also plays a positive role. Signaling may not only occur at the cell membrane
but also in endocytosed vesicles or endosomes. Indeed, numerous signaling pathways,
including Notch signaling, have been shown to depend on endocytosis for their full
activation (Sorkin and von Zastrow, 2009).

A3. Endocytosis is essential for Notch signaling

Endocytosis and endosomal trafficking have been shown to play an important role in the
activation and regulation of Notch signaling. The first hint came from the phenotype
associated with the Drosophila shibire (shi) mutant. sh/was initially identified as a
temperature-sensitive mutation that leads to embryonic lethality at restrictive temperatures
(Poodry et al., 1973). The gene was later shown to encode Dynamin, a GTPase essential for
most, if not all, forms of endocytosis (Chen et al., 1991; van der Bliek and Meyerowitz,
1991). Interestingly, sA%2 embryos, raised at the restrictive temperature during neuroblasts
segregation, contain excessive neuroblasts and neurons (Poodry, 1990), a neurogenic
phenotype that resembles the loss of Notch phenotype (Poulson, 1937). Further studies
based on clonal analysis and genetic interaction assays provided the first evidence that
endocytosis is required for ligand-dependent Notch activation in both signal-sending and
signal-receiving cells (Seugnet et al., 1997). Based on these pioneering studies, various labs
have focused on understanding how endocytosis regulates Notch signaling through forward
and reverse genetic approaches. First, we will briefly review key steps in endocytosis and the
molecular players that have been shown to affect Notch signaling. Specific players that
seemingly only affect endocytosis of Notch signaling components in a cell context
dependent manner will be discussed later.

A4. Proteins and Molecules involved in endocytosis

Canonical endocytosis requires the assembly of a clathrin lattice to form a clathrin coated
pit, which is then pinched off by the action of a GTPase, Dynamin (Seugnet et al., 1997;
Traub, 2009). Clathrin is composed of heavy and light chains which form a triskelion upon
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multimerization. Clathrin is recruited to the site of endocytosis in the membrane through
adaptor proteins, including the Assembly Protein-2 (AP-2) complex (Berdnik et al., 2002).
These and other adaptor proteins bind to transmembrane proteins that are targeted for
endocytosis and recruited into clathrin-coated pits. The lipid composition of the plasma
membrane also plays an important role in endocytosis. For example, phosphatidylinositol
(4,5) diphosphate (P1(4,5)P2) is enriched in the plasma membrane at sites where endocytosis
occurs and the recruitment of many adaptor proteins depends on their binding to this lipid
(Di Paolo and De Camilli, 2006; Poccia and Larijani, 2009).

A key signal to promote endocytosis of transmembrane proteins relies on the mono-
ubiquitination of intracellular lysine residues by E3 ubiquitin ligases. The ubiquitin tag can
promote the interaction with adaptor proteins and lead to recruitment and enrichment into
clathrin coated pits (d’Azzo et al., 2005). Ubiquitinated proteins can be recognized by
proteins that contain ubiquitin interaction motifs (UIMs). Upon invagination and pinching
off, vesicles are stripped of their clathrin coat by molecular chaperones such as Hsc70 with
the assistance of Auxilin (Eisenberg and Greene, 2007; Eun et al., 2008; Hagedorn et al.,
2006).

Alternatively, endocytosis can also occur without the assembly of clathrin coated pits, a
process often referred to as non-canonical endocytosis or clathrin-independent endocytosis
(Doherty and McMahon, 2009; Hansen and Nichols, 2009). However, compared to the well
established role of clathrin-dependent endocytosis in signaling pathways, its involvement in
signal regulation is poorly understood.

A5. Proteins involved in endocytic trafficking, sorting, recycling and degradation

Upon the uncoating of internalized vesicles, the small GTPase Rab5 and the SNARE protein
Syntaxin 7 mediate fusion of the endocytosed vesicles with the early endosome (Lu and
Bilder, 2005; Vaccari et al., 2008). From the early endosome, endocytosed proteins can
either be recycled to the plasma membrane, return to the Golgi and ER, or travel to the late
endosome and lysosome for degradation. Some proteins can recycle to the plasma
membrane directly from the early endosome in a GTPase Rab4-dependent manner, whereas
most proteins enter the recycling endosomes prior to returning to the cell surface (Grant and
Donaldson, 2009). The latter slower recycling process depends on the function of Rab11 and
the exocyst complex, a multiprotein complex including Sec15 (Emery et al., 2005; Jafar-
Nejad et al., 2005). In addition, some internalized proteins can travel to the Golgi apparatus
and further to the ER with the assistance of the retromer complex, but the role of this
trafficking route in Notch signaling has not been investigated. Proteins destined for
degradation are sorted into Rab7-positive late endosomal compartments. During the
transition between the early and the late endosome, transmembrane proteins are packaged
into intraluminal vesicles also called multivesicular bodies (MVB) (Doherty and McMahon,
2009).

Sorting of cargos into intraluminal vesicles is mediated by the ESCRT (Endosomal Sorting
Complex Required for Transport) complexes. ESCRT-0 recognizes ubiquitinated receptors
and recruits ESCRT-I, resulting in the activation of ESCRT-1I, which assists the assembly of
ESCRT-11I (Herz and Bergmann, 2009; Raiborg and Stenmark, 2009). In certain cell
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contexts, MVB can be recycled to the plasma membrane and secrete their contents, the
intraluminal vesicles (Simons and Raposo, 2009). These secreted MVBs, called exosomes,
have been proposed to play a role in Notch signaling through secretion of active Delta
(Chitnis, 2006; Le Borgne and Schweisguth, 2003a) but their /n vivo role in Notch signaling
awaits testing.

Finally, MVB/late endosomes fuse with the lysosome where the internalized cargos are
degraded by proteases and acid hydrolases. The AP-3 complex is involved in endosomal
trafficking to the lysosome and the HOPS (Homotypic fusion and vacuole Protein Sorting)
complex is involved in the late endosome maturation/lysosomal fusion step (Dell’ Angelica,
2009; Wilkin et al., 2008).

Along the endocytic trafficking process, the luminal pH of endosomal compartments
becomes gradually more acidic (Marshansky and Futai, 2008). The low pH assists in the
dissociation of certain protein-protein interactions, as well as provides the optimal
environment for enzymatic activity of certain proteases. Therefore, proteins involved in the
acidification of endosomes can influence the strength of protein interactions and efficiency
of protein cleavage/degradation. For example, vacuolar (H*)-ATPase (V-ATPase), a proton
transporter involved in the acidification of endosomal compartments, has been reported to
influence the processing and activation of Notch receptors (Yan et al., 2009).

Here, we will discuss how DSL ligands and Notch receptors functions are regulated/affected
by endocytosis and intracellular vesicle trafficking. It is important to note that endocytosis
and vesicle trafficking play distinct functions in signal-sending and in signal-receiving cells,
respectively. Since most of these studies used Drosophila as a model organism, we will
mainly focus on the results from Drosophilaand cover findings in other organisms where
appropriate.

