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Abstract

Notch signalling links the fate of one cell to that of an immediate neighbour and consequently
controls differentiation, proliferation and apoptotic events in multiple metazoan tissues.
Perturbations in this pathway activity have been linked to several human genetic disorders and
cancers. Recent genome-scale studies in Drosophila melanogaster have revealed an
extraordinarily complex network of genes that can affect Notch activity. This highly
interconnected network contrasts our traditional view of the Notch pathway as a simple linear
sequence of events. Although we now have an unprecedented insight into the way in which such a
fundamental signalling mechanism is controlled by the genome, we are faced with serious
challenges in analysing the underlying molecular mechanisms of Notch signal control.

Notch signalling has been studied for nearly a century, but recent genome-wide and
proteome-wide investigations in model organisms have provided a surge in Notch signalling
information. Characterization of Notch signalling started with the discovery of the Notch
gene in Drosophila melanogaster as a sex-linked mutation displaying a serrated wing
margin phenotypel=3. Decades of detailed genetic research revealed a locus with notoriously
complex allelic interactions?, which led to speculations regarding its biochemical nature®5.

Cloning the Notch locus revealed that the Notch gene encoded a transmembrane surface
receptor’, unveiling the existence of a cell interaction mechanism that relies on interactions
between the Notch receptor expressed on the surface of one cell and membrane-bound
ligands expressed on the surface of its neighbours. Detailed molecular genetic analyses have
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defined the central components and the canonical transduction of the signal. The canonical
model requires the activation of the Notch receptor through a series of proteolytic events on
binding to any of the Delta—Serrate—-L AG2 (DSL) ligands. The crucial cleavage event for
signalling depends on y-secretase-mediated release of the Notch intracellular domain
(NICD) from the cell membrane. This allows the translocation of NICD into the nucleus,
where it directly participates in a core transcriptional complex with the DNA-binding
protein Suppressor of Hairless (SU(H)) and the nuclear effector Mastermind (MAM),
thereby activating transcription of target genes®9 (Fig. 1; Supplementary information S1
(movie)). Investigations into the molecular signalling mechanisms have been accompanied
by an explosion of studies dissecting the myriad roles of Notch signalling in all aspects of
animal development.

Invertebrate and vertebrate studies indicate that the action of the pathway is highly
pleiotropic, as it has a fundamental role in cell-fate determination in almost all developing
tissues and organs'911, The specific context of Notch activation dictates the particular
process that is triggered: differentiation, proliferation or apoptotic events. Notch activity
functions to drive multiple aspects of metazoan development and has recently been linked to
stem cell fate and maintenance in adult tissues'213, Such developmental pleiotropy is
nevertheless based on a rather simple but pervasive developmental logic. Specifically, the
acquisition of a fate by one cell affects the fate of its immediate cellular neighbour through
signal transduction, in which, as we have argued previously, Notch signals are used to fine-
tune differentiation in cellular fields during morphogenesis!4. The classic loss of the Notch
function ‘neurogenic’ phenotype in D. melanogaster embryos results from the failure of a
field of cells properly to segregate two cell lineages that ultimately give rise to the cuticle
(dermis) and the nervous system. This segregation depends on Notch receptor signalling in
neuroblasts, thereby restricting the immediately neighbouring cells to adopt an epidermal
fate.

Consistent with a role for Notch signalling in many aspects of differentiation and cell-fate
determination, there is growing evidence that links perturbations in the pathway to various
mammalian disease states, including several inherited syndromes and cancers1:15-17,
Indeed, certain leukaemias have been causally associated with Notch, whereas Notch action
has been implicated, directly or indirectly, with nearly all major solid tumours!®. Thus, over
the past few years, the emerging data justify the pursuit of the Notch pathway as a viable
therapeutic target.

Here, we do not review the intricacies of the signalling mechanism, which have been
discussed recently in excellent reviews!0:11, Instead, we refer to some central mechanistic
aspects of signal transduction, and we focus on regulatory mechanisms that are unique to
Notch signalling, such as Notch dosage sensitivity and cis-trans interactions. In addition, we
discuss several recent genome-wide studies, mainly from D. melanogaster, which indicate a
vast Notch signalling network and extensive integration and crosstalk with other signalling
pathways. Finally, we discuss the systems-level and proteomics approaches that can provide
functional insights into this complex network. Given the high degree of conservation of the
signalling pathways, we expect that insights from D. melanogaster will be directly
applicable to all Metazoa and, importantly, to humans. Predicting all developmental
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outcomes of Notch function thus remains challenging because of the network'’s size and
complexity. Nevertheless, understanding the biology and pathobiology of Notch signals
rests on our ability comprehensively to uncover and to define the range of processes
influencing Notch activity.

