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Summary

In the first volume of Developmental Cell, it was reported that the classic Drosophila neurogenic
gene neuralized encodes a ubiquitin ligase that monoubiquitylates the Notch ligand Delta, thus
promoting Delta endocytosis. A requirement for ligand internalization by the signal-sending cell,
although counterintuitive, remains to date a feature unique to Notch signaling. Ten years and many
ubiquitin ligases later, we discuss sequels to these three papers with an eye towards reviewing the
development of ideas for how ligand ubiquitylation and endocytosis propel Notch signaling.

Introduction

The Notch pathway is an evolutionarily conserved signaling system deployed over and over
again during development to direct the specification of almost every cell type in the
metazoan body plan (Fortini, 2009). Given this widespread use of Notch signaling, it is not
surprising that both gains and losses in Notch signaling are associated with inherited human
disorders and cancer. The identification of Notch as a potential therapeutic target, along with
its importance in manipulating embryonic and adult stem cells, underscore the need to
understand how Notch ligands activate signaling and how Notch activation is regulated
spatially. Ten years ago three papers in Volume 1 of Developmental Cell suggested a
potential role for ubiquitylation of ligands as a mechanism to regulate Notch signaling
(Deblandre et al., 2001; Lai et al., 2001; Pavlopoulos et al., 2001). Here we review what was
known then, what is known now, and discuss these findings in the context of what we yet
need to know to fully understand the role of ligand ubiquitylation in Notch signaling.

Both the Notch receptors and ligands are cell surface proteins, and while the requirement for
direct cell-cell contact in Notch signaling offers a mechanism for cells to communicate and
respond to each other, the transmembrane nature of the Notch ligands also appears
fundamental to ligand activation of Notch receptors on the surface of neighboring cells
(D'Souza et al., 2008; Nichols et al., 2007b). Endocytosis had long been recognized as an
important mechanism to down-regulate cell surface receptors following ligand activation
and to contribute to signal propagation and intensity. The idea, however, that ligands on the

© 2011 Elsevier Inc. All rights reserved.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Weinmaster and Fischer Page 2

surface of a signal-sending cell must be internalized to activate Notch on the signal-
receiving cell suggested a novel role for endocytosis in activation of a signaling pathway.
Roles for ligand endocytosis both before and following Notch engagement have been
proposed, and models to account for ligand ubiquitylation in activation of Notch signaling in
these contexts will be discussed in this review.

Mechanisms that restrict Notch signaling to one of two interacting cells are paramount to the
timing and acquisition of the correct cell fate during development (Fortini, 2009). While
cells that receive the Notch signal induce developmental programs distinct from those
sending the signal, the specific outcome is often context-dependent. In fact, the effects of
Notch signaling on tissue patterning and morphogenesis may involve either positive or
negative regulation of cellular differentiation, proliferation, survival and apoptosis. In its
most classic example, Notch signaling mediates a process of lateral inhibition to restrict cell
fates among bipotential progenitors, such that losses in Notch signaling lead to the
expansion of one cell fate at the expense of another. Specifically, in the ventral ectoderm of
the developing Drosophila embryo, loss-of-function mutations in Notch result in massive
expansion of neural cells at the expense of the epidermal fate (Poulson, 1940; Poulson,
1937). This so-called neurogenic phenotype is the most famous of the Notch phenotypes that
presents as embryonic lethality. Indeed, it was this embryonic lethal phenotype that allowed
the identification of a small group of “neurogenic genes” that both phenocopy and interact
genetically with Notch (Lehmann et al., 1983). These genes turned out to function also in
numerous developmental events outside the nervous system, reflecting the pleiotropic nature
of the Notch signaling pathway. Although the neurogenic genes do indeed encode protein
components of the Notch pathway, it has been a challenge to understand the roles of these
proteins in the mechanics of Notch signaling.

Neuralized is REALLY an E3 ubiquitin ligase

neuralized (neur) is one of the original zygotic lethal neurogenic genes (Lehmann et al.,
1983). However, nearly two decades passed before the biochemical basis of Neur activity in
Notch signaling was realized. The initial cloning of the neur gene in the early 1990s
revealed a pioneer protein containing putative DNA-binding sequences similar to bacterial
repressors, suggesting that Neur might encode a regulator of transcription (Boulianne et al.,
1993). Specifically, Neur was found to encode a new type of zinc finger that in 1993 was
dubbed the “RING finger” (Lovering et al., 1993), initially identified for the human RING1
gene (really interesting new gene 1). Identification of this RING motif in another 27 putative
DNA-binding proteins defined a new family of RING domain proteins (Deshaies and
Joazeiro, 2009). In 1996, the RING finger motif was reclassified as a zinc-binding domain
distinct from other zinc-fingers, and rather than binding DNA, it was proposed to mediate
protein-protein interactions (Deshaies and Joazeiro, 2009). Nevertheless, the actual function
of a RING domain remained a mystery until a series of papers published between 1997 and
1999 identified ubiquitin-ligase activity associated with the RING that allowed direct
transfer of ubiquitin (Ub) to substrates (Deshaies and Joazeiro, 2009). Together, these
studies implied that most, if not all, members of the large RING domain family might be E3
Ub ligases, instantly expanding the number of known E3 ligases. This was an important
advance, because if E3s provided substrate specificity as proposed, then large numbers
should exist to account for the ubiquitous nature of this post-translational modification. At
the time, however, few E3s had been identified. This prediction turned out to be correct and
today more than 600 human genes have been identified that encode RING-based E3 Ub
ligases (Deshaies and Joazeiro, 2009).