B. Ligand Endocytosis and Trafficking

B1. The role of endocytosis of DSL ligands in the signal sending cells

The DSL Ligands are type-1 transmembrane proteins that contain a characteristic DSL
domain at their N terminus followed by multiple Epithelial Growth Factor like repeats
(EGF-r), a single transmembrane domain (TMD) and an intracellular domain (Kopan and
Ilagan, 2009). These ligands can be subdivided into the Serrate/Jagged group ligands, which
contain a cysteine-rich domain between the EGF-r and TMD, and Delta group ligands that
lack this motif. The N terminus of DSL ligands including the DSL domain is required for
ligand-receptor interaction and signaling activity (Glittenberg et al., 2006; Henderson et al.,
1997; Parks et al., 2006; Shimizu et al., 1999). Early studies on the subcellular localization
of Delta in Drosophila embryos and imaginal discs documented the presence of Delta in
intracellular vesicles (Kooh et al., 1993). Analysis of endocytic mutants such as s//7 (Parks et
al., 1995; Seugnet et al., 1997) and /0ok (Kramer and Phistry, 1996, 1999) revealed that
these vesicles are endocytic in nature, and a block in endocytosis of DSL ligands attenuated
Notch signaling (Parks et al., 2000; Seugnet et al., 1997). Although many agree that
endocytosis is essential for the activity of DSL ligands for canonical Notch signaling, the
precise function of endocytosis is still debated. Here, we will first introduce the players in
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DSL ligand endocytosis and trafficking, and then discuss two non-mutually exclusive
theories that have been proposed (Fig. 2).

B2. The role of Ubiquitin, E3 ligases and Ubiquitin interacting proteins in DSL ligand

trafficking

In vivo structure function analysis of Delta using specific point mutant alleles showed that
certain EGF-r as well as certain intracellular lysine residues are necessary for endocytosis
and proper signaling (Parks et al., 2006). Similar results have been obtained from structure
function analysis of Serrate using an ectopic overexpression assay system in vivo
(Glittenberg et al., 2006). Lysine residues can be post-translationally modified by ubiquitin,
which serves as a signal for endocytosis, sorting and/or degradation (Acconcia et al., 2009;
Hicke and Dunn, 2003). Ubiquitination is mediated by E3 ligases which recognize their
specific target proteins and recruit E2 ligases for transfer of ubiquitin on to the lysine
residues. The neuralized (neur) gene, whose loss causes a neurogenic phenotype similar to
Notchand Deltamutants (Lehmann et al., 1981), encodes an E3 ligase with a C-terminal
RING domain that is necessary for its E3 activity and two Neuralized Homology Repeats
(NHR1 and 2) (Deblandre et al., 2001; Lai et al., 2001; Pavlopoulos et al., 2001; Yeh et al.,
2001). NRH1 has been shown to be necessary and sufficient for its interaction with Delta
(Commisso and Boulianne, 2007). Mind bomb (Mib), first isolated in zebrafish to cause a
neurogenic phenotype, encodes an E3 ligase with a C-terminal RING domain that
Ubiquitinates DSL ligands (Itoh et al., 2003). Both Neur and Mib are conserved in
Drosophila and vertebrates and loss of function of either gene in Drosophila shows a loss of
Notch signaling phenotype in a tissue specific manner (Boulianne et al., 1991; Lai et al.,
2005; Le Borgne et al., 2005; Pitsouli and Delidakis, 2005; Wang and Struhl, 2005). These
two E3 ligases are necessary for Notch signaling in the signal sending cells, and loss of
function leads to defects in endocytosis/sorting of DSL ligands. It has been suggested that
Neur is likely to be involved in Delta-dependent signaling events, whereas Mib functions in
Serrate/Jagged dependent signaling events. However, the two proteins overlap in their
functions, since they can rescue the loss of function phenotype of each other upon ectopic
expression in a mutant background (Lai et al., 2005; Le Borgne et al., 2005; Pitsouli and
Delidakis, 2005; Wang and Struhl, 2005). Both Neur and Mib are localized to the plasma
membrane, where they can interact with DSL proteins. Neuralized can be recruited to the
membrane via interaction with DSL ligands through its NHR1 domain (Commisso and
Boulianne, 2007), via an interaction with phosphoinositides through its N-terminal polybasic
domain (Skwarek et al., 2007), and/or via N-myristoylation of the N-terminal glycine
residue (Koutelou et al., 2008). Notch signaling can be fine-tuned by regulating the activity
of Neur by Bearded family proteins. Bearded family proteins, such as Bearded (Brd) and
Twin of m4 (Tom), are negative regulators of Neur function, encoded by multiple genes
clustered in the Bearded Complex locus and Enhancer of Split Complex locus (Bardin and
Schweisguth, 2006; De Renzis et al., 2006; Fontana and Posakony, 2009; Leviten et al.,
1997). Initially, gain of function mutations of Bearded were identified to cause loss of Notch
signaling during lateral inhibition of mechanosensory organ precursors in Drosophila
(Leviten and Posakony, 1996). Bearded family proteins posses Neur interaction motifs that
allow them to bind to Neur and inhibit its function. However, in contrast to their gain of
function phenotype, loss of function of all 8 Bearded family genes show only partial Notch
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signaling defects during mechanosensory organ precursor specification and mesectoderm
specification during embryogenesis, suggesting a context specific role /n vivo (Chanet et al.,
2009).

Ubiquitinated DSL ligands are potentially recognized by Epsin (encoded by the /iguid facet
gene in Drosophild). Epsin is a ubiquitin binding protein that interacts with P1(4,5)P2 as well
as several endocytic proteins such as Clathrin and AP-2 (Chen et al., 1998; De Camilli et al.,
2002; Polo et al., 2002). Loss of function of epsin shows a loss of Notch signaling
phenotype in flies (Overstreet et al., 2003; Overstreet et al., 2004; Tian et al., 2004; Wang
and Struhl, 2004) and in mice (Chen et al., 2009). Epsin is required in the signal-sending
cell, supporting the idea that epsin mediates the trafficking of ubiquitinated DSL ligands.
The activity of Epsin is positively regulated by Fat facets (Faf), a de-ubiquitinating enzyme
that stabilizes Epsin. Loss function of Faf causes defects similar to those observed on epsin
mutants. However, some epsin-dependent Notch signaling events are Faf-independent,
suggesting that epsin activity can be regulated by other factors than Faf (Overstreet et al.,
2004). How does epsin regulate Notch signaling? Several groups propose that epsin affects
Notch signaling by promoting endocytosis of Delta. However, one group has observed that
the bulk endocytosis of Delta is not affected in epsin mutants (Wang and Struhl, 2005),
leading to an alternative hypothesis that epsin is required for sorting of internalized DSL
ligands into a recycling pathway that leads to activation of Delta. Ubiquitinated DSL
proteins have been proposed to undergo Clathrin dependent endocytosis, since mutations in
Auxilin, an adaptor molecule that recruits Hsc70 to Clathrin coated vesicles for uncoating,
exhibit defects in DSL endocytosis (Eun et al., 2008; Kandachar et al., 2008). However,
there is evidence indicating that DSL ligands are endocytosed through multiple distinct
endocytic routes (Wang and Struhl, 2005) and epsin has been implicated in non-clathrin
mediated endocytosis (Sigismund et al., 2005). A recent study supports this model based on
the observation that loss of Clathrin heavy chain in the signal sending cell is capable of
signaling during oogenesis. However, epsin is essential, suggesting that endocytosis of Delta
by epsin is clathrin-independent (Windler and Bilder, 2010). Since, the DSL ligands are
present in lipid raft compartments and co-fractionate with Caveolin (Heuss et al., 2008),
DSL ligand endocytosis may depend on a clathrin-independent lipid raft mediated endocytic
pathway for ligand activation. Further studies on endocytosis and trafficking of DSL ligands
are needed to resolve these controversies.