Multiple levels of signalling control

Gene dosage sensitivity

As we are considering the complexity of the network circuitry that modulates Notch signals,
a few intricacies of the pathway are noteworthy. First is the exceptional sensitivity of Notch
to gene dosage. Both Notch and Delta display haploinsufficiency, a property that is
uncommon among genes in diploid organisms. More strikingly perhaps, Notch and the RNA
helicase Triplolethall® — a gene that is unrelated to the Notch pathway — are the only two
genes in the D. melanogaster genome that are triplomutant. Females carrying a duplication
of the locus — harbouring three, rather than two, normal copies of Notch — display a
mutant wing vein phenotype?. Thus, the animal appears to ‘count” Notch gene dosage,
which is presumably associated with the intensity of the signal, such that either too much or
too little signalling will result in altered function. This dosage sensitivity is not limited to D.
melanogaster, as aberrant dosage of components of the Notch pathway in mammals (Box 1)
also results in abnormal effects1’-20, as demonstrated by several inherited human syndromes.
For example, haploinsufficiency of either Jagged 1 (JAG1, a mammalian homologue of D.
melanogaster Serrate) or NOTCH2 is associated with Alagille's syndrome?1:22, whereas
NOTCH?1 haploinsufficiency is implicated in a subtype of inherited aortic disease23. Notch
amplification and overexpression has been shown to be neoplastic, as gene amplification is
one of the common mechanisms that activate oncogenes. For example, NOTCH3 copy
number and therefore protein expression was positively correlated in 66% of ovarian serous
carcinomas?4 and NOTCH2 gain-of-function mutations and copy number increases are
implicated in diffuse large-B-cell lymphomas2®. Several studies have shown that cancer-
related factors are differentially and crucially affected by low or high dosage of Notch
signals20:26, Unlike other major signalling pathways, which rely on enzymatically
amplifying the amount of signal, Notch signalling lacks such a step and instead relies on
stoichiometric interactions between elements of the pathway. The lack of an enzymatic
amplification step is a possible reason for the exquisite sensitivity of Notch signalling to
gene dosage compared with other signalling pathways?. A small stoichiometric difference in
receptor and ligand expression on the membrane becomes an important factor in restricting
signalling to one of the two interacting cells. Studies in flies and worms had indicated that
positive and negative transcriptional feedback mechanisms could amplify small differences
in Notch and DSL ligand expression, causing directional changes in ligand or receptor
expression in different cells2”-28, However, this transcriptional feedback mechanism alone
was insufficient to explain the robust signalling fidelity or observations in which Delta
expression was found to be uniform among cells undergoing lateral inhibition during
selection of the neural fate2%30, Therefore, mechanisms in addition to transcription feedback
must exist to ensure fidelity in cell-fate decisions that are regulated by Notch signalling.
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Regulation in cis and in trans

The second noteworthy property of the pathway in the framework of our discussion is the
recently recognized distinction between cisand trans interactions among the ligands and
receptor3l. Paradigmatic trans interactions occur between a ligand that is expressed on one
cell and the receptor on a neighbouring cell, resulting in receptor activation. Although the
presence of cis interactions (between the ligand and receptor in the same cell membrane)
was inferred from genetic studies and experiments demonstrating colocalization of ligands
and receptors on the same cell32, the importance and function of these interactions has
remained enigmatic for some time. Recently, however, elegant studies33-35 have shown that
this interaction is inhibitory, such that cis engagement of a surface-expressed receptor
renders it refractory to trans-activating interactions (Supplementary information S2
(movie)). These ‘simple’ cis-trans relationships, the mechanisms of which remain to be
fully elucidated, are crucial for the organism as the balance between them provides
directionality to the signal. However, potential insights into the mechanism come from
combining imaging approaches with mathematical models in mammalian cell culture
systems33, which suggests that cis interaction generates a sensitive switch between mutually
exclusive signalling states (a ‘sending’ state characterized by a high Delta/Notch ratio and a
‘receiving’ state characterized by a low Delta/Notch ratio). At the multicellular level, this
switch can amplify small differences between neighbouring cells even without transcription-
mediated feedback and thus can facilitate the formation of sharp boundaries and lateral
inhibition patterns that are seen in development33, Therefore, the ratio of cis-trans
interactions is an essential regulatory mechanism given that all of the cells within an
equivalence group initially express both the receptor and the ligand. Hence, the decision of
which of two neighbouring cells becomes the signal-sending versus the signal-receiving cell
may be dictated by the dynamic competition between cisand trans interactions.

Additional regulatory mechanisms

By considering just the dosage sensitivity and cis-trans relationships of the Notch pathway,
it can immediately be appreciated that any mechanism that influences the number and
activity of Notch pathway components can potentially modulate the signal, hinting at the
possible existence of a substantial and complex signalling circuitry. Indeed, factors affecting
the biosynthesis, trafficking, degradation and many other molecular functions have been
identified as modulators of the pathway36-39, In particular, post-translational modifications
of the receptor or ligand, such as ubiquitylation, glycosylation and phosphorylation, have
emerged as crucial steps in regulating the Notch signal4%-43. Indeed, Notch ligands have
been reported to be mono- and/or polyubiquitylated, but their functional consequences on
Notch signalling are not well documented. Polyubiquitylation is usually associated with
proteasome degradation, whereas both mono- and multi-mono-ubiquitylation can signal
endocytosis of membrane proteins from the cell surface and can further influence
intracellular trafficking®®. It is also known that two structurally distinct RING-containing E3
ligases — namely, Neuralized (NEUR) and Mind bomb (MIB) — influence Notch
signalling through interacting with and ubiquitylating DSL ligands to enhance their
endocytosis?®.
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Some additional facts are worth taking into account in this context. Notch function is so
prominent and ubiquitous throughout development that it is repeatedly required in multiple
tissues. However, the specific cellular fate and/or developmental outcome, such as
proliferation, differentiation or apoptosis, is invariably dependent on the context-specific
integration of Notch signals with other signalling pathways (see below) and a growing list of
cellular elements or tissue-specific cofactors. For example, Notch cooperates with the Twist
transcription factor to activate target genes in myogenic progenitor cells, in which Twist
appears to have the potential to confer specificity on Notch signalling at more than 100 gene
enhancers*®, Thus, a single cofactor can have a profound effect on the output of the Notch
pathway.

Moreover, activation of the pathway can also be attained in a ‘non-canonical’, ligand-
independent manner (Box 2; Supplementary information S3 (movie)), as the receptor traffics
through endocytic compartments. Indeed, endocytosis has emerged as another important
regulator of Notch signals, affecting its activity at multiple stages of the endocytic pathway
(Box 2).

Thus, considering just these properties of the Notch pathway, it may be predicted that the
genetic circuitry involved in regulating Notch activity will be complex: a conclusion that is
supported by the evidence elaborated below.

The genetics of Notch signal modulation

Classical genetic approaches have been exceptionally useful in defining elements of the
Notch pathway by identifying modulators of Notch-related phenotypes. All core pathway
components were uncovered using genetic screens in D. melanogaster and Caenorhabditis
elegans, but such classical genetic approaches are limited in mammalian systems. However,
molecular approaches such as genome-wide transcriptional profiling studies from
mammalian cells and tissues, which we do not describe in detail here, also contribute to the
roster of Notch interactors*’:48, Several studies have shown a correlation between Notch
signalling and many genetic disorders and cancers with a subset of syndromes resulting from
specific mutations in elements the Notch pathway (Box 1).