Spurred on by these findings, four papers published in 2001 (Deblandre et al., 2001; Lai et
al., 2001; Pavlopoulos et al., 2001; Yeh et al., 2001) presented biochemical evidence that the
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Neur RING domain had in vitro E3 Ub ligase activity. Importantly, genetic studies in this
work indicated that the RING domain was necessary for Neur to rescue the neurogenic
phenotype of neur mutant embryos.

Neuralized ubiquitylates Notch ligands to target them for endocytosis

Providing a possible clue as to how Neur might regulate Notch signaling, studies from both
flies and frogs (Deblandre et al., 2001; Lai et al., 2001; Pavlopoulos et al., 2001; Yeh et al.,
2001) identified the Notch ligand Delta as a substrate for the Neur RING domain E3 Ub
ligase activity. Consistent with this idea, Neur localized to the plasma membrane, physically
interacted with Delta, and promoted Delta ubiquitylation. Surprisingly, the addition of Ub to
Delta stimulated its removal from the cell surface via endocytosis and correlated with a loss
in Delta protein. Although the role of Ub in proteasome-dependent proteolysis was well
established, recent reports had suggested that this modification might serve additional
functions (Hicke and Dunn, 2003). In fact, ubiquitylation, and in particular, mono-
ubiquitylation was beginning to be appreciated as a signal for endocytosis of transmembrane
proteins (Hicke, 2001). In vitro ubiquitylation assays indicated that Neur monoubiquitylated
Delta, consistent with Neur ubiquitylation inducing Delta endocytosis. The distinct sites and
types of ubiquitylation for endogenous Notch ligands induced by Neur have yet to be
established. In this regard, it is important to note that Ub is linked covalently to lysine
residues, and two particular lysines in the intracellular domain of Delta (and also in the other
Drosophila ligand Serrate, later shown to be a Neur substrate as well) have been since
implicated in ligand signaling activity (Glittenberg et al., 2006; Parks et al., 2006).
Moreover, analyses of frog and fly embryos and tissues, both live and fixed, indicated that in
the absence of Neur activity, Notch ligands accumulate on the cell surface (De Renzis et al.,
2006; Le Borgne and Schweisguth, 2003b; Pavlopoulos et al., 2001; Deblandre et al., 2001;
Lai et al., 2001), presumably because they lack Ub to direct their internalization. Together
these findings suggested that Neur at the plasma membrane interacted with and
ubiquitylated Delta, possibly to regulate the level of cell surface ligand available to activate
Notch receptors on neighboring cells and establish polarity of signaling during lateral
inhibition.

Counterintuitively, Neuralized functions in signaling cells

Seemingly at odds with the idea that Neur promotes Delta endocytosis, the neurogenic
phenotype resulting from loss of neur was thought to result from the failure of Notch
signaling, implying that Neur is a positive effector of Notch signaling. How could removal
of ligand from the cell surface and its subsequent degradation promote Notch signaling? As
Neur had been reported to function cell autonomously in Notch signaling (Lai and Rubin,
20014, b; Yeh et al., 2000) the Neur-induced degradation of Delta was proposed in two of
the original Developmental Cell papers (Deblandre et al., 2001; Lai et al., 2001) to relieve
the inhibitory effects produced by ligand binding to Notch in the same cell, a phenomenon
called receptor cis-inhibition. According to this model, Neur-mediated ubiquitylation of
Delta targets ligand for endoctyosis and subsequent degradation, thus decreasing the amount
of ligand available for binding to Notch in cis. Removal of cis-inhibiting ligand would allow
Notch to bind ligand in trans on adjacent cells, leading to receptor activation. By contrast, in
the absence of Neur, Delta would not be ubiquitylated or degraded, and thus accumulate to
high levels to effectively cis-inhibit Notch receptors and block Notch activation cell
autonomously. Although a logical rationale for how Neur-mediated Delta endocytosis could
promote Notch receptor activation (and an idea not without merit — we discuss below how
Neur might have a subsidiary role in cis-inhibition), this model, nonetheless, turned out to be
wrong.
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We now know, as proposed in one of the original Developmental Cell papers (Pavlopoulos
et al., 2001), and later reinforced by additional genetic mosaic experiments (del Alamo and
Mlodzik, 2006; Le Borgne and Schweisguth, 2003b; Li and Baker, 2004; Overstreet et al.,
2004), that Neur function is necessary in the signaling cells in flies, and is highly expressed
and localized to cells that send rather than receive Notch signals. Although Neur is not likely
to function in Notch signal reception, enhanced Neur expression can indeed antagonize
ligand cis-inhibition of receptor in a cell autonomous manner as proposed initially
(Glittenberg et al., 2006). In the Drosophila wing and eye, receptor cis-inhibition by ligand
is an essential mechanism for determination of cell fate (reviewed in del Alamo et al., 2011).
In both contexts, ligand ubiquitylation by Neur is not necessary for cis-inhibition of
receptor, as Neur deficient cells cannot activate Notch in adjacent cells, but can cis-inhibit
receptor (Glittenberg et al., 2006; Miller et al., 2009). However, Neur overexpression
represses cis-inhibition, possibly by clearing ligand from the plasma membrane, leaving
open the possibility that Neur may regulate Notch activation in receiving cells by
modulating the amount of ligand available to cis-inhibit receptor (Glittenberg et al., 2006).

Nonetheless, the requirement for Neur in signaling cells presents an obvious paradox. How
could removal of ligand from the cell surface induced by Neur ubiquitylation enhance ligand
signaling potential? And how might we explain the even more bizarre observation that cell
surface ligand accumulates in the absence of Neur but fails to activate Notch signaling?
Further complicating our understanding of Neur’s role in Notch signaling, not all Notch-
dependent developmental events in flies appeared to require Neur. Could it be that Neur is a
regulator rather than a core component of the Notch signaling pathway? Alternatively, if
Neur ubiquitylation is required absolutely to generate ligand-signaling activity, additional
E3 Ub ligases must exist that function in Neur-independent processes that require Notch
signaling.