B3. Two theories on the function of DSL ligand endocytosis

DSL ligand endocytosis is necessary for canonical Notch signaling activation, and two
models have been proposed to explain how DSL endocytosis leads to successful signal
activation. One is the “ligand activation” model; the other is the “pulling force” hypothesis.
It is important to note that these two models are not mutually exclusive.

B3.1. The “Ligand activation” theory—Bulk endocytosis of Delta is not affected in
epsin mutants, yet Delta is unable to signal (Wang and Struhl, 2004). Based on this
observation, it was proposed that newly synthesized Delta does not have the capacity to
signal and that it needs to be endocytosed and sorted into a specialized endocytic
compartment that depends on epsin and ubiquitination of Delta. Delta then traffics back to
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the cell surface through a recycling pathway. During this process, Delta is thought to become
“activated” and acquires its signaling capability. Following this study, several mutants that
exhibits Delta recycling defects and lead to Notch loss of function phenotypes were
identified from forward genetic screens. Mutations in sec15, a component of the exocyst
complex, cause a Notch signaling defect in the mechanosensory organ lineage in Drosophila
(Jafar-Nejad et al., 2005). In these mutants, Delta can be detected at the cell surface and can
be internalized from the cell surface, suggesting that there is no defect in exo- or
endocytosis. In wild type cells, Delta enters a recycling endosomes and returns to the plasma
membrane, but this recycling fails to take place in secZ5 mutant cells. In addition, mutations
in Arp3, a subunit of the Arp2/3 complex which regulates actin polymerization (Goley and
Welch, 2006) cause very similar Delta recycling defects (Rajan et al., 2009). Similarly, other
proteins in Arp2/3 complex and WASp, an activator of the Arp2/3 complex are required for
Notch signaling (Ben-Yaacov et al., 2001; Tal et al., 2002). The activity of actin
polymerization via the Arp2/3-WASp complex is therefore proposed to be critical for Delta
recycling upon its internalization for successful canonical Notch signaling (see section D).
Studies in mammalian cultured cells have shown that overexpression of dominant negative
forms of Rab11 in signal-sending cells leads to recycling defects and a less active signaling
ability of DII1 (Emery et al., 2005), suggesting that the role of recycling pathway in DSL
ligand activation may be evolutionally conserved. Further studies in a cell culture model
support this ligand activation theory, and these authors also proposed the involvement of
lipid rafts in the activation of DII1 (Heuss et al., 2008). However, the molecular mechanism
of this mysterious “activation” remains to be identified. The activation has been proposed to
consist of clustering of ligands, trafficking into lipid micro domains, proteolytic cleavage, or
other post-transcriptional modification (Chitnis, 2006; Le Borgne and Schweisguth, 2003a;
Wang and Struhl, 2004). In addition, although the role of the recycling pathway and actin
polymerization in Delta activation have been well established in the cell fate determination
during Drosophila mechanosensory lineage, in development of the wing margin and in
oogenesis (Ben-Yaacov et al., 2001; Jafar-Nejad et al., 2005; Rajan et al., 2009; Tal et al.,
2002), this requirement may be context specific. Sec15mutant cells undergo normal
photoreceptor development (Mehta et al., 2005), a process in which Notch signaling is
utilized reiteratively. Moreover, WASp mutant cells have been reported to not exhibit defects
in lateral inhibition during mechanosensory organ development, another context where
Notch signaling is required (Ben-Yaacov et al., 2001). Furthermore, a recent study reports
that during oogenesis, ligand internalization through dynamin in the signal sending germ
line cell is necessary but Clathrin heavy chain, Rab5, Rab11 and Sec15 are dispensable in
the germ line cell during Notch signaling in this context (Windler and Bilder, 2010).
Therefore, Delta activation through endocytosis and trafficking through the recycling
pathway may be required to further potentiate the activity of Delta in contexts where robust
Notch signaling is required.

B3.2. The “Pulling force” theory—Studies using Drosophila cell lines have indicated
that Notch can be “trans-endocytosed” into the signal-sending cell. This trans-endocytosis
can be inhibited upon blockage of dynamin in the signal sending cell (Klueg and
Muskavitch, 1999; Klueg et al., 1998). Trans-endocytosis of Notch into Delta expressing cell
has been proposed to take place /n vivo as well, based on immunohistochemistry studies of
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Drosophila eye and wing vein tissue (Parks et al., 2000). Initially, Delta had also been
suggested to be trans-endocytosed into Notch expressing cells based on cell culture studies
(Fehon et al., 1990; Klueg et al., 1998), but this has not been confirmed 7 vivo. In addition,
early studies have suggested that full-length Notch is trans-endocytosed into Delta
expressing cells (Klueg and Muskavitch, 1999; Klueg et al., 1998), but later studies in
Drosophila and in mammalian cultured cells have identified that it is only the extracellular
portion of Notch that is trans-endocytosed, and that the Notch intracellular domain remains
in the signal receiving cell (Nichols et al., 2007; Parks et al., 2000). Based on these
observations, and together with the fact that endocytosis is necessary for activation of the
Notch receptor, Parks et al. (2000), initially proposed that the interaction of DSL ligands
with Notch and subsequent endocytosis of DSL ligands mediate some kind of a
conformational change in Notch that lead to successful S2 cleavage via the ADAM
proteases. This in turn would allow the extracellular portion of Notch to be trans-
endocytosed. In mammalian cells, it has been shown that blocking S2 cleavage does not
affect trans-endocytosis of Notch, suggesting that endocytosis of DSL ligands may generate
a physical force to separate the Notch heterodimer that is linked together by non-covalent
interactions within the extracellular heterodimerization domain (Nichols et al., 2007).
Indeed, this heterodimerization of Notch is mediated by furin-dependent S1 cleavage in the
Golgi, after which Notch traffics to the cell surface for ligand mediated activation (Logeat et
al., 1998). Together, endocytosis is proposed to generate a pulling force that separates the S1
cleaved heterodimer and as a consequence, the extracellular domain of Notch becomes trans-
endocytosed into the signal sending cell. The stretched Notch receptor becomes a substrate
of ADAM-mediated S2 cleavage which leads to generation of Notch Extracellular
Truncation (NEXT). Membrane attached NEXT then is cleaved by -y-secretase, termed S3
cleavage, to generate NICD. Furin-mediated S1 cleavage of Notch is still somewhat
controversial in Drosophilaas (Kidd and Lieber, 2002) have argued that furin cleavage is not
required for Notch function and the majority of Drosophila Notch proteins do not undergo
S1 cleavage. However, recent studies suggest that S1 cleavage plays a positive regulatory
role and they also indicate that the S1 cleavage that is mediate by a furin-like protease does
take place in Drosophila (Lake et al., 2009). Hence, the model proposed by Nichols et al.
(2007) may be evolutionally conserved. In support of this model, structural studies using X-
ray crystallography have determined that the S2 cleavage site of Notch is buried deep within
the heterodimerization domain and protected by 3 LNR domains, suggesting that a physical
pulling force is required to expose this site for interaction with the ADAM protease (Gordon
et al., 2008; Gordon et al., 2009; Gordon et al., 2007). In addition, using atomic force
microscopy, the binding force between Notch and DSL ligands has been shown to be
relatively strong (Ahimou et al., 2004). Furthermore, work from various groups has shown
that most secreted form of DSL ligands can interact with Notch but cannot activate Notch
signaling. Rather they act in a dominant negative fashion (Hukriede et al., 1997; Sun and
Avrtavanis-Tsakonas, 1997). However, when secreted DSL ligands are cross-linked, clustered
or immobilized, they can activate Notch signaling in cultured cells (Morrison et al., 2000;
Varnum-Finney et al., 2000), in support of the idea that tension and force generated between
the Notch-DSL ligand complex is necessary and sufficient for Notch activation.
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In summary, there are data that support both the “ligand activation” and the “pulling force”
models. It is important to keep in mind that these two models are not mutually exclusive. In
addition, there may be some context specificity for the requirement for the recycling
pathway to modify Delta to make it a more potent ligand, together with the pulling force
generated by ligand endocytosis to promote the conformational change in Notch in order to
expose the S2 cleavage site.