Notch genetic interactors in D. melanogaster

The current availability of genome-wide molecularly characterized mutant collections in D.
melanogaster49:50 has vastly improved the value of genetic analyses by providing a systems-
level perspective that was not previously possible. These collections allow us to survey the
genome systematically for loci that alter phenotypes resulting from mutations that affect any
feature of the pathway, thereby identifying genes that are functionally relevant to Notch.

The first genome-wide systematic screen for Notch modifiers36 was feasible owing to the
then recent availability of the Exelixis collection of D. melanogaster strains®®, which
harbours molecularly characterized transposon insertion mutations in ~50% of the genes. A
noteworthy characteristic of this collection is that it contains both gain- as well as loss-of-
function mutations in approximately equal amounts. This screen was designed to uncover
modifiers of a Notch loss-of-function wing phenotype that are associated with the inhibition

Nat Rev Genet. Author manuscript; available in PMC 2015 March 23.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Guruharsha et al.

Page 6

of MAM activity. As MAM is a downstream element of the pathway, the screen captured
modulators that affect targets in many parts of the pathway?3®, resulting in the recovery of
408 genes that affected Notch signals. In addition to recovering several known members of
the pathway (thus validating the screen), more than half of the identified genes were not
previously associated with Notch activity. A similar screen in the developing D.
melanogaster eye identified modifiers of cell-fate alterations caused by overexpression of
the Notch ligand Delta3”. Of the 274 genes recovered, many defined novel Notch genetic
interactors. These two screens interrogated different developmental contexts and identified
50 overlapping genes (Fig. 2a), which represents a tenfold increase in overlap compared to
what would be expected at random. Thus, these two independent screens, which used the
same mutant collection but distinct developmental phenotypic parameters, identified a
diverse range of genes that modify Notch activity. These findings demonstrate that the
modulation of the developmental outcome of Notch signals in diverse tissues and
developmental events must be attained through distinct pathways or branches of the
network.

Complementing the above studies, independent RNAI screens3839 involving inducible short
hairpin RNA (shRNA) constructs covering nearly 88% of the D. melanogaster genome, the
Vienna Drosophila RNAI Center (VDRC) and Fly Stocks of National Institute of Genetics
(NIG-FLY)® uncovered yet more genes that are involved in Notch signalling. The first
screen for modifiers affecting external sensory organ development3? identified almost 340
modifiers, including two partially overlapping sets, one with 226 genes involved in
asymmetric cell division and another with 233 genes involved in lateral inhibition. Another
independent screen3® identified nearly 900 candidate Notch regulators in a cell-based
genome-wide RNA. screen, approximately 400 of which were genetically validated in the
developing wing and eye. A third, cell-based RNAI screen examined Notch pathway
transcriptional response using a luciferase reporter (m3-luc) assay in Kc-167 cells®! and
found 399 putative genes that were capable of promoting (189) or antagonizing (210) Notch
signalling.

These independent genome-scale RNAI screens in different developmental contexts (both in
vivo and in vitro) also provided largely non-overlapping sets of genes (Fig. 2b): a finding
that is consistent with results obtained in the genetic screens. By comparing results from all
of these novel exploratory studies, the size and complexity of the genetic circuitry that
affects Notch activity is clearly much larger than would initially be anticipated (Fig. 2c)
even if we presume some fraction of these genes to be false positives. These results also
provide further evidence supporting the notion of the diversity of context-specific
developmental output of Notch signals. Taken together, studies in D. melanogaster
identified several hundred genes, with limited overlap, encompassing almost 14% of the
genome (Supplementary information S4 (table)), which appear to participate in seemingly
diverse molecular functions, revealing an extraordinary degree of complexity that includes
the surprisingly large number of mechanisms and circuitries that this organism has evolved
to regulate Notch activity.

Studies in D. melanogaster have also revealed a growing number of microRNAs (miRNAS)
that are associated with Notch signalling. Their roles are yet to be fully elucidated, but these
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findings add to the complexity of Notch pathway regulation. The Notch pathway is a major
target of miRNA-mediated regulation. The Enhancer of split complex (E(spl)-C) and the
Bearded complex (Brd-C) family of genes, which are Notch target genes, are directly
regulated by three different families of D. melanogaster miRNAs°2, Moreover, the wing and
bristle phenotypes that result from ectopic expression of these miRNAs resemble
characteristic Notch loss-of-function. These include wing margin defects, thickened wing
veins, increased bristle density and tufted bristles®2. Several miRNAs modulate Notch
signalling activity by targeting the Notch pathway transcripts and other miRNAs affect
genes that alter the cellular response to Notch signals, whereas a few behave as nodes in
crosstalk with other signalling pathways®3-55, It is only a matter of time before large-scale
screens will be designed to identify and systematically to characterize the miRNAs that can
modulate Notch signalling.

Notch genetic interactors in C. elegans

Elegant genetic screens in C. elegans, in which signals are transmitted through the two
Notch receptor paralogues LIN-12 and GLP-1, have contributed substantially to our
understanding of the Notch genetic circuitry®6. As was the case in D. melanogaster, these
screens also identified several pathway components, including the canonical ligands,
receptor cleavage proteins, members of the nuclear transcriptional activation complex or
mediators of protein trafficking and degradation (a series of genes called sel, spr, sog, ego
and teg). Importantly, the first evidence of a link between a Notch paralogue (LIN-12) and
-amyloid precursor protein (APP) transmembrane cleavage events came from the recovery
of sel-12 as a Notch suppressor®’. The gene sel-12 was shown to encode a C. elegans form
of mammalian presenilin — the catalytic subunit of the y-secretase protease complex® —
which was identified as a prominent locus in human early-onset familial Alzheimer's
disease®®. Genetic analysis in C. elegans established that SEL-12 activity is crucial for
LIN-12 signalling®%:61, Interestingly, functional Notch and APP proteins undergo a similar
maturation process in which cleavage by y-secretase occurs near the inner leaflet of the
membrane®2. Not surprisingly, the extent of functional categories that are associated with
the vast number of genes identified as interactors® also indicates that regulation of the
Notch pathway in worms is highly complex.