Enter Mind bomb, another Notch ligand E3 Ub ligase

The original zebrafish mutagenesis screens published in 1996 described several mutants
with Notch loss-of-function phenotypes that identified components of the Notch signaling
pathway, in particular Notch ligands and receptors. Despite the strong Notch-like neurogenic
phenotype described for the mind bomb (mib) mutant, genetic linkage analysis failed to
identify any of the usual suspects. A study published in Developmental Cell in 2003,
identified mib using a positional cloning approach (Itoh et al., 2003). Surprisingly, mib was
found to encode three RING domains, raising the interesting possibility that Mib, although
structurally distinct from Neur, was also a E3 Ub ligase that functioned in Notch signaling
(Chen and Corliss, 2004; Itoh et al., 2003). Indeed, the mouse homolog of Mib, called DIP-1
(for DAPK-interacting protein-1), had been reported to bind and polyubiquitylate the death-
associated protein kinase (DAPK) to signal proteasome degradation of this important
apoptosis regulator (Jin et al., 2002).

As found for DIP-1, the Mib RING domains had E3 Ub ligase activity and satisfyingly, Mib
bound and ubiquitylated Xenopus Delta and zebrafish DeltaD (Chen and Corliss, 2004; Itoh
et al., 2003). The identification of Notch ligands as additional Mib substrates likely
accounted for the many different loss-of-Notch phenotypes described for zebrafish mib
mutants. In fact, as found for Neur, Mib ubiquitylation promoted ligand endocytosis,
although this did not appear to promote ligand degradation as previously reported for Neur
(Deblandre et al., 2001; Lai et al., 2001). Importantly, elegant cell transplantation analysis
suggested that Mib was required by the ligand signal-sending cell to activate Notch
signaling during lateral inhibition (Itoh et al., 2003). Furthermore, the neurogenic phenotype
produced by a form of Delta lacking intracellular domain (ICD) sequences was rescued by
the addition of sequences encoding Ub, suggesting the presence of Ub on the ligand ICD
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(presumably attached to lysine residues by Mib normally) is required for ligand to activate
Notch. Additionally, as found for Neur, ligands accumulated on the cell surface in Mib
mutant cells but were defective in activating Notch signaling. Together, these findings were
more consistent with a role for Mib ubiquitylation in generating ligand signaling potential
through promoting ligand endocytosis rather than regulating levels of ligand for Notch
activation.

The identification of zebrafish mib revealed the existence in fly, mouse and human genomes
of two mib homologs, mib1 and mib2, suggesting conservation of this E3 Ub ligase
throughout metazoans. It turns out that neither of the mib-related genes are expressed in the
neurogenic region of developing embryos, accounting for their omission as classic
neurogenic genes (Lai et al., 2005; Le Borgne et al., 2005; Pitsouli and Delidakis, 2005;
Wang and Struhl, 2005). It has also been suggested that differential expression of
Drosophila Neur and Mib1 accounts for the requirements for these genes in distinct
developmental events. In fact, we now know that Neur-independent Notch activation is due
to the presence of Mibl, and in situations where both E3 ligases are expressed, simultaneous
depletion of both Mib1 and Neur are required to produce loss-of-Notch phenotypes (Lai et
al., 2005; Le Borgne et al., 2005; Pitsouli and Delidakis, 2005; Wang and Struhl, 2005). The
finding that Neur and Mib1 function similarly in Drosophila provides strong support for
ligand ubiquitylation as an absolute requirement for ligand signaling activity, rather than as
a regulator of ligand levels or activity in limited developmental contexts. Consistent with
this notion, both Neur and Mib1 bind and ubiquitylate both Delta and Serrate to induce
endocytosis that correlates with ligand signaling potential (Lai et al., 2001; Lai et al., 2005;
Le Borgne et al., 2005; Pitsouli and Delidakis, 2005).

Despite numerous examples of functional redundancy, Mib1 was unable to rescue the
neurogenic phenotype produced by loss of Neur, suggesting that Neur may have additional
functions not supplied by Mib1 in this particular context (Le Borgne et al., 2005). In fact,
the identification and characterization of a phosphoinositide-binding domain at the N-
terminus of Neur has suggested that Neur might participate in the mechanics of endocytosis
in some way in addition to ubiquitylating ligand (Skwarek et al., 2007). Consistent with
potential functional differences for these structurally distinct E3 ligases, Drosophila Mib2
functions to maintain muscle integrity and survival (Carrasco-Rando and Ruiz-Gomez,
2008; Nguyen et al., 2007), and neither Mibl1 nor Neur rescue the Mib2 muscle defects,
identifying a unique requirement for Mib2 in this context. Although, earlier myoblast fusion
events in fly myogenesis require the Mib2 RING domains, implicating the Ub ligase
activity, the later Mib2-dependent events in differentiating muscle do not require the RING
domains and do not involve Notch signaling. That the role proposed for Mib2 in muscle
attachment and stability requires neither E3 catalytic activity nor Notch signaling, while
muscle fusion events require both, lends further support to the idea that ligand ubiquitylation
is a critical event in Notch activation.