C. Notch receptor endocytosis and endosomal trafficking

C.1 The role of endocytosis of the Notch receptor in signal receiving cells

Endocytosis of the Notch receptor in signal receiving cells plays both positive and negative
roles in Notch signaling. As mentioned earlier, endocytosis is required for ligand-dependent
Notch activation (canonical Notch signaling) in both signal-sending and receiving cells.
However, the exact step in which endocytosis is required in the signal-receiving cells
remains unclear and has been a topic of debate (Fig. 3). Moreover, Notch receptors that do
not bind to DSL ligands, and remain inactive, are constitutively endocytosed and recycled to
the cell surface (McGill et al., 2009) or degraded in the lysosome (Jehn et al., 2002) of
cultured cells (Fig. 4). Recent data indicate that when endocytic trafficking of the Notch
receptor destined for lysosomal degradation is disrupted, the Notch receptor can undergo
proteolytic cleavage in a ligand-independent manner (Fortini, 2009; Fortini and Bilder, 2009;
Furthauer and Gonzalez-Gaitan, 2009). This in turn can lead to ectopic activation of Notch
signaling. As several components in this pathway have been associated with tumor
progression, ligand-independent constitutive activation of Notch signaling is proposed to be
critical in certain cancers (Tanaka et al., 2008).

C.2 The controversy on the requirement of endocytosis for S3 cleavage

Proteins involved in early steps of endocytosis including Dynamin, Rab5 and Avl, are
required in the signal-receiving cell for Notch activation (Lu and Bilder, 2005; Vaccari et al.,
2008). However, it is still not clear which step in canonical Notch signaling activation
requires endocytosis. Since the ligand-receptor interaction and S2 cleavage of Notch
receptors takes place on the cell surface, the current debate is focused on whether
endocytosis is essential for effective S3 cleavage and precisely where the cleavage occurs.

C.2.1. Endocytosis IS required for S3 cleavage—The S3 cleavage of Notch is
mediated by the -y-secretase, an intramembrane protease complex (De Strooper et al., 1999).
Since mutations in y-secretase components, like presenilin, are associated with Alzheimer’s
disease via aberrant cleavage of APP (amyloid precursor protein) and production of
pathogenic Ab (Levy-Lahad et al., 1995; Rogaev et al., 1995; Sherrington et al., 1995), there
has been much interest in understanding how, when, and where this cleavage takes place.
The y-secretase complex is present on plasma membranes, endocytic compartments,
lysosomes, ER and Golgi apparatus (Small and Gandy, 2006). Since the endocytic pathway
is involved in AB production (Koo and Squazzo, 1994), endocytosis may play a positive role
in y-secretase mediated S3 cleavage of Notch.
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Several observations support a requirement of endocytosis for S3 cleavage. The activity of
y-secretase has been suggested to be higher in acidic environments, implicating that the S3
cleavage is more efficient in the endocytic compartments where the pH is lower (Pasternak
et al., 2003). In support of this idea, defects in proteins involved in acidification of
endosome affect Notch signaling. Mutations in Rabconnectin (Rbcn) —=3A, and Rbcn-3B,
which assist the assembly of V-ATPase, as well as mutations in a subunit of V-ATPase,
impair the acidification of endosomal compartments and lead to accumulation of the Notch
receptor in enlarged late endosomes in Drosophila follicle cells and imaginal disc cells. This
disruption of Notch signaling occurs after S2 cleavage in the receiving cells, supporting the
idea that -y-secretase cleavage may be defective in these mutants (Yan et al., 2009). A
mutation in big brain (bib), a gene encoding a monovalent cation (including H+) transporter
(YYanochko and Yool, 2002) was initially reported to cause a Notch endocytic trafficking and
signaling defect (Kanwar and Fortini, 2008). Note that the endocytic trafficking defects in
bib mutants were later found to be the result of a second-site mutation while the cleaned bib
mutant chromosome still exhibits Notch signaling defects (Fortini and Bilder, 2009). The
Notch signaling defects in bib mutants may be due to improper pH environment in
endosomes and lysosomes as acidification of these organelles in bib mutant cells is strongly
attenuated (Fortini and Bilder, 2009; Kanwar and Fortini, 2008).

In Drosophila Rab5 and av/ mutants, Notch accumulates at or near the cell surface and
NICD production by -y-secretase is largely reduced, suggesting that S3 cleavage occurs less
efficiently at the plasma membrane (Vaccari et al., 2008). In addition, with a point mutation
at the S3 cleavage site in the NEXT-like fragment, Notch can be detected in the endosomes,
suggesting that S3 cleavage might occur in the endosomal compartments (Gupta-Rossi et al.,
2004). These data suggest that upon S2 cleavage, Notch is endocytosed into an acidified
endosomal compartment where S3 cleavage takes place by the y-secretase complex.

C.2.2. S3cleavage can occur WITHOUT endocytosis of Notch—Some data
argue that there is no requirement of dynamin for -y-secretase-mediated S3 cleavage of
Notch following removal of the Notch ectodomain and generation of NEXT (Struhl and
Adachi, 2000). For example, NEXT remains associated with the apical membrane in y-
secretase mutant cells. Importantly, overexpressed NEXT-like fragments can be cleaved in
shimutant pupal nota and embryos (Lopez-Schier and St Johnston, 2002; Seugnet et al.,
1997). Furthermore, in a mammalian cell culture system, active -y-secretase complex can be
purified from the plasma membrane that still contains Notch fragment cleavage activity
(Chyung et al., 2005). Several reports document that the optimal pH environment for -
secretase is 6.8 to 7.4, suggesting that acidic endosomes are not required for S3 cleavage
(Lee et al., 2002; McLendon et al., 2000; Zhang et al., 2001). Moreover, a NEXT-like
fragment with a point mutation at the ubiquitination site cannot be mono-ubiquitinated and
endocytosed. Though the mutated NEXT fragment was thought to be unable to be cleaved
into NICD (Gupta-Rossi et al., 2004), it was found later that this fragment can still be
cleaved at the plasma membrane producing a less stable form of NICD with a shift in the
cleavage position (Tagami et al., 2008). Tagami et a/. (2008) further argued that during S3
cleavage, y-secretase can process NEXT into various forms of NICD depending on the exact
position of the cleavage, including NICD-S(+3), NICD-L(+1), NICD-L(+2), and NICD-V
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(the most stable one; refer to the original NICD), with similar transactivation activity.
Cleavage at the plasma membrane preferred the production of the more stable NICD-V,
while cleavage in the endosomes lead to the production of the less stable NICD-S(+3),
arguing against that idea that endocytosis promotes y-secretase cleavage. All together, these
data suggest that endocytosis is not essential for S3 cleavage of Notch, and that y-secretase
is able to mediate the cleavage at the plasma membrane.