Making sense of genetic screens

Together, these functional genomics approaches reveal an exceptionally complex genetic
circuitry that is capable of affecting Notch activity such that we prefer to consider a Notch
signalling ‘system’ rather than a ‘pathway’. Although genetic links clearly indicate
biologically important functional relationships, the mechanisms underlying such links tend
to be indirect rather than direct, and as a result they are quite challenging to dissect at a
molecular level. Clearly, modifier screens that identify tens or hundreds of genes pose
formidable challenges, given that it is impractical to examine every interaction pair in depth.
Thus, secondary assays and other considerations must be applied to “filter’ and prioritize
genes for detailed functional characterization.

As far as Notch is concerned, there are no general rules for such prioritization, but two
important, although certainly not absolute, parameters have been used successfully. First, a
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gene that is to be classified as high priority for further investigations must interact
genetically with various loss- and gain-of-function mutations in bona fide pathway
components. These Notch pathway components include: the ligands (Delta or Serrate); the
receptor (Notch); intracellular effectors such as deltex (a ubiquitin ligase) or kurtz (the non-
visual p-arrestin in D. melanogaster), which together regulate Notch activity through
receptor protein degradation®?; or the nuclear factors SU(H) and MAM36. An unexpected
outcome of such prioritization studies was the identification of two distinct groups of
dominant negative MAM modifiers, with one group genetically interacting with multiple
Notch pathway alleles, and another group only interacting with MAM?36. Second, genes that
are recovered as modifiers in more than one independent screen carried out in different
cellular and/or developmental contexts are often of considerable interest. Such an approach
is useful for further studies, as 50% of the already-known Notch pathway genes (as listed in
the Kyoto Encyclopedia of Genes and Genomes (KEGG)) were identified in more than one
independent screen (see Supplementary information S4 (table)). Of course, identification of
a gene in only one screen does not rule out its importance to the pathway, as individual
screens have different sensitivity levels.

Owing to the nature of the experimental designs, there are no accurate ways to estimate the
rates of false-positive hits, which may contribute to the limited overlap between gene lists
from different screens. Nevertheless, a large proportion of the D. melanogaster genome
appears to be capable of affecting or modulating Notch activity — and by extension other
signalling pathways — thus greatly extending the limited repertoire of genes associated with
these pathways from traditional, more focused studies. As mentioned above, future studies
to elucidate the molecular mechanisms between Notch and these genes will further delineate
pathway dynamics.

Signalling crosstalk and nodes of integration

Notch signal integration with other pathways

The cell signalling framework in Metazoa is defined by a small number of conserved
pathways that govern nearly all aspects of morphogenesis. These include the Notch, receptor
tyrosine kinase (RTK)-RAS, WNT, Hedgehog, transforming growth factor-§ (TGFf) and
Janus kinase (JAK)-signal transducer and activator of transcription (STAT) signalling
pathways, as well as a few others5. Their repeated use throughout development points to a
profound biological problem: how can the same genetic framework drive such a diverse
range of morphogenetic programs? Undoubtedly, part of the answer must be based on how
these conserved signals integrate their action. Thus, exploring signal integration or crosstalk
is of fundamental importance, as identifying points of integration may unveil rules that
govern morphogenesis and, ultimately, pathogenesis. The means to study integration in a
systematic way have only begun to emerge through the various genomic approaches that we
now have at our disposal#8:66-69, Transcriptome analyses, which have now been enhanced
by chromatin immunoprecipitation followed by microarrays (ChIP—chip) or ChiIP followed
by high-throughput sequencing (ChlP—seq)*8.79 methods, have been instrumental in
improving our ability to identify both transcriptional targets of Notch signalling, as well as
genes that direct Notch function. Relative to genetic approaches, ChlP-based methods have
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emerged as more efficient and cost-effective approaches for identifying nodes of signal
integration, as they can easily identify genes for which transcriptional regulation is strictly
dependent on the activity of two distinct signals and thus a target of signal integration. It
seems likely that the activity of such genes may ultimately control a particular
developmental outcome. These methods provide a useful list of candidate genes to validate
by molecular genetics approaches in model organisms.

Notch signalling, consistent with its pleiotropic nature, can exhibit diametrically opposed
action in distinct developmental contexts. For example, activation of mammalian Notch
signalling is oncogenic in the haematopoietic system but tumour suppressive in the skin’L,
The underlying mechanisms of such context specificity are obscure yet are of obvious
importance. The manner in which the Notch signal is integrated with the signals from other
pathways is one potential way to affect Notch action and may provide context specificity.
Previous work has shown that in different contexts, the targets of Notch signals include the
Hedgehog, JAK- STAT, TGFf and WNT pathway ligands, and reciprocally Notch ligands
are targets of Hedgehog, RTK, TGFB and WNT signalling”2. Such reciprocity of crosstalk
suggests that feedback loops represent important interlinking mechanisms that function to
combine individual signals into an interconnected network. Moreover, in the past decade
there has been an explosion of studies focusing on signal integration, which can occur at any
point along the pathway’2. Although the degree of crosstalk affecting multiple processes is
beginning to be appreciated, the general themes or the precise mechanisms of all such
interactions are yet to be determined.