In vertebrates, Mind bomb, but not Neuralized, is required for Notch

signaling

Studies in flies have demonstrated clearly a critical role for Neur in Notch signaling, which
involves ligand ubiquitylation and endocytosis in the generation of a productive signal. It
was therefore surprising when two groups reported in 2001 that mice lacking the
mammalian neur homolog (neurl) do not display any obvious Notch-like developmental
phenotypes (Ruan et al., 2001; Vollrath et al., 2001). Moreover, these mice are viable and
fertile, which is in strong contrast to the mid-gestation lethality reported for gene knockouts
of core components of the Notch signaling pathway. At the time of these findings, it was
assumed that additional E3 Ub ligases must exist to account for the general lack of Notch-
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specific phenotypes in the neurl mutant mice. Indeed, the subsequent identification and
characterization of neur2 supported this view (Song et al., 2006). Specifically, Neur2
contains a RING domain that is necessary and sufficient for E3 ligase activity. Moreover,
like Neurl, Neur2 binds to Xenopus and mouse Delta homologs, and when coexpressed with
Delta in cells, ubiquitylates it. Although these findings left open the possibility that neur2
expression accounts for the lack of Notch signaling defects in neurl knockout mice, this
turned out not to be the case.

As found for neurl knockout mice, gene targeting to produce neur2 null homozygotes
resulted in viable offspring lacking obvious Notch signaling defects (Koo et al., 2007), again
possibly due to compensation by Neurl. To determine definitively whether or not Neur
activity is required for Notch signaling, mice homozygous for deletion of both neurl and
neur2 were generated, and again viable offspring were produced with no obvious Notch-like
abnormalities (Koo et al., 2007). This surprising finding indicates that neither Neurl nor
Neur2 are required for normal mammalian development, viability, or survival. Given the
potent neurogenic phenotypes associated with neur mutation in flies, it is especially
significant that analysis of brains isolated from neurl neur2 double knockout mice failed to
show any obvious morphological defects. Moreover, animals defective in neurl, neur2 and
mib2 gene expression also lack obvious Notch-dependent morphological phenotypes (Koo et
al., 2007), suggesting that mib1 may be the only E3 ligase gene essential in the embryo for
Notch signaling. Indeed, disruption of the mib1 gene alone produces the known constellation
of Notch-like mutant phenotypes in developing mouse embryos (Barsi et al., 2005; Koo et
al., 2005a).

Studies of Mib function in mammalian cell culture corroborate the role of Mib in Notch
signaling. Cells expressing Notch ligands and lacking Mib1 do not activate Notch reporters
or target gene expression in mammalian co-culture assays (Hansson et al., 2010; Yamamoto
et al., 2010). Interestingly, the Mib2 homolog, skeletrophin, is aberrantly expressed in
multiple myeloma cells where it binds and ubiquitylates the Notch ligand Jagged? to
activate Notch signaling in bone marrow stroma cells, which may promote and maintain the
malignant state (Takeuchi et al., 2005). Importantly, ubiquitylated Jagged? is not degraded
in myeloma cells, which is in strong contrast to the effects of Jaggedl ubiquitylation by
Neurl. Neurl-dependent ubiquitylation targets Jaggedl for degradation, and not
surprisingly, this results in loss of Jagged1-induced Notch signaling in co-culture assays
(Koutelou et al., 2008). Based on similar ectopic expression, Neurl has been proposed to
function as a tumor suppressor through degrading Jagged1 and preventing expression of
Notch target genes required for the development of medulloblastoma (Teider et al., 2010).
The down-regulation of Jaggedl by Neurl is reminiscent of the initial studies in flies and
frogs that placed a strong emphasis on Neur-induced ubiquitylation in targeting Notch
ligands for degradation (Deblandre et al., 2001; Lai et al., 2001). Thus, overexpressed Neur
ubiquitylates ligand, thereby stimulating ligand degradation and downregulation of Notch
signaling, yet genetic studies suggest strongly that the effects of Neur overexpression do not
reflect the normal functions of mammalian Neur ligases. Interestingly, studies in zebrafish
have identified a structurally unrelated E3 ligase that targets DeltaA for Ub-based
degradation, which is proposed to repress Notch signaling during lateral inhibition (Diks et
al., 2006; Diks et al., 2008; Sartori da Silva et al., 2010).

There are studies in mammalian cells suggesting that Mib and Neur ubiquitylation have
distinct effects on Notch ligands. For example, it has been proposed that Mib1 ubiquitylation
stimulates Delta endocytosis, while ubiquitylation by Neur2 is needed for subsequent
trafficking of Delta through an endosomal pathway (Song et al., 2006). Another study
suggested that Neur2 stimulates transcytosis of Delta from the basolateral to apical plasma
membrane in polarized mammalian epithelial cells (Benhra et al., 2010). Although the latter
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findings are similar to those described for Neur in the regulation of Delta signaling activity
during Drosophila sensory organ development (see below), the Neur-induced Delta
transcytosis observed in mammalian cells has yet to be linked to Notch signaling.
Additionally, whether Delta transcytosis is unique to Neur and not mediated by Mib has not
been reported. Finally, over expression of zebrafish Mib in mammalian cells, in contrast to
that reported for Neur in flies (Glittenberg et al., 2006), cannot relieve the cis-inhibitory
activity of ligands (Itoh et al., 2003). Therefore, despite clear roles for both Neur and Mib in
numerous Notch-dependent events in flies, the current evidence in mammalian cells is most
consistent with the idea that ubiquitylation of Notch ligands by Mib, but not Neur,
potentiates their ability to activate Notch.

What about Neur in zebrafish? Mutants in neurl or neur2 have not yet been analyzed in
zebrafish, however, neither neurl nor neur2 rescue the zebrafish mib1 neurogenic phenotype
(Song et al., 2006). Assuming that appropriate levels of Neurl and Neur2 were achieved in
these rescue experiments, these findings argue against zebrafish neur and mib being
functionally redundant. In contrast, rescue experiments in zebrafish indicate that Mib1 and
Mib2 are functionally redundant (Koo et al., 2005b; Zhang et al., 2007b), even though they
have overlapping and distinct substrate specificities for different Notch ligands (Zhang et al.,
2007a). Similar rescue experiments for Mib1 and Mib2 in mice have not yet been reported.

