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Preface

Dear reader,

It is our pleasure to present this book Molecular Mechanisms of Notch
Signaling to you. Over the last few years, we noticed that the latest book on
Notch signaling represented an excellent starting point for scientists when
entering the Notch field. This book, edited by Raphael Kopan, was published
in 2010 and it was followed in 2014 by a Notch book, edited by Shinya
Yamamoto and Hugo Bellen, focused on current methods and protocols. By
now, we believe it is time for an update. To our pleasant surprise, it was not
so difficult to find many dear colleagues in the field willing to contribute with
their relevant expertise. This book can be subdivided into three sections: (1)
molecular mechanisms of receptor/ligand interactions, (2) intracellular sig-
naling mechanisms, and (3) disease links and therapeutics. Receptor ligand
interactions are covered by summarizing structural aspects, mechano-
transduction, regulation by glycosylation, endocytic trafficking but also by
modeling the Notch response. Intracellular signaling covers a detailed discus-
sion of the Notch interactome, comparing Drosophila melanogaster and
human genetics to understand Notch-related pathologies. The second section
also covers noncanonical aspects of Notch signaling and oscillatory mecha-
nisms particularly relevant during development. Other developmental aspects
of Notch in neurogenesis and stem cell biology are also discussed in this sec-
tion. Transcriptional regulation, with a focus on canonical transcription factor
RBPJ (also known as CSL), is described in depth. In the third section, the
recently established link between Notch and senescence is elucidated and
advances in our understanding of physiological and tumor angiogenesis are
discussed. In regard to the immunological role of Notch, its function in T-cell
development and activation is discussed and this is nicely complemented
with the well-known role of Notch in leukemia.

This book summarizes molecular aspects of Notch signaling, and it is not
only intended for experts, but it should also be a useful resource for young,
sprouting scientists or interested scientists from other research areas, who
may use this book as a stimulating starting point for further discoveries and
developments. Thinking translational, we hope that this will help to encour-
age the development of better diagnostic tools and/or therapeutic applications
for Notch-related diseases.

Tilman Borggrefe
Benedetto Daniele Giaimo
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Introduction to Molecular
Mechanisms in Notch Signal
Transduction and Disease

Pathogenesis

Benedetto Daniele Giaimo and Tilman Borggrefe

Abstract

The Notch signaling pathway plays a pivotal
role in development, physiology and diseases
such as cancer. In this chapter, we first give
an overview of the different molecular mech-
anisms that regulate Notch signaling. Each
subject is covered in more depth in the subse-
quent chapters of this book. Next, we will use
the inflammatory system as an example to
discuss the physiological function of Notch
signaling. This is followed by a discussion of
recent advances in the different pathophysi-
ological roles of Notch signaling in leukemia
as well as a wide range of solid cancers.
Finally, we discuss how information about
pathogenic mutations in Notch pathway
components, combined with structural bio-
logical data, are beginning to provide impor-
tant biological and mechanistic insights
about the pathway.
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A Alanine

ACC Adenoid cystic carcinoma

ADAM A Disintegrin And Metalloprotease

ANKs Ankyrin

AML Acute Myeloid Leukemia

AOS Adams-Oliver Syndrome

ASCL1 Achaete-scute homolog 1

AVD Aortic valve disease

AVS Aortic valve stenosis

BAV Bicuspid aortic valve

BCC Basal cell carcinoma

BMDM Bone marrow derived macrophages

BMI1 B lymphoma Mo-MLV insertion
region 1 homolog

BRD4 BromoDomain-containing 4

CADASIL  Cerebral Autosomal Dominant
Arteriopathy ~ with  Subcortical
Infarcts and Leukoencephalopathy