Notch—RTK crosstalk

Although Notch signals integrate with all major signalling pathways (FIG. 3), the crosstalk
between Notch and RTK signalling has been the subject of several studies. Often, Notch
activation restricts cells to an uncommitted fatel73-75, whereas RTK signalling promotes
developmental commitment and acts to induce cells to follow specific differentiation
programs’®77. The Notch-RTK crosstalk also serves as a paradigm to demonstrate the
pervasiveness and importance of signal crosstalk and also underscores our limited
knowledge of these integration mechanisms. The developmental consequences of Notch—
RTK crosstalk are well shown by the cooperative, sequential and antagonistic relationships
displayed between these pathways, which mediate the spatially and temporally regulated
processes that generate the D. melanogaster eye’8. For example, Notch and RTK pathway
antagonism is observed in photoreceptor development in the D. melanogaster eye’8.79 and
specification in sensory organ precursor develop-ment89-81, whereas Notch and RTK
signalling act cooperatively during accessory cell specification®283, Similarly, in C. elegans,
vulval development is also dependent on the interplay between Notch and RAS84,

Microarray-based transcriptome analyses®6:68.72.85 also indicate a profound interrelationship
between the two pathways. This is exemplified by the surprising finding that 65% of
transcriptional targets of RTK signalling in D. melanogaster are also targets of Notch
signalling, whereas the effects on common RTK and Notch transcriptional targets are
equally distributed between synergistic (acting in the same direction) and antagonistic
(having opposing effects). Furthermore, distinct groups of genes have been identified that
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respond to both pathways either simultaneously or sequentially, acting as nodes to integrate
their effects on development®®. Transcriptional profiling approaches also provide a tool that
allows us to examine the consequences of different exposures to Notch activation, such as
short-term versus long-term activation, in a particular cell or experimental system and also
provide evaluation of the quantitative effects of the signal. Such approaches have been
instrumental in vertebrate systems8, in which disruptions to Notch signalling can result in
clinically relevant pathologies, but in which genetic approaches are far more limited.

Conservation of nodes of crosstalk

An understanding of how Notch signals integrate their activity with other signals to affect
specific genes, which in turn influence developmental outcomes and associated pathologies,
is of great importance. Identifying nodes of integration will allow the characterization of
whether they integrate the same signals in the same way in different tissue types and
whether these relationships are observed in more than one species. Phylogenetic
conservation of such nodes may imply the existence of a more universal signal integration
logic and network architecture, whereas absence of conservation may indicate recently
evolved tissue-specific and organism-specific modes of integration. What has emerged is the
evidence for Notch crosstalk with several conserved pathways, such as p53 in apoptosis and
cancer86:87 Hedgehog, WNT and growth factors in breast cancer88, TGFp in tumour cell
invasion8?, Hedgehog in pancreatic cancer®®, vascular endothelial growth factor (VEGF) in
tumour angiogenesis®! and vascular morphogenesis®2, androgen-dependent signals in
prostate cancer® and, finally, WNT in intestinal epithelia®. Investigating these
relationships requires multifaceted approaches and sophisticated molecular genetic tools,
which are more amenable in genetically tractable model organisms than in mammalian
systems.

Systems-level and proteomics approaches

The data derived from genome-wide studies clearly indicate the confounding complexity of
the genetic circuitry that affects Notch signalling. A vast number of genes that affect Notch
signalling have been identified by these analyses, but the molecular mechanisms that
underpin these relationships are difficult to assess and are largely uncharacterized. However,
large-scale proteomics studies, such as yeast two-hybrid screens®>-101 and protein complex
analyses192-104 gre increasingly accessible owing to the development of mass spectrometry
techniques and advanced bioinformatics tools195:196 (Box 3) and therefore provide the
possibility of general insights. Thus, it is likely that examining how genes that interact
genetically with Notch are interconnected within the physical protein—protein interaction
network will allow us to formulate specific molecular hypotheses that may explain
underlying molecular principles of the relationships that have been revealed by genetics.
Such analyses have been carried out for individual screens38:39 by incorporating different
functional information available from the literature to establish connections and also to
predict functional categories and modules among the genetic modifiers. The network
analyses and integration of such maps have been pioneered in yeast, in which the proteomic
and synthetic genetic interaction landscapes are well defined107-111, By comparison, genetic
interactions at a genome-wide level are yet to be established in D. melanogaster, with the
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first large-scale synthetic genetic interaction analysis by RNAI being used recently to map
the RAS-MAPK signalling networks in D. melanogaster112.

The availability of high-quality paradigmatic protein complex maps, such as the recently
published Drosophila Protein Interaction Map (DPiM)113, allows us to connect modifiers
that have been identified from different screens into one unified network that represents a
static baseline of the proteome. A key attribute of the DPiM, which is the first
comprehensive metazoan proteome map, is that it defined 556 protein complexes, most of
which show a high degree of interconnectivity13, Several lines of evidence, predominantly
accumulated by genetic analyses, support the notion that most of the protein complexes are
functionally interconnected. Although mechanistic characterization of such connections is
challenging, the existing map offers the opportunity to examine whether the disruption of a
complex can affect its network neighbourhood and hence its functionality. The importance
of complex interconnectedness is in our view profound, as it will allow us to explore protein
interaction dynamics at a system-wide level in various contexts, such as different genetic
backgrounds, physiological conditions or metabolic states.

Placing genetic and other functional interactions affecting Notch activity onto a physical
interaction map presents an unprecedented and unified view of the network of Notch-
associated genes and how they relate in the context of all protein interactions within a cell
(Fig. 4). Additionally, such a map allows us to observe potential physical interactions
between the products of genes that are known to interact with Notch. Moreover, a genetic
modifier within the map that is associated with other proteins that were previously unlinked
to Notch raises the possibility of functional links between these previously unlinked proteins
and Notch signalling. These analyses provide potential functional context to hundreds of
modifiers identified in different genetic studies while generating numerous testable
hypotheses. Although discussion of individual relationships as determined by this map is
beyond the scope of this Review, it is important to note that this approach raises new
questions and allows us to design experiments that can address some — in our opinion —
insightful questions regarding the Notch signalling system.

Initially, we can ask whether first- and second-degree physical interaction neighbours of any
genetic modifier are indicative of functionally relevant relationships between these
neighbours, beyond merely protein—protein binding. If several members of a particular
complex are identified in genetic screens, do other complex members that are not identified
by the screens behave in a functionally similar manner? Do clusters that are enriched for
Notch pathway modifiers represent protein complexes that are functionally relevant for
Notch signalling? If a particular protein complex is determined to be important, how does
complex disruption — for example, as achieved through RNA. for select members — affect
Notch signalling?