In summary, whether endocytosis promotes y-secretase cleavage or not is still a matter of
debate. The controversy may be due to the fact that conclusions are based on different model
systems (Drosophilavs. mammalian cell culture) and that many of the data are based on
overexpression strategies to generate Notch fragment intermediates. Considering the
stringent dosage dependence of Notch signaling in different contexts, endocytosis may play
either a positive or negative role in -y-secretase cleavage in different contexts. Additional
studies are required to reveal a more detailed picture of the relationship between endocytosis
and canonical Notch signal activation.

C3. Degradation of Notch receptors through the lysosomal pathway

Inactive Notch receptors undergo constitutive endocytosis, endocytic trafficking, and are
eventually degraded in the lysosome (Jehn et al., 2002). However, the acidic environment
during trafficking might promote the dissociation of the Notch heterodimer and produce
membrane-tethered NEXT, which can be further processed by y-secretase in the endosomes.
Production of NICD may bypass the requirement for ligand binding as well as S2 cleavage,
and even occur on lysosomal membranes (Wilkin et al., 2008).

Mutations in genes involved in the degradation pathway can lead to an accumulation of
Notch in endosomes and ectopic activation of Notch signaling in a ligand-independent
manner. In other words, some proteins must prevent the ectopic activation of Notch and act
as negative regulators of Notch signaling. These include proteins that regulate the
ubiquitination of Notch, proteins involved in the maturation of early endosomes into MVB,
and proteins that mediate the endocytic trafficking and fusion between late endosomes and
lysosomes. The regulation of Notch signaling by these proteins is discussed below.

C.3.1. E3ligases for Ubiquitination of Notch Receptors—Multiple E3 ligases
ubiquitinate Notch and promote its internalization to regulate its signaling activity. These
include Deltex (aXx), Su(dx) (Suppressor of deftex) and DNedd4 (Brennan and Gardner,
2002; Kanwar and Fortini, 2004).

Dx, a RING finger E3 ubiquitin ligase, was originally identified as a positive regulator of
Notch signaling based on genetic studies (Diederich et al., 1994; Matsuno et al., 1995; Xu
and Artavanis-Tsakonas, 1990). Loss of dx leads to a Notch signaling impairment in certain
cell contexts (Drosophila eye and wing imaginal discs). In addition, overexpression of dx
results in Notch signaling activation in the Dorsal-Ventral boundary of the wing,
independent of DSL ligands and CSL. This ectopic signaling activation requires the
internalization of Notch into Rab7-positive late endosomes (Fuwa et al., 2006; Hori et al.,
2004; Wilkin et al., 2008; Wilkin et al., 2004). However, in contrast to its positive role in
Notch signaling activation, Dx was also found to promote Notch receptor degradation when
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it forms a complex with Kurtz (Krz), the Drosophilahomolog of a non-visual p-arrestin
(Mukherjee et al., 2005). Therefore, Dx can act both in a positive and negative manner in
Notch signaling depending on the context and interacting partners.

The DrosophilaHECT domain-containing family of E3 ligases includes three members:
Su(dx), DNedd4, and D-smurf. Much of data related to these studies were obtained from
studies in the Drosophila wing margin, ovary development and cultured S2 cells. Su(dx) and
dNedd4 can ubiquitinate full-length Notch in a ligand-independent manner and promote its
entry in the lysosomal degradation pathway (Sakata et al., 2004; Wilkin et al., 2004). Loss of
Su(dx) and dNedd4 causes Notch gain of function phenotypes, while overexpression causes
Notch loss of function phenotypes. Su(dx)and dNedd4 mutations can also suppress Notch
partial loss of function phenotypes, supporting the idea that these proteins play negative
roles in Notch signaling (Cornell et al., 1999; Fostier et al., 1998; Mazaleyrat et al., 2003;
Qiu et al., 2000; Sakata et al., 2004; Wilkin et al., 2004). The third member of Nedd4 family,
D-Smurf has been suspected to have some functional redundancy with the other two
members, but a direct role in Notch signaling has yet to be demonstrated (Wilkin et al.,
2004). Finally, the protein levels of Dx are negatively correlated to the expression level of
Nedd4 family proteins, implicating their role in regulation of the Dx protein level (Wilkin et
al., 2004). Thus, Nedd4 family proteins might regulate Notch signaling by directly
promoting lysosomal Notch degradation and by regulating the protein level of Dx.

In mammals, the homolog of Su(dx) (named AlP4/1tch) has also been reported to
ubiquitinate full-length Notch-1 in a ligand-independent manner and to promote its
lysosomal degradation (Chastagner et al., 2008; Qiu et al., 2000). The adaptor protein Numb
can interact with AIP4/ltch to promote this degradation process (McGill et al., 2009; McGill
and McGlade, 2003). In addition, AIP4/Itch was also shown to mediate lysosomal
degradation of Dx through ubiquitination (Chastagner et al., 2006). Another mammalian
RING type E3 ubiquitin ligase c-Cbl can also promote the degradation of the Notch-1 NEXT
fragment (Jehn et al., 2002). However, whether ¢c-Cbl can target full-length Notch-1 for
degradation is still unclear. Although c-Cbl is conserved in Drosophila, it awaits to be tested
whether it can function in regulating Notch signaling.

C.3.2. Lgd and ESCRT complex—Proteins involved in the maturation of early
endosomes into multivesicular bodies, such as ESCRT complexes and Lethal (2) giant discs
(Lgd), have been shown to function in Notch degradation. ESCRT 0 or STAM/Hrs is
localized to early endosomes and can bind and transfer ubiquitinated cargo to the ESCRT
I/11/111 complexes (Raiborg and Stenmark, 2009). Lgd is a C2 domain containing protein that
binds to phospholipids. /gd@ mutants have been shown to exhibit general protein sorting
defects. Loss of /gd'leads to accumulation of Notch in Hrs-positive endosomes as well as
ectopic Notch signaling activation. This ectopic Notch activation is ligand-independent since
the activation is also observed in /gd D/ Sertriple mutant clones (Childress et al., 2006;
Jaekel and Klein, 2006). In Ars lgd double mutant clones, this ligand-independent Notch
activation is blocked while ligand-dependent activation remains unaffected. Thus, Lgd
functions to prevent ligand-independent Notch activation in an Hrs-dependent manner
(Childress et al., 2006; Gallagher and Knoblich, 2006; Jaekel and Klein, 2006; Klein, 2003).
Interestingly, in Arssingle mutant, Notch receptors accumulate in the Avl-positive early

Curr Top Dev Biol. Author manuscript; available in PMC 2018 November 13.