CDKO9 Cyclin-dependent kinase 9

CLL Chronic lymphocytic leukemia

COA Coarctation of the aorta

CR Cysteine-rich

CSCs Cancer stem cells

cSCC Cutaneous squamous cell carcinoma

DKO Double knockout

DLL DELTA-LIKE

DN-MAML Dominant-Negative Mastermind

DSL DELTA, SERRATE, LAG-2
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EGF Epidermal growth factor IRF8 Interferon-regulatory factor 8
EGFR Epidermal growth factor JAG JAGGED
receptor K Lysine
EMT Epithelial-Mesenchymal Transition KO Knockout
EP300 E1A Binding Protein P300 KMT2D Lysine methyltransferase 2D
ER Endoplasmic reticulum or estro- L Leucine
gen receptor LNR Lin-12/Notch Repeat
ERK Extracellular signal-Regulated LOF Loss-Of-function
Kinase LPS Lipopolysaccharide
ETS1 E26 avian leukemia oncogene 1 ISCC Lung squamous cell carcinoma
F Phenylalanine MAML MASTERMIND-LIKE
FBXW7 F-box and WD repeat domain- MAPK Mitogen-activated protein kinase
containing 7 MCL Mantle cell lymphoma
FOXA2 Forkhead box A2 MINT Msx2-interating protein
G Glycine miR microRNA
GABPA GA Binding Protein Transcription MST Mammalian sterile 20-like kinase
Factor Alpha Subunit mTOR mammalian target of rapamycin
GBM Glioblastoma Myc myelocytomatosis proto-oncogene
GOF Gain-Of-Function nCC Noncutaneous carcinoma
GSI y-Secretase Inhibitor NCoR Nuclear receptor corepressor
HCC Hepatocellular carcinoma NECD Notch extracellular domain
HCS Hadju-Cheney syndrome NEXT Notch EXtracellular Truncation
HD Heterodimerization Domain NF-xB Nuclear Factor-xB
HDAC:s Histone deacetylases NICD Notch intracellular domain
HER2 Human epidermal growth factor NRR Negative regulatory region
receptor 2 NSCLC Non-small cell lung cancer
Hesl1 Hairy and Enhancer of Split 1 OLIG2 Oligodendrocyte transcription
HEY1 Hairy/enhancer-of-split  related factor
with YRPW motif 1 P Proline
HLH Helix-loop-helix PanIN Pancreatic intraepithelial neoplasia
HLHS Hypoplastic left heart syndrome PDAC Pancreatic ductal adenocarcinoma
H&NHLHS  head and neck PDZ PSD-95/D1g/Z0O-1
1 Isoleucine PEST proline (P), glutamic acid (E), ser-
1xkB Inhibitor of kappa B ine (S) and threonine (T)
IKKa Inhibitor of Kappa-B Kinase sub- PI3K PhosphatidylInositol 4,5-bisphos-
unit alpha phate 3-Kinase
ILIR Interleukin 1 receptor PIM Proto-Oncogene, Serine/Threonine
L4 Interleukin 4 Kinase
IL6 Interleukin 6 PIN1 Peptidylprolyl Cis/Trans Isomerase,
IL10 Interleukin 10 NIMA-Interacting 1
IL12 Interleukin 12 POFUTI1 Protein O-fucosyltransferase 1
IL13 Interleukin 13 PR Progesterone receptor
IFNy Interferon y Ptcra invariant preTa chain of the pre-T
IRAK2 Interleukin 1 receptor-associated cell receptor
kinase-like 2 PTEN Phosphatase and tensin homolog
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Post-translational modification
Arginine

RBPJ-associated module

Rat sarcoma virus oncogene
Recombination signal binding pro-
tein for immunoglobulin kappa J
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Renal cell cancer

Runt related transcription factor 1
Runt related transcription factor 3
Serine

Squamous cell carcinoma

Small cell lung cancer
SMRT/HDAC1
Repressor Protein
Systemic lupus erythematosus
Silencing mediator for retinoid or
thyroid-hormone receptors
Splenic marginal zone lymphoma
Split ENds family transcriptional
repressor

Spen paralog and
C-terminal domain
Threonine
T-cells
leukemia
Trans-activation domain
Tricuspid aortic valve