We can also determine whether the observed relationships in D. melanogaster are valid
across species by performing a series of analogous proteomics experiments using the
corresponding human orthologues in human cells, as was carried out for selected cases in the
DPiM113, which indicated that most of the interactions were conserved across species.
Importantly, we are now able to examine the molecular dynamics of protein interactions
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involving Notch-related genes and to probe relationships under conditions of aberrant Notch
signals or by manipulating other pathways that integrate their activity with Notch. Such
different cellular contexts can determine the dynamics of the interaction under different
Notch signalling conditions. These studies can also be enhanced by using quantitative
proteomics, which will provide a unique perspective, as different cellular signalling states
may not reflect qualitative changes to the Notch signalling network but may instead reflect
differences in the relative amounts of the particular complex component (or components).
Such quantitative information is crucial to delineate the stochastic interactions that
eventually determine the final signal output of cells. Such an integrative analysis will
certainly provide insights into what appears to be a highly complex network of genes that
can regulate Notch activity, and these insights are valuable owing to the important
developmental and pathological roles of Notch signalling.

Conclusions and future perspectives

Since the discovery of the Notch locus in D. melanogaster around a century ago, Notch
biology and genetics have at no point ceased to provide important insights while raising
numerous difficult questions. The notoriously perplexing complementation analysis of the
locus is now surpassed and replaced with the task of interpreting the complexity of the
circuitry that functions to modulate Notch activity. However, as the genetics of the Notch
locus was elucidated through molecular analyses, we are certain that the intricate circuitry
that regulates the pleiotropic action of the signals through the Notch receptor will be
deciphered through the combined use of large-scale genome-wide and proteome-wide
approaches. Such multipronged approaches are necessary, as no single study has reached
saturation in terms of identifying all of the possible modifiers of Notch signalling. Not only
are the overlapping genes from different screens limited, the genetic screens that use the
Exelixis collection interrogated ~50% of the D. melanogaster genome. Nevertheless,
although capturing its own ‘snapshot’ of the pathway in a specific cellular or developmental
context, each approach also contains certain experimental limitations. Only integration of all
of these studies, owing to their complementary nature, will provide a more complete
understanding of Notch signalling.

Given the central role that Notch biology has in the development and homeostasis of
organisms, understanding its function and how it relates to the normal cellular and
organismal physiology is valuable, both in terms of fundamental biology as well as from a
translational perspective. Because Notch signalling has an extensive role in normal
development, including in adult stem cell function, and its disruption is associated with
cancer, the pharmaceutical industry considers Notch to be a highly desirable therapeutic
target. This is despite numerous challenges owing to the intricate and complex controls
governing its activity that can no longer be addressed solely by examining pairwise
interactions. Even small modulations of Notch signalling through pharmacological
interventions would be expected to have profound effects on multiple cellular targets, and
this is likely to be the case whether the intervention is targeted to the canonical Notch
signalling machinery or to more peripheral molecules that indirectly interact with the Notch
signalling system. The numerous genome-wide investigations that are focused on the Notch
signalling pathway have revealed a vast number of genes and proteins that affect Notch

Nat Rev Genet. Author manuscript; available in PMC 2015 March 23.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Guruharsha et al.

Page 13

developmental outputs. Moreover, these studies indicate that Notch should no longer be
considered in isolation as a strictly linear pathway; rather, its effects are highly
interconnected with other conserved signalling pathways. A comprehensive understanding
of Notch during development and various disease states requires a more thorough
understanding of the genes that can impinge on the Notch signalling system in specific
contexts.
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Haploinsufficiency A genetic condition in a diploid organism in which a single

functional copy of a gene fails to generate sufficient gene product,
leading to an abnormal or diseased state.

Triplomutant A genetic variant that carries three copies of a single gene, as

Alagil

opposed to the normal two copies, and displays a specific mutant
phenotype that may include lethality or morphological defects.
This mutant is distinct from aneuploidy, which alters copy
numbers for large numbers of genes owing to chromosomal
aberrations.

le's syndrome An inherited autosomal dominant genetic disorder that can affect
multiple vital organs, such as the liver, heart and other body parts.
The disorder may also affect the blood vessels within the brain,
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spinal cord and the kidneys. The estimated prevalence of
Alagille's syndrome is 1 in 70,000 newborns.

A regulatory loop in which the gene products positively or
negatively regulate the expression or activity of other members of
the same pathway and therefore regulate themselves.

Quantitative proteomics is identical to general (qualitative)
proteomics but includes quantification as an additional
dimension. Information about differences between two or more
protein samples is obtained with the use of isotopes or mass tags
that are distinguishable in mass spectrometry

A group of unspecified cells that have the same developmental
potential to adopt various fates. Typically, these are cells from an
equivalence group that receive a signal take on fates that are
distinct from those cells that do not receive a signal and therefore
adopt a default fate
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Box 1
Mammalian Notch signalling

The core elements of the Notch signalling system in mammals include: the Notch
receptors, the Delta-like (DLL) and Jagged (JAG) ligands (JAG ligands are the vertebrate
orthologues of Drosophila melanogaster Serrate)) and CBF1-SU(H)-LAGL1 (CSL) DNA-
binding proteins (such as CBF1; also known as RBPJx). Notch signalling is more
complex in mammals owing to the presence of several paralogues and multiple
regulatory components8. Four Notch paralogues, NOTCH1-4, and five Notch ligands
(namely, JAG1 JAG2, DLL1, DLL3 and DLL4) have been identified in vertebrates®.
Vertebrate Notch paralogues have different protein sequences, overlapping (yet
individual) expression profiles and developmental functions and probably have
interchangeable biochemical functions®1°. Different paralogues have been implicated in
various diseases and individual paralogues may have opposite effects; for example,
NOTCH1 and NOTCH2 have opposite effects on embryonic brain tumour growth114,
Given that multiple paralogues exist in vertebrates for receptors, ligands and several of
the pathway effectors, we expect Notch signalling to be profoundly more complex than
what is observed in a relatively simple model organism such as D. melanogaster, which
only encodes one receptor (Notch) and two ligands (Delta and Serrate).