1duosnue Joyiny |IANHH 1duosnue Joyiny |ANHH

1duosnue Joyiny |ANHH

‘Yamamoto et al.

Page 13

endosomes but remain inactive (Jekely and Rorth, 2003; Lloyd et al., 2002; Lu and Bilder,
2005; Thompson et al., 2005). Therefore, Hrs is only required for ectopic activation of
Notch signaling in the /gd mutant background but not in a wild type fly.

Mutations in Drosophila ESCRT | (tsg101/erupted and vps28), ESCRT Il (vps22, vps25, and
wps36), and ESCRT Il (vps2, vps20, and vps32) complexes all result in accumulation of
Notch receptors in early endosomes and most of them cause ectopic Notch signaling
activation in developing imaginal discs (Herz et al., 2006; Herz et al., 2009; Moberg et al.,
2005; Thompson et al., 2005; Vaccari and Bilder, 2005; Vaccari et al., 2009). The ectopic
activation of Notch signaling up-regulates the expression of the ligand of JAK/STAT
pathway, Unpaired, which in turn promotes the overgrowth of surrounding wild type cells in
a non-autonomous manner. Although £SCRT and /gd mutants both exhibit accumulation of
Notch receptors and ectopic Notch signaling activity, they have also distinct phenotypes.
ESCRT mutant cells lose epithelial organization and eventually die while inducing non-cell-
autonomous tissue growth (Herz et al., 2006; Herz et al., 2009; Moberg et al., 2005;
Thompson et al., 2005; Vaccari and Bilder, 2005; Vaccari et al., 2009). Conversely, /gd
mutant cells display cell-autonomous overgrowth and apoptosis while still maintaining their
epithelial organization (Childress et al., 2006; Gallagher and Knoblich, 2006; Jaekel and
Klein, 2006; Klein, 2003).

C3.3. Other genes involved in Notch receptor trafficking

Several other genes/proteins have been shown to affect Notch signaling by affecting
endocytosis and trafficking of Notch receptors. Mutations in genes involved in trafficking/
fusion between late endosomes and lysosomes, such as the HOPS and AP-3 complexes, play
a regulatory role in Notch degradation (Wilkin et al., 2008). Loss of function mutations in
these genes act as genetic modifiers of ectopic Notch signaling caused by overexpression of
ax. However, these mutants only show minor, if any, Notch signaling defects on their own.
Tumor suppressors Merlin (Mer) and expanded (ex) encodes proteins that belong to the
FERM (Four-point one, Ezrin, Radixin, Moesin) domain superfamily, and promote
endocytosis and clearance of Notch receptors from the cell surface (Maitra et al., 2006). In
Mer ex double mutant flies, Notch accumulates at the plasma membrane, but these mutants
do not exhibit any obvious defects in Notch signaling.

Proteins involved in membrane lipid biosynthesis can also modulate Notch signaling
activity, possibly through their effect on the endocytic processes by altering the phospholipid
composition in the plasma membrane and endosomal membranes. For example, the
C.elegans BRE-5 (BT toxin resistance) catalyzes the biosynthesis of glycosphingolipids
(GSL), which are enriched in the lipid raft. Knockdown of BRE-5 can suppress
hypermorphic LIN-12 (C.elegans homolog of Notch) egg laying phenotypes (Katic et al.,
2005). In Drosophila, mutations in CCT-1 (cytidylyltransferase-1), a rate-limiting enzyme in
phosphatidylcholine (PC) biosynthesis, show reduction in Notch signaling and an increased
late endosomal localization of Notch receptor (Weber et al., 2003). These data suggest a
positive role for GSL and PC in Notch signaling.

In brief, degradation of inactive Notch receptors through the endocytic pathway provides a
mechanism to prevent ectopic Notch activation. Mutations in endocytosis related genes,
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including E3 ubiquitin ligases, endocytic trafficking proteins, and enzymes involved in
phospholipid biosynthesis, can cause abnormal Notch signaling activity. These similar but
distinct mutant phenotypes, combined with their context dependence, reveal their different
roles in Notch degradation and their partial redundancy in protein sorting and vesicle
trafficking.

D. Regulation of Notch signaling by Endocytosis and Vesicle Trafficking

during Mechanosensory Organ Development in Drosophila

D1. Introduction to mechanosensory organ development

The development of the mechanosensory organs of the Drosophila peripheral nervous
system (PNS) has served as a model system to understand many aspects of Notch signaling
including endocytic trafficking. The body of an adult fly is covered by hundreds of
mechanosensory bristles that act as sensors. Each bristle is composed of 4 different cell
types: socket, hair, sheath and neuron (Hartenstein and Posakony, 1989). These cells arise
from series of asymmetric cell division of a sensory organ precursor (SOP) cell and
subsequent unidirectional Notch signaling between the daughter cells during pupariation
(Jan and Jan, 2001). In the dorsal thorax or notum, the division of the SOP occurs in parallel
to the anterior-posterior body axis. The anterior cell becomes the signal sending cell (plib)
whereas the posterior cell becomes the signal receiving cell (plla), leading to asymmetric
activation of Notch signaling. The pllb gives rise to the internal cells (sheath and neuron)
whereas the plla becomes the progenitor of the external cells (socket and hair). When Notch
signaling is lost, the plla transforms into a pllb, leading to loss of external cells and gain of
internal cells (de Celis et al., 1991; Hartenstein and Posakony, 1990; Zeng et al., 1998).
Conversely, when Notch signaling is ectopically activated in both cells, there is a pllb-to-
plla cell fate change, leading to the gain of external cells and loss of internal cells (Frise et
al., 1996; Guo et al., 1996). Notch signaling needs to be tightly controlled and the cells of
the bristle lineage achieve this via an asymmetric segregation of endocytic factors, which are
often referred to as “cell fate determinants”. Here, we will especially focus on the
specification of the plla and pllb cells, and discuss how the endocytic and trafficking
machinery is employed to bias Notch signaling.

D2. Setting up the asymmetry in the SOP cell

During division of the SOP, the cell fate determinants Neur and Numb become enriched at
the anterior pole, forming a crescent (Le Borgne and Schweisguth, 2003b; Rhyu et al., 1994)
(Fig. 5A). The division then allows the anterior pllb to inherit these two factors, whereas the
posterior plla does not. The formation of the anterior crescent is determined by cell polarity
factors (Bardin et al., 2004; Betschinger and Knoblich, 2004) and planar cell polarity cues to
assure that the division of the SOP occurs along the anterior-posterior axis so that the cell
fate determinants are properly segregated into the pllb cell. In parallel to the asymmetric
segregation of Neur and Numb, the inheritance of endocytic compartments are also biased
between plla and pllb cells. Rab11-positive recycling endosomes become enriched in pllb
cells, due to asymmetric enrichment of Nuclear fallout (Nuf) around the plib cell
centrosome after mitosis. Nuf is the Drosophilahomolog of Arfophilins, an effector of
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Rab11 that is required for recycling endosome formation and function (Emery et al., 2005).
On the other hand, endosomes that are positive for Sara becomes asymmetrically segregated
into the plla cell (Coumailleau et al., 2009). The asymmetric inheritance of cell fate
determinants together with asymmetric redistribution of endocytic compartments works in
concert to assure that Notch signaling occurs unidirectionally. Here, we will next discuss
how each of these factors contribute to establishment of a signal sending cell and a signal
receiving cell during plla vs. pllb cell fate determination.