Together, the data indicate that while Neur and Mib1 perform similar roles in Notch
signaling in flies, the vertebrate Neur and Mib proteins are not functionally equivalent. So
far, only Mib has been shown to play a role in Notch signaling in both flies and vertebrates.
Although it is the rule rather than the exception for obvious homologs to maintain functional
conservation, examples do exist where homologous proteins possess different biochemical
properties and cellular activities in different organisms (see Dickinson et al Forum in this
issue).

Why is Notch ligand endocytosis essential for signaling?

Loss of either Neur or Mib leads to accumulation of ligands on the cell surface, and
paradoxically, the failure of the ligands to signal. The requirement for ligand endocytosis so
far appears unique to the Notch signaling system. Nevertheless, why ligands need to be
removed from the cell surface to activate the Notch receptor in adjacent cells has remained
controversial for several years.

Before the discovery that neur encodes a Ub ligase, there was genetic evidence that
endocytosis played a uniquely important role in Notch signaling in Drosophila. Genetic
mosaic studies with the Drosophila shibire mutant published in 1997 showed that dynamin
(encoded by the shibire gene) is required in both Notch signaling and receiving cells for
sense organ development (Seugnet et al., 1997). As the GTPase dynamin is best known for
its role in pinching-off endocytic vesicles from the plasma membrane, this finding presaged
the critical role of ligand endocytosis in signaling cells. (The role of endocytosis in the
receiving cells is another source of controversy (Fortini, 2009) that will not be discussed
here.) A requirement for ubiquitylation of Delta in promoting Notch signaling through
ligand endocytosis was foreshadowed also by the observation that Delta normally
accumulates in endosomes in Drosophila tissues associated with active Notch signaling
(Parks et al., 2000; Parks et al., 1995). In addition, Delta proteins that lack the intracellular
domain, or with specific intracellular domain mutations, fail to signal and instead of
accumulating in intracellular puncta, accumulate at the plasma membrane presumably
because they are unable to undergo endocytosis (Chitnis et al., 1995; Dorsky et al., 1997;
Henrique et al., 1997; Nichols et al., 2007a; Parks et al., 2006; Sun and Artavanis-Tsakonas,
1996). It was discovered later, however, that endosomal ligand is also present in some
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mutant cells that do not signal (Glittenberg et al., 2006; Overstreet et al., 2004; Wang and
Struhl, 2004, 2005). This likely represents constitutive ligand endocytosis that regulates cell
surface ligand levels, which is distinct from ligand endocytosis that activates Notch. Neur
and/or Mib are required for signaling-specific internalization, and at least sometimes also for
constitutive endocytosis of Notch ligands (Wang and Struhl, 2005). Therefore, not all ligand
endocytosis can be considered a direct consequence of active Notch signaling, a fact that
often complicates interpretation of in vivo studies where Notch is ubiquitous (Matsuda and
Chitnis, 2009). In fact, the majority of Jaggedl endocytosis in mammalian cells appears to
be Mib1 independent, but Mib is required absolutely for ligand to activate Notch signaling
(Yamamoto et al., 2010).

The discovery that the endocytic adaptor protein epsin is essential specifically in Notch
signal-sending cells in Drosophila, C. elegans, and in mice linked the critical requirements
for ligand ubiquitylation and endocytosis (Chen et al., 2009; Overstreet et al., 2003;
Overstreet et al., 2004; Tian et al., 2004; Wang and Struhl, 2004). Epsin binds ubiquitylated
cargo, and promotes both clathrin-dependent and clathrin-independent endocytosis (Chen
and De Camilli, 2005; Chen et al., 1998; Sigismund et al., 2005).

We will discuss below how studies in flies and mammalian cells have suggested that ligands
may undergo two distinct endocytic events to activate Notch. The first ligand endocytic
event would occur prior to engagement with Notch to facilitate recycling in the generation
of an active ligand (Figure, Step 1). Following interactions with Notch on adjacent cells, a
second ligand endocytic event generates a pulling force to allow activating Notch
proteolysis (Figure, Step 2). Although there is evidence to support aspects of both these
models, it is yet unclear whether the first, second, or both endocytic events are necessary for
ligands to activate Notch signaling. Moreover, how ligand ubiquitylation would function in
either ligand recycling or the generation of a pulling force remains to be determined.

Ubiquitylation to promote ligand recycling

The recycling model assumes that newly synthesized ligand delivered to the cell surface
cannot activate Notch and requires endocytosis, trafficking and recycling back to the cell
surface to gain signaling activity (Figure Step 1). Ligand recycling was proposed initially as
one of several creative explanations to account for the requirement of ligand endocytosis in
Notch signaling. In its original formulation, the idea was that ligand would be “activated” by
packaging into exosomes (Le Borgne and Schweisguth, 2003a). Later, Wang and Struhl
(2004) proposed a different recycling model, based on two observations about epsin function
in wing imaginal discs. First, they observed that epsin is not required for constitutive
endocytosis of Delta, but is needed absolutely for ligand endocytosis associated with Notch
signaling. Second, they observed that if the intracellular domain of Delta is replaced with
known internalization and recycling signals, the recombinant Delta signals in an epsin-
independent manner. Taken together, these observations suggested that epsin may target
ubiquitylated Delta to a specific endosomal pathway, in which it is activated and recycled
back to the plasma membrane in an “active” form. The authors showed further that a
presumed proteolytically processed form of Delta present in wild-type cells is absent in cells
lacking epsin. However, it is notable that to date no one has identified an “activated” form of
ligand, and a more recent study of ligand recycling failed to obtain evidence for Delta
processing (Rajan et al., 2009).