Nat Rev Genet. Author manuscript; available in PMC 2015 March 23.




1duosnue Joyiny 1duasnueln Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Guruharsha et al.

Page 22

Box 2
Non-canonical Notch signalling
DSL -independent Notch activation

Several lines of evidence indicate that the Notch pathway is regulated through several
non-canonical mechanisms across species. Delta-Serrate-LAG2 (DSL)-independent
activation of the pathway occurs by proteins — such as Delta-like 1 (DLK1), Delta- and
Notch-like epidermal growth factor-related receptor (DNER) and Jedi — that resemble
the Delta ligand but lack the DSL motif31:115, Compelling observations that are
consistent with this notion indicate that two proteins (namely, contactin 1 (CNTN1; also
known as F3) and CNTNG6 (also known as NB3)) that are structurally unrelated to the
DSL ligands interact with the epidermal growth factor (EGF) repeats of Notch and
trigger activation through y-secretasel16:117, although these findings have not yet been
confirmed by independent groups. Another ligand-independent and CBF1-SU(H)-LAG1
(CSL)-independent example includes the ability of the pathway to be activated in the
Drosophila melanogaster wing imaginal disc by Deltex in late endosomes!18. This
mechanism does not require SU(H), which is consistent with observations of CSL-
independent Notch activation during D. melanogaster muscle development!19-121 Delta
has been observed to colocalize with Notch in Notch-expressing cells and can cause the
expression of Notch transcriptional targets; this indicates an independent mechanism by
which Notch can be activated by Delta in the same cell118, This observation of Delta
internalization contrasts the canonical signalling events in which the Notch extracellular
domain (NECD) is internalized by Delta-expressing cells. Other groups have observed
additional mechanisms of non-canonical activation that involves signal transduction
without Notch cleavage; differential post-translational modifications; competition with or
protection for a cofactor; and crosstalk with other signalling pathways (reviewed in REF.
115).

Vesicle-mediated transport

Vesicle-mediated transport has an important role in Notch activation mechanism in
which the intracellular location of Notch is an important determinant of its activity.
Mutations in elements of the endosomal-sorting machinery have been shown to be
capable of triggering non-canonical signalling in the early endosomel22-125 or |ate
endosome!18126 Endocytosis of Notch can downregulate or activate signalling, and this
depends on sorting Notch into different destinations#>127. A recent report indicates that
Numb might regulate the endocytosis of Notch and prevent Notch from interacting with
its ligand during sensory organ precursor cell development'28. But there is little
consensus regarding the location of the compartment that is involved in activation of
Notch, or whether it is the early or late endosome or in the lysosome. It is also not clear
whether there is just one universal mechanism of Notch activation or whether there are
different mechanisms that can bring about activation at different cellular locations. It
needs to be determined whether endocytosis has a role only in ligand-independent
activation or whether it is also involved in the canonical ligand-induced Notch signalling
and how this might relate to the cellular location in which Notch is activated.

Nat Rev Genet. Author manuscript; available in PMC 2015 March 23.




1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Guruharsha et al.

Page 23

Box 3
Databases and bioinformatic tools for systems-level studies

Although the fundamental importance of complex signalling networks is well recognized,
until recently most studies focused on just individual components, as the tools were not
available to address the Notch pathway as a system. The recent genomics and proteomics
approaches have provided a wealth of new information. Advances in bioinformatics
approaches will allow for more sophisticated analyses of such enormous data sets and
provide yet more insights into the complexity of signalling networks. Most of the current
databases (see Further information) are good repositories of large-scale data sets;
however, the overall quality and analytical methods originally used to define those
original data sets are highly variable. Currently, such databases are also not well adapted
to track and update all of the genetic, physical and biochemical interactions that are
defined in the thousands of individual, detailed, small-scale studies. Integrating such
diverse data sets (and removing redundancies) is necessary to obtain a comprehensive
understanding of how signalling pathways integrate their signals with other pathways.
Commercial data-mining and integrated knowledge-base software suites such as
Ingenuity Pathway Analysis and MetaCore adequately address this need, but they are not
widely accessible. The existence of open-source, open-access, manually curated, peer-
reviewed databases of pathways and processes, such as Reactomel29, provide a
reasonable alternative.
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Figure 1. Summary of the main features of Notch signalling
Three proteolytic cleavage steps are required for canonical Notch receptor signalling. The