D3. Role of asymmetrically segregated Neuralized and Delta recycling in the plib cell

In the pllb cell, Neur ubiquitinates Delta and promotes its endocytosis (Le Borgne and
Schweisguth, 2003b) (Fig. 5B). Endocytosed Delta is then sorted into a basal Rab11-positive
compartment (Emery et al., 2005; Jafar-Nejad et al., 2005). In cells mutant for Sec15, a
component of the exocyst complex and an effector of Rab11 (Wu et al., 2005), Delta is stuck
in this basal compartment and it cannot recycle back to the cell surface (Jafar-Nejad et al.,
2005). Similar phenotypes are observed in cells mutant for the Arp2/3 complex and WASpP,
mediators of branched actin polymerization (Rajan et al., 2009). Based on detailed
phenotypic analysis of these mutants, a model has been proposed where Delta recycles back
to the apical plasma membrane from the basal recycling endosomes with the help of the
exocyst complex and via actin polymerization through the Arp2/3-WASp complex in the
pllb cell. One interesting possibility is that basal Delta positive vesicles may recruit Arp2/3
complex to propel them to the apical region via a force generated by actin polymerization,
analogous to L/steria monocytogenes recruiting and activating Arp2/3 for intracellular
motility (Lambrechts et al., 2008). This Neur mediated recycling of Delta is essential for
Notch signaling in the mechanosensory lineage since mutations in Sec15 and Arp2/3-WASp
complex lead to loss of Notch signaling. Since the distribution of Neur is restricted to the
pllb cell, Delta in the plla cell cannot be endocytosed/recycled, and hence can not activate
the Notch receptor on the plib cell.

Recently, it was reported that the apical membranes of the plla and pllb cells are enriched in
polymerized actin (Rajan et al., 2009). This structure, which was referred to as an apical
Actin-rich structure (ARS), is rich in microvilli and recycled Delta. The microvilli of the
ARS may be the site of ligand-receptor interaction, and the microvilli may promote Notch
signaling by increasing the surface area between the signaling cells. In Arp2/3-WASp
complex mutants, the ARS becomes smaller, which may contribute to the Notch loss of
function defects in these cells.

D4. Role of asymmetrically segregated Numb in the plib cell

The plib cell not only inherits Neuralized, but it also inherits Numb, which acts as a negative
regulator of signal reception (Rhyu et al., 1994) (Fig. 5B). Numb is an endocytic protein that
interacts with the AP-2 complex (Santolini et al., 2000). In the pllb cell, Numb binds a-
adaptin of the AP-2 complex (Berdnik et al., 2002) and promotes the endocytosis of
Sanpodo (Spdo) (Hutterer and Knoblich, 2005; Langevin et al., 2005; Roegiers et al., 2005).
Spdo is a four transmembrane protein that acts as a positive regulator of Notch signaling
when present at the plasma membrane through an unknown mechanism (Babaoglan et al.,
2009; O’Connor-Giles and Skeath, 2003). In the pllb cell, Spdo is sequestered away from
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the plasma membrane in an endocytic compartment, where it is thought to be non functional.
In contrast, Spdo is localized at the plasma membrane in the plla cell, where Numb is
absent, and Notch signaling reception is promoted. Thus, by segregating Neur and Numb
into the pllb cell, this cell becomes the signal sending cell, whereas the plla becomes the
signal receiving cell.

D5. Role of asymmetrically segregated Sara endosomes in the plla cell

Recently, endosomes that are marked by Sara (Sara-endosomes) have been identified as a
third cell fate determinant during plla-plib cell fate specification (Coumailleau et al., 2009).
Sara is a FYVE domain containing adaptor protein that localizes to a subpopulation of PI3P
containing endosomes (Bokel et al., 2006; Tsukazaki et al., 1998). In the SOP, a population
of Notch and Delta are endocytosed into Sara-endosomes that become segregated into the
plla cell. Although loss of function of Sara does not exhibit any defect in the bristle lineage,
overexpression of Sara or inheritance of a single giant Sara-endosome generated by
constitutively active Rab5 expression into the pllb cell, can mediate pllb-to-plla cell fate
transformation, caused by a Notch gain of function. Together with the observation that -
secretase dependent cleavage of Notch may be taking place at or before entry into Sara-
endosomes in the plla, segregation of Delta and Notch though Sara-endosomes into plla
may create a small asymmetry in the signaling activity between the plla and pllb, which is
further amplified by actions of asymmetric segregated Neur and Numb. However, it is
important to note that loss of function of Sara as well as artificial segregation of Sara-
endosome away from plla cell does not lead to loss of Notch signaling defects, suggesting
that the Sara-endosome is not an essential component of Notch activation and plays a
regulatory role during bristle development.

In sum, cells of the mechanosensory lineage utilize the endocytic pathway in order to restrict
and regulate the activity of Delta and Notch to achieve the proper fate via unidirectional
Notch signaling. Since loss of function in genes such as Numb and Sec15 show defects in
bristle development and other binary cell fate determination events but not in all Notch
signaling dependent events (Jafar-Nejad et al., 2005; Mehta et al., 2005; O’Connor-Giles and
Skeath, 2003), there seems to be context specificity in the utilization of the endocytic
pathway to achieve successful Notch signaling mediated decisions /in vivo. Since defects in
mechanosensory organ development can be subjected to high throughput forward genetic
screens using clonal analysis,(Berdnik et al., 2002; Jafar-Nejad et al., 2005) identification of
novel genes and endocytic pathways that regulate Notch signaling are likely to continue to
be discovered using this model system.

E. Conclusion and Future Directions

In both signal-sending and receiving cells, the vesicle trafficking routes not only activate
Notch signaling, but also fine tune the signal output. Endocytosis and vesicle trafficking
mediate the activation of DSL ligands through the recycling pathway, generate a pulling
force to promote the S2 cleavage of Notch upon ligand-receptor interaction, may regulate
the S3 cleavage to release the active NICD fragment, promote degradation of inactive Notch,
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and control ligand-independent activation of the pathway. It is important to keep in mind that
different cell types have distinct trafficking properties and that cell context is important.