Nevertheless, the recycling idea was reinforced by two papers proposing that in sensory
organ development, the recycling proteins Sec15 and Rab11 may work in signal-sending
cells to promote Delta recycling and thereby signaling (Emery et al., 2005; Jafar-Nejad et
al., 2005). However, in neither paper was it shown directly that Sec15 or Rab11 are required
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in the signal-sending cell to obtain an active ligand. In addition, two more recent papers
proposed that Neur-dependent Delta trafficking from the basolateral membrane to an apical
actin-rich structure (transcytosis) juxtaposes Delta with Notch on adjacent cells and thus
enables it to signal (Benhra et al., 2010; Rajan et al., 2009). As no activated form of Delta
has been identified, this role for recycling seems most plausible. In fact, recycling is well
known to function in the spatial positioning of signaling receptors and effectors to ensure
specific cellular responses. Additionally, recycling could serve to regulate the level of cell
surface ligand available to activate Notch, and thereby account for the signaling defects
reported for non-polarized Deltal-OP9 cells defective in Rab11 recycling (Emery et al.,
2005).

The requirement for ligand recycling in Drosophila may actually be restricted to polarized
cells as reported for sensory organ precursors (SOPs). First, Rab11 is not required for all
Notch signaling events. Particularly, loss of Rab11 activity does not perturb Delta signaling
in the germline or in the developing eye (Banks et al., 2011; Windler and Bilder, 2010).
Second, Rab5 is also not required for signaling in the germline and probably not in the eye
either (Banks et al., 2011; Windler and Bilder, 2010); if recycling is required to generate an
active ligand, then Rab5 GTPase activity, which is prerequisite for entry into the Rab11
recycling pathway, should also be essential. Finally, experiments with Drosophila auxilin
mutants also suggest that recycling is not the primary role of ligand endocytosis in Notch
signaling. Auxilin is an endocytic protein that stimulates uncoating of newly endocytosed
clathrin-coated vesicles. Auxilin is required for ligand endocytosis and signaling in all
developmental contexts tested except for the germline (Banks et al., 2011; Eun et al., 2008;
Eun et al., 2006; Hagedorn et al., 2006; Kandachar et al., 2008). It has been observed that
overexpression of clathrin and/or epsin bypasses most of the requirement for auxilin in
Notch signaling (Banks et al., 2011; Eun et al., 2008). This means that the function of
auxilin in signaling cells is to maintain the pool of free clathrin and possibly also epsin,
rather than to uncoat ligand-containing vesicles efficiently for passage through a recycling
pathway. Assuming that in the absence of auxilin, vesicle uncoating remains inefficient even
when clathrin and/or epsin are overexpressed, this result implies that passage of ligand
through an endosomal pathway is not essential for ligand to activate receptor. Taken
together, these three observations argue that ligand recycling is not a general, core feature of
Notch activation. Nonetheless, recycling to relocalize ligand appears to be a feature of Notch
signaling specific to polarized cells, and this has provided the key support for the recycling
model.

Ligand ubiquitylation recruits epsin to produce a pulling force

Notch signals through a remarkable mechanism that involves a series of proteolytic events
that result ultimately in the release of the Notch intracellular domain (NICD) allowing it to
move to the nucleus where it directly activates expression of Notch target genes (Fortini,
2009). In Drosophila imaginal discs, Parks et al. (2000) were the first to show that the Notch
extracellular domain (NECD) colocalizes with Delta in endosomes in cells known to
activate Notch signaling in neighboring cells. In a leap of prescient imagination, the authors
proposed that endocytosis of Delta would impart a molecular strain on bound Notch to
separate the NECD from intact Notch and result in activating proteolysis for downstream
signaling. In support of this model, NECD is localized to intracellular vesicles in Delta cells
following coculture with mammalian cells expressing Notch (Hansson et al., 2010; Heuss et
al., 2008; Nichols et al., 2007a). Importantly, losses in ligand endocytosis prevent NECD
transendocytosis by ligand cells and this correlates with Notch signaling defects in flies and
mammalian cells (Nichols et al., 2007a; Parks et al., 2000).
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Structural studies suggest that Notch receptors are locked-down in a protease-resistant
conformation and that major structural changes are required to expose Notch to activating
proteolysis (Gordon et al., 2008). Binding between ligand and Notch cells would present a
resistance to endocytosis of Notch by the ligand cell, which may stimulate recruitment of
specific cellular factors to form an endocytic structure that could overcome resistance to
endocytosis of ligand bound to Notch. In particular, ligands could employ mechanical force
intrinsic to endocytosis (Liu et al., 2010; McMahon and Gallop, 2005) to pull on bound
Notch and dissociate the pre-formed Notch heterodimer. Specifically, force exerted on
ligand-bound Notch would unfold or destabilize the heterodimeric interactions allowing
physical or enzymatic removal of the Notch extracellular domain (NECD). Uptake of NECD
by the ligand cell would expose the remaining membrane-bound Notch to activating
proteolysis for the generation of NICD and activation of downstream signaling.

It is clear that epsin is required for ligand signaling activity, and it is possible that epsin may
function downstream of ligand binding to Notch to participate in the generation of
mechanical force during the endocytic process (D'Souza et al., 2008; Nichols et al., 2007b).
Notch binding to ligand has been reported to induce ubiquitylation (Hansson et al., 2010)
and additional ligand clustering could amass multiple Ub-binding sites for epsin. The
assembly of multiple low affinity mono-Ub interactions between the epsin Ub-interaction
motifs and Ub attached to ligands would strengthen these interactions (Barriere et al., 2006;
Hawryluk et al., 2006), and allow ligand to overcome resistance to internalization when
bound to cell surface Notch (Figure Step 2). In fact, replacement of the Delta intracellular
domain with a single Ub motif that can undergo polyubiquitylation promotes internalization
and signaling activity in zebrafish (Itoh et al., 2003). A non-extendable Ub, however, signals
only weakly even though it promotes endocytosis (Wang and Struhl, 2004), supporting the
idea that multiple Ub interaction sites are required for ligands to activate Notch, possibly
through providing stable associations with epsin-containing endocytic vesicles.