first proteolytic cleavage step (S1 cleavage) is mediated by Furin, occurs in the trans-Golgi
and produces a heterodimer composed of a ligand-binding Notch extracellular domain
(NECD) and a single-pass transmembrane signalling domain referred to as the Notch
intracellular domain (NICD). The functional importance of this cleavage is still somewhat
uncleart30.131 The association of NECD and the transmembrane portion of the receptor
heterodimer is dependent on non-covalent interactions. Pathway activation occurs when the
NECD binds to Delta— Serrate—LAG2 (DSL) ligands that are expressed on the membrane of
neighbouring cells. This trans interaction results in the second proteolytic event (S2
cleavage) of the Notch receptor, which clears most of the NECD from the outer portion of
the membrane, a process mediated by the TACE (also known as ADAM17)
metalloproteinase. The NECD is subsequently released and internalized through endocytosis
by the ligand-expressing cell, where it undergoes lysosomal degradation. Subsequently, v-
secretase cleaves the tethered receptor near the inner leaflet of the membrane (S3 cleavage)
in the Notch-expressing cell, producing the transcriptionally active NICD, which
translocates to the nucleus through a poorly understood process. In the nucleus, the NICD
interacts with Drosophila melanogaster Suppressor of Hairless (SU(H)) and the
transcriptional co-activator, Mastermind (MAM) — the mammalian orthologues of which
are CBF1-SU(H)-LAG1 (CSL) and Mastermind-like (MAML) proteins, respectively —
thereby inducing transcription of target genes, by converting CSL into a transcription
activator through the exchange of co-repressors for co-activators. Many Notch target genes
encode transcriptional regulators, which influence cell-fate decisions through the regulation
of basic helix-loop—helix hairy and enhancer of split (HES) proteins: Hairy and Enhancer of
split (E(SPL)) in D. melanogaster and their mammalian orthologues HES1 and HES5. The
HES proteins subsequently regulate the expression of genes involved in Notch-dependent
cell-fate determination, such as apoptosis, proliferation or differentiation. By contrast,
expression of ligands and the Notch receptor on the same cells results in cis inhibition of
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Notch signals and receptor degradation. Recycling the receptor through the endocytic
pathway has been shown to be important for receptor and ligand maturation, non-canonical
signalling and degradation (Box 2). Notch activity is regulated by ubiquitylation of nuclear
NICD by the E3 ubiquitin ligases, SEL-10 in Caenorhabditis elegans and Suppressor of
Deltex (SU(DX)) in D. melanogaster, leading to NICD degradation, thus allowing the cell to
become ligand-competent once again. The ubiquitylation status of the receptor (by Kurtz,
Deltex and Shrub) in the multi-vesicular bodies can also determine whether Notch continues
to signal or undergoes proteasomal degradation. Additionally, signal attenuation is achieved
through lysosomal degradation of the NICD.
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Figure 2. Overlap of Notch genetic modifiers from different genome-wide screens in Drosophila
melanogaster

The first screen to take advantage of the Exelixis collection of insertional mutations was
carried out by Kankel et al.38, and the authors screened for modifiers of a Drosophila
melanogaster wing margin phenotype that resulted from ectopic expression of dominant
negative version of Mastermind (MAM). The second screen to use the Exelixis collection
was carried out by Shalaby et al.3” and isolated modifiers of the cell-fate alterations in the
D. melanogaster eye that are caused by overexpression of the Notch ligand Delta. Among
the genes identified from these two independent genetic screens, 50 genes were observed in
both studies. Genome-wide RNAI screens were carried out by several different groups using
in vivo developmental phenotypes associated with the Notch pathway or in vitro cell-based
Notch-signalling-dependent reporter assays. Mummery-Widmer et al.39 used external
sensory organ development during thoracic bristle formation as a phenotypic parameter to
isolate genes that affect Notch signalling, whereas Saj et al.38 carried out a genome-wide
screen in S2 cells for regulators of Notch activity. Nearly half of the genes identified in the
primary S2-cell-based screen were subsequently in vivo validated in developing wing
imaginal discs. Mourikis et al.>1 measured the transcriptional response of a luciferase-
reporter (m3-luc) in Kc-167 cells to identify modifiers of Notch activity. However, the
overlap of genes identified in all of the in vivo and in vitro RNAI screens is small (consisting
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of only two genes). From these screens, a total of 2,208 genes (14.25% of 15,494 genes
based on FlyBase release 5.43) were found to affect Notch signalling (Supplementary
information S4 (table)), 132 of which were identified in both Exelixis-based and RNAi-
based screens. The “Wing margin’ image is reproduced, with permission, from REF. 36 ©
(2007) Genetics Society of America. The ‘“Thoracic bristles” image is reproduced, with
permission, from REF. 132. The “Wing imaginal discs’ image is reproduced from REF. 38
© (2010) Cell Press.
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Figure 3. Summary of crosstalk between Notch and other signalling pathways
a,b | A schematic representation depicting classical and current views of signalling pathways

and how these pathways are thought to integrate their signals (crosstalk) within a cell. Panel
a portrays signal transduction pathways as quite distinct sets of systems or cascades that
transmit information by a step-by-step or linear mechanism with minimal crosstalk. Proteins
are shown as circles and their physical interactions as blue lines. Pathways are distinguished
by different coloured circles. Panel b displays a more representative and current perspective
of signalling crosstalk with different signalling pathways as complex, highly interconnected
networks with several shared members (red circles). The network was generated using
human signal transduction pathway members from KEGG database33 and queried in
GeneManial34 for genetic and physical interactions with the Notch pathway, as reported in
the literature. Network visualization was created using Cytoscapel3®. c| A summary version
of the network in panel b, highlighting the fact that Notch pathway genes (yellow circle)
interact genetically or physically with most genes that are associated with other signalling
pathways. The number of genes in each category is listed in its corresponding coloured
circle, and the number shown on the blue line indicates the number of genetic and physical
interactions between categories. Only a small subset (52 genes, pink circle) appears to
connect to the Notch pathway indirectly. The common interactors (grey circle) are 100
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genes that are not classified as signalling genes by KEGG or GeneMania and may represent
potential points of signal integration or crosstalk between Notch and other canonical
signalling pathways.
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Figure 4. Mapping genetic modifiers on proteome map
The highly interconnected major component of the Drosophila Protein Interaction Map

(DPiM)113, showing Notch signalling modifiers that were identified from Exelixis screens
(blue), RNA. screens (red) or both (pink). This overlay of genetic data on a proteomics map
helps to combine independent and seemingly disparate data sets into one integrated network
while providing potential mechanistic insights into the basic biochemistry of these
interactions. Grey lines indicate protein—protein interactions, the thickness being
proportional to the interaction score. In many cases, it is clear that several members of a
protein complex were identified in independent screens, suggesting that the complex, as a
functional unit, is important for Notch signalling. Such integrative analyses provide
numerous experimentally testable hypotheses into the links between Notch signalling and
these modifiers, as well as their associated functions, as defined in DPiM. Within DPiM,
connections between uncharacterized proteins to protein complexes with defined Gene
Ontological terms provide a potential function to the uncharacterized proteins. A high-
resolution version of this figure is available in Supplementary information S5 (figure).

Nat Rev Genet. Author manuscript; available in PMC 2015 March 23.