T-cell receptor

Transforming growth factor
beta

Triple knockout

Toll-like receptor

Toll-like receptor 4
Transmembrane

Temozolomide

Triple-negative breast cancer
Tumor necrosis factor alpha
mTOR signaling complex 1/2
Valine

Vascular endothelial growth fac-
tor receptor 1

Yes-associated protein and WW
domain containing transcription
regulator 1

Zinc finger protein 143

Associated

ortholog

acute  lymphoblastc

1 Overview on Notch signaling

The Notch mutant phenotype was first described
over a hundred years ago by John Dexter, who
noticed the appearance of notches at the wing mar-
gins of fruit flies Drosophila melanogaster.
Thomas Hunt Morgan identified the alleles of the
corresponding genes (Morgan 1917). Several
decades later, the Nofch gene, encoding a trans-
membrane receptor controlling Drosophila neuro-
genesis, was identified (Artavanis-Tsakonas et al.
1983; Wharton et al. 1985; Kidd et al. 1986; del
Amo et al. 1993). Soon after that, it became appar-
ent that the Notch gene is evolutionary conserved
and controls a plethora of developmental deci-
sions, regulating homeostasis as well as develop-
ment and differentiation of several different
tissues and cell types during both embryonic and
postnatal life. Thus, it is one of a few signaling
pathways, like Wnt, transforming growth factor
beta (TGFp) and Hedgehog that is repeatedly used
in multicellular organisms throughout embryonal
and adult development. In Integration of
Drosophila and Human Genetics to Understand
Notch Signaling Related Diseases, Yamamoto and
colleagues introduce how biological and genetic
experiments in Drosophila contributed to the iden-
tification of key players in Notch signaling, and
further discuss how mechanistic information
obtained in flies can be translated to understand
Notch signaling related genetic disorders in
human. Notch signaling has also been implicated
in carcinogenesis, of which we will highlight in
this chapter and further dedicate several chapters
in this book (The Notch3 Receptor and Its
Intracellular ~ Signaling-Dependent  Oncogenic
Mechanisms and Notch in Leukemia).

The mechanisms of how Notch signaling
pathway regulates a wide range of functions can
be grouped in three main categories: lateral
inhibition, lateral induction and lineage deci-
sions. During lateral inhibition, equipotent cells
establish a hierarchy mediated by NOTCH
receptors and ligands. During these signaling
events, one cell “A” signals more to the adjacent
ones preventing them to adopt the same “A” cell
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fate. In the lateral induction model, non-equipo-
tent cells are involved. In particular, one group
of cells signals to another group determining
the acquisition of different cell fates. Finally, in
the lineage decision model, asymmetrical cell
division allows daughter cells to adopt different
cell fates by the differential expression and/or
segregation of NOTCH receptors or modulators
of the Notch pathway. These models are
described in depth in “Modeling the Notch
Response”, “Integration of Drosophila and
Human Genetics to Understand Notch Signaling
Related Diseases”, “Notch and Stem Cells” and
“Notch and Senescence” of this book. T-cell
differentiation is a well-characterized example
of the lineage decision model that was investi-
gated in depth. In particular, loss-of-function
(LOF) of Notch leads to a complete block in
T-cell development (Radtke et al. 1999),
whereas gain-of-function (GOF) of Notch, by
introducing a constitutive-active form of Notch
into hematopoietic progenitor cells, leads to
T-cells acute lymphoblastic leukemia (T-ALL)
in mice (Pear et al. 1996). In fact, the human
NOTCH]I gene was identified in T-ALL patients
as a hot spot of chromosomal translocations
(Ellisen et al. 1991). The role of Notch in the
early stages of T-cell development is discussed
by Osborne and colleagues in “Notch and T
Cell Function — A Complex Tale” of this book.
Regarding pathogenesis, Chiang and colleagues
discuss the aspects of Notch signaling in leuke-
mogenesis (Notch in Leukemia) and Screpanti
and colleagues focus on NOTCH3 related func-
tions (The Notch3 Receptor and Its Intracellular
Signaling-Dependent Oncogenic Mechanisms).

2 Molecular Mechanisms
Controlling the Notch