Epsin, dynamin, clathrin and the actin cytoskeleton have all been implicated in generating
mechanical force to invaginate the plasma membrane during formation of endocytic vesicles
(Liu et al., 2010; McMahon and Gallop, 2005). Importantly, studies in flies, worms and
mammalian cells have indicated that these same components are required for ligand cells to
activate signaling in Notch cells. It is therefore tempting to speculate that ligand cells require
epsin to orchestrate the formation of a molecularly distinct endocytic structure specialized in
force generation. In addition to membrane bending, epsin has also been reported to regulate
the actin cytoskeleton during endocytosis (Horvath et al., 2007; Maldonado-Baez and
Wendland, 2006), which together could endow cells with sufficient pulling force to induce
conformational changes in ligand-bound Notch and initiate activating proteolysis.
Additionally, Mib that binds and ubiquitylates ligand colocalizes with and physically
interacts with sorting nexin 5 (Yoo et al., 2006) that contains a BAR (bin/amphiphysin/rvs)
domain associated with membrane curvature (Itoh and De Camilli, 2006). Therefore, ligand
targeted for endocytosis following interactions with Notch is likely to be associated with
multiple force-generating factors. Accordingly, ligand-signaling activity most probably
relies on endocytic events involving mechanical force to bend the membrane, form and
release endocytic vesicles, rather than later steps required for vesicle trafficking. This idea is
consistent with the observations that neither Rab5 nor Rab11 GTPases, nor efficient vesicle
uncoating by auxilin, are required by signal-sending cells in several Notch-dependent
developmental contexts (Banks et al., 2011).

In summary, the data to date are most consistent with the idea that Neur/Mib-dependent
ligand endocytosis exerts a pulling force on the receptor that activates signaling. In polarized
cells, ligand transcytosis could regulate additional regulatory events prior to Notch-induced
ligand endocytosis required to activate signaling.
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Regulation of Neur and Mib to control Notch signaling

A family of eight proteins called the Bearded (Brd) family, encoded by genes in two distinct
complexes, regulates Neur activity in Drosophila by competing with ligands for Neur
binding. Overexpression of a single Brd family protein results in Notch-like phenotypes
(Bardin and Schweisguth, 2006; Chanet et al., 2009; De Renzis et al., 2006; Fontana and
Posakony, 2009). These genes have largely redundant functions; while deletion of all eight
Brd family genes results in embryonic lethality, deletion of all of the Brd family genes in
either complex has at most a weak effect (Chanet et al., 2009). There is solid evidence in
support of the idea that Brd proteins repress Neur activity by binding to Neur, and thereby
preventing Neur from accessing and ubiquitinating Delta. When a Brd family protein is
overexpressed, the Delta/NECD endosomes that accumulate normally in embryonic
mesoderm cells are absent, and instead Delta accumulates at the plasma membrane as in
neur mutants (De Renzis et al., 2006). Similarly, Brd family protein overexpression inhibits
Delta endocytosis in SOPs, and blocks Delta/Neur binding (Bardin and Schweisguth, 2006).
The Brd family/Neur interactions have been studied in detail. All Brd proteins have at least
one so-called NxxN motif that binds to the Neuralized homology repeats (NHRS) present in
Neur (Bardin and Schweisguth, 2006; Commisso and Boulianne, 2007; Fontana and
Posakony, 2009; He et al., 2009). The Drosophila ligands Delta and Serrate each contain a
NxxN motif, and Delta’s has been shown to be required for Neur binding and Neur-
dependent endocytosis (Fontana and Posakony, 2009). Importantly, the Notch-like mutant
phenotypes generated by overexpression of Brd family proteins depend on the NxxN motifs
(Bardin and Schweisguth, 2006; De Renzis et al., 2006; Fontana and Posakony, 2009;
Chanet et al., 2009).

Regulation by Brd proteins is limited. First, a clear requirement for Brd proteins has been
shown so far in only one developmental context in Drosophila - sharpening the ectoderm/
mesectoderm boundary at the embryonic dorsal/ventral axis (Bardin and Schweisguth, 2006;
Chanet et al., 2009; De Renzis et al., 2006). In addition, regulation by Brd proteins is
specific to Neur; Mib proteins do not have NHRs, Brd family proteins do not bind Mib1,
and Brd family protein overexpression interferes with Neur-dependent, but not Mib-
dependent Notch signaling (Bardin and Schweisguth, 2006). Moreover, consistent with the
observation that Neur does not regulate Notch signaling in vertebrates, Brd family genes
appear to be specific to insects (Fontana and Posakony, 2009). There are however,
regulators of vertebrate Mib that function in an entirely different manner.