There are numerous questions that remain unanswered in this area. What is the activated
state of DSL ligands upon entry into the specialized recycling pathway? What is the exact
function of endocytosis in the signal receiving cells? Which endocytic factors are true
universal regulators and which factors act in context/species specific manner? Are ARS and
apically enriched microvilli the sites where Notch signaling takes place and are these
structures seen in other cell types that signal though Notch? What other genes and
trafficking pathways regulate Notch? What fraction of developmental disorders and human
diseases are caused by defects in endocytosis and trafficking of Notch signal components?
We believe that the answers to these and many other questions will come from integration of
various studies from different fields. We have emphasized genetic approaches in Drosophila
in this chapter because much of the key observations related to endocytosis and vesicle
trafficking in Notch signaling were first made in Drosophila. We hope that further insights
into the importance and various roles of endocytosis and vesicle trafficking in Notch
signaling will be forthcoming, not only from the fly field, but also from experiments in
vertebrates.
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Fig. 1. Overview of Endocytosisand Vesicle Trafficking
Transmembrane proteins are made in the ER and traffic through the Golgi apparatus to reach

the plasma membrane. From the cell surface, these proteins can re-enter the cell via various
endocytosis pathways. Clathrin-dependent endocytosis is usually referred to as “canonical
endocytosis”. Clathrin adaptor proteins, such as the AP-2 complex, recruit clathrin and cargo
transmembrane proteins to the site of endocytosis. The clathrin-coated endocytic vesicle is
pinched off by the action of Dynamin GTPase and the clathrin coat is then removed by
molecular chaperone Hsc70 via the assistance of Auxilin. On the other hand, endocytosis
can also occur without clathrin and is referred to as “non-canonical endocytosis” or
“Clathrin-independent endocytosis”. After endocytosis, small GTPase Rab5 and SNARE
protein Avalanche (Avl) mediate the fusion of endocytic vesicles with the early/sorting
endosome. From the early endosome, endocytosed proteins can recycle back to the plasma
membrane directly in a Rab4-dependent manner or indirectly through the recycling
endosome in a Rab11-dependent manner. Alternatively, they can return back to the Golgi, or
travel to the late endosome and lysosome for degradation. Proteins destined for degradation
are sorted into Rab7-positive late endosome or multi vesicular bodies (MVB). Packaging of
transmembrane proteins into intraluminal vesicles is mediated by the ESCRT complexes. In
certain cell contexts, MVB can secrete their contents to extracellular regions. These secreted
MVB:s are referred to as exosomes. Finally, through HOPS and AP3 complexes, MVB/late
endosomes fuse with the lysosome and transmembrane proteins are degraded by proteases
and acid hydrolases.
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Fig. 2. Endocytosis and Trafficking of DSL Ligandsin the Signal Sending Cell
DLS ligands are synthesized in the ER and traffics to the cell surface through the secretory

pathway. Endocytosis is required in the signal sending cell for activation of the canonical
Notch signaling pathway, but there are two non-mutually exclusive hypotheses to explain
how endocytosis promotes DSL ligand activity. In the “Ligand Activation” theory, DSL
proteins that have just been synthesized and reached the cell surface are still inactive and do
not have the capacity to activate the Notch receptor on the signal receiving cell. DSL are
endocytosed and sorted into a unique endocytic compartment where they become
“activated”. The activated ligands return to the cell surface via the recycling pathway where
they interact with and activate the Notch receptor. In contrast, the “pulling force” model
insists that when DSL ligands and Notch receptor interact, endocytosis in the signal sending
cell generates a mechanical force that leads to a conformational change in the Notch
receptor. This force mediates the separation of the Notch heterodimer, and allows the S2
cleavage mediated by ADAM proteases. The extracellular portion of Notch is trans-
endocytosed into the signal sending cell and assumed to be degraded through the lysosomal
pathway along with the DSL ligands.
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Fig. 3. Endocytosis and Trafficking of Notch during Canonical Signal Activation
Canonical Notch signaling occurs in a cell-cell contact dependent manner, in which

membrane-bounded DSL (Delta/Serrate/LAG-2) ligands activate Notch receptor on the
neighboring cell. This interaction with ligands leads to a conformational change in Notch
receptors and exposes the S2 cleavage site, which is cleaved by ADAM metalloprotease to
produce Notch extracellular truncation (NEXT). NEXT then undergoes S3/S4 cleavage via
y-secretase to generate Notch intracellular domain (NICD). During this process, whether
endocytosis is required for NEXT cleavage by -y-secretase is controversial. Two possible
models are shown as dashed lines: (1) S3 cleavage takes place on the cell surface and does
not require endocytosis. Instead, endocytosis might play a negative tuning role since y-
secretase prefers the generation of unstable form of NICD in endosomal compartments. (2)
Endocytosis is required for S3 cleavage. Dynamin and two early endosomal proteins, Rab5
and Avl, are important in internalization and endocytic trafficking of NEXT fragment.
Rben-3A, Rben-3B, and V-ATPase function in acidification of endosomal compartments
where y-secretase is more active and S3 cleavage is thus more efficient.
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Fig. 4. Endocytosis and Trafficking of Notch Receptor during Lysosomal Degradation and Non
Canonical Activation

Inactive Notch receptors undergo constitutive endocytosis, endocytic trafficking, and are
finally degraded in the lysosome. Full-length Notch receptors are firstly mono-ubiquitinated
by E3 ligase Deltex, Su(dx), or DNedd4 for internalization. With the help of Rab5 and Awvl,
Notch receptors enter into the early endosome, from which they can recycle back to the cell
surface or further progress into MVB/late endosomes. Sorting of Notch receptors into
intraluminal vesicles is mediated by Hrs and ESCRT complexes (I, I, and I1l). Lgd, a C2-
containing phospholipid binding protein, is placed between Hrs and ESCRT complexes
based on epistatic analysis results. HOPS and AP-3 complexes are involved in endocytic
trafficking/fusion between late endosome and lysosome. They are required for Dx-dependent
Notch signaling activation. When endocytic trafficking of full-length Notch receptor for
lysosomal degradation is disrupted, Notch receptor can undergo proteolytic cleavages in a
ligand-independent manner (dashed line), which leads to ectopic activation of Notch
signaling.
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Fig. 5. Regulation of Notch Signaling via Endocytosis and Vesicle Trafficking during

M echanosensory Organ Development in Drosophila

A) During mitosis of the sensory organ precursor (SOP) cell, cell fate determinants
Neuralized (Neur) and Numb are asymmetrically segregated into the anterior crescent which
is determined through interactions between cell polarity factors. Upon cytokinesis, Neur and
Numb are both inherited by the anterior pllb cell, whereas the posterior cell fails lacks these
factors. In parallel to the asymmetric segregation of the two cell fate determinants, Rab11-
positive recycling endosomes become enriched in the plib cell, whereas Sara-positive
endosomes are sorted into the plla cell. This asymmetric segregation of cell fate
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determinants and specific endocytic compartment biases the following Notch signaling
between the plla and the plib cell B) In the pllb cell, Neur promotes the endocytosis and
sorting of Delta for activation. Activated Delta traffics through Rab11-positive endosomes
and recycle back to the apical cell surface where there is an enrichment of actin filaments
and microvilli, referred to as the ARS (apical Actin Rich Structure). Sec15, a Rab11 effector
and component of the exocyst complex is required for this apical recycling of Delta. In
addition, Arp2/3 and WASp, positive regulators of actin polymerization are also required for
recycling of Delta, possibly through mobilization of Delta positive vesicles and/or
facilitation of ARS formation. Activated Delta that returned to the cell surface interacts with
and activates Notch in the plla cell. Sanpodo (Spdo), a four transmembrane domain protein
is present at the cell surface of the plla cell to promote the reception of this signal. plla cell
cannot signal to the pllb since they are not able to activate Delta due to lack of Neur. In
addition, pllb cannot receive Notch signaling since Spdo is endocytosed by Numb and kept
in an inactive form. As a third mechanism, Sara-positive endosome has been recently been
proposed to bias Notch signaling by actively recruiting Notch and Delta into the plla cell. -y-
secretase cleavage of Notch has been proposed to be happening at or before Notch entering
the Sara-positive endosome, but the exact mechanism and role of Sara is not fully
understood.
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