In contrast to the competitive-inhibition that regulates Neur ubiquitylation of Notch ligands
in flies, two independent mechanisms have been reported to regulate Mib1 protein levels
and thereby influence vertebrate Notch signaling. A recent study identified vertebrate Mib1
as a substrate for the cell polarity protein PAR-1 kinase, in which Mib phosphorylation
results in auto-ubiquitylation that targets Mib for degradation by the proteasome (Ossipova
et al., 2009). Losses in Mib1 protein result in less Delta ubiquitylation and a consequential
loss of Notch signaling, leading to an expansion of progenitors that differentiate as neurons.
It will be interesting to learn how Mib1 attaches Ub chains to itself to target proteasomal
degradation, yet mono-ubiquitylates Notch ligands to activate Notch signaling. In addition to
regulating the numbers of neurons produced during development, Notch signaling can
regulate the morphology of neuronal processes in post-mitotic neurons. In this regard, Mibl
is enriched in the postsynaptic density isolated from mouse brains and can inhibit neurite
outgrowth and branching of neurons (Choe et al., 2007). The cyclin-dependent kinase 5
(CDKS5) enriched in neurons phosphorylates Mib1 and suppresses the inhibitory effects of
Mib1 on neurite morphology. Similar to the mechanism of PAR-1 regulation of Mib in
neurogenesis, CDKS5 phosphorylation is proposed to enhance Mibl ligase activity leading to
destabilization (Choe et al., 2007). Although the loss of Mib protein depends on CDK5
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kinase activity, the CDKS5 effects on neurite morphology were not linked directly to a Notch
signaling failure as reported for PAR-1. Nonetheless, these examples suggest the existence
of mechanisms to control the strength of Notch signaling by regulating Mib1 levels. As
PAR-1 has been connected to Notch signaling in Drosophila embryos, this mode of Mib1
regulation may well occur in Drosophila as well (Bayraktar et al., 2006).

What we still need to know...

Analyses in worms will provide a missing link to the surprising finding that Neurl and
Neur2 do not function in vertebrate Notch signaling, as Neur most certainly does in flies.
The C. elegans database indicates the presence of a neur gene (F10D7.5), which is
consistent with the requirement for epsin, a Ub-binding endocytic adaptor, by the C. elegans
ligand LAG-2 to signal to the Notch-related GLP-1 in germline cells (Tian et al., 2004).
Experiments however, directly addressing a role for C. elegans neur in development or
Notch signaling, specifically as an E3 ligase for Notch-like ligands, have yet to be reported.
Moreover, it is still unclear whether C. elegans has a true mib ortholog, despite the large
number of RING domain encoding genes identified in database searches.

The antimorphic phenotypes associated with some zebrafish Mib mutants are consistent with
Mib/Mib2 heterodimer interactions (Zhang et al., 2007a) similar to those described for other
E3 RING domain ligases (Deshaies and Joazeiro, 2009); however, it will be important to
determine how such interactions regulate Mib ubiquitylation of Notch ligands. Moreover,
structure-function analysis has identified zebrafish Mib and Mib2 N-terminal sequences
required for interactions with ligands (Chen and Corliss, 2004; Itoh et al., 2003; Zhang et al.,
2007a), but further work is needed to define the physiologically relevant ligand-binding
domains. It will also be important to determine if Notch ligands in flies and mammalian
cells have distinct specificities for Mib1 and Mib2 as reported for the zebrafish Delta ligands
(Zhang et al., 2007a), and establish whether ligands are always mono-ubiquitylated, as
multiple mono-ubiquitylation and different Ub chain linkages may have distinct cellular
functions (Haglund and Dikic, 2005). In this regard, it is important to note that while both
gain-of-function and loss-of-function approaches have been used to support a role for ligand
ubiquitylation in Notch signaling, evidence of Ub on endogenous ligands and their
interactions with either Neur or Mib have yet to be reported. Finally, whether Notch ligands
always rely on ubiquitylation for internalization or if this modification specifically enables
ligands to induce endocytic force to activate Notch remains to be determined. Also, are there
two separate ligand ubiquitylation events — one for recycling (Step 1), and another for
mechanical force generation (Step 2)? And if so, are the ubiquitylated lysines or the
character of the ubiquitylation events distinct?

An obvious deficiency in our knowledge regarding the role of ligand ubiquitylation is the
identity and function of deubiquitinating enzymes in regulating ligand-signaling activity.
Furthermore, are ubiquitylation and recycling required for Notch ligands to access a specific
microdomain to signal as previously proposed (Heuss et al., 2008)? If so, how does this
relate to enhanced expression of Delta (Itoh et al., 2003) or specific glycosphingolipids
(Hamel et al., 2010) ameliorating the defects in ligand endocytosis caused by decreased Mib
activity? Moreover, do epsins function in ligand signaling simply as endocytic adaptors for
ubiquitylated ligands, or do epsins bound to ubiquitylated ligands participate directly in
some special version of ligand endocytosis that activates Notch? Although an absolute
requirement for ligand recycling in Notch signaling seems unlikely, biophysical evidence
that Notch ligands harness the mechanical force inherent to endocytosis to activate Notch
signaling is needed to support the pulling force model. Together these and other questions
will continue to challenge our understanding of how ligand ubiquitylation relates to ligand
signaling potential.
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Figure. Schematic of proposed routes and outcomes for Neur/Mib-dependent ligand endocytosis
Step 1: Ligand delivered to the cell surface is ubiquitylated by either Mib or Neur, which
facilitates interactions with the endocytic adaptor epsin to promote ligand endocytosis.
Following internalization, ligand delivered to the early endosome enters the recycling
endosome from which it is returned to the plasma membrane. In this scenario, Neur-
mediated ubiquitylation serves as a signal for ligand transcytosis to a specific micro-domain
conducive to signaling. Step 2: The critical role of ligand endocytosis is to exert a pulling
force on the Notch receptor in adjacent cells. To overcome resistance to endocytosis of
ligand bound to Notch on an adjacent cell, ligand is proposed to harness mechanical force
inherent to endocytosis to dissociate the Notch extracellular domain (NECD) from the intact
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Notch heterodimer. Internalization of ligand-bound NECD exposes the remaining
membrane-associated Notch to activating proteolysis, first by ADAM followed by vy-
secretase to release the Notch intracellular domain (NICD) that moves to the nucleus to
directly participate in transcription of Notch target genes.
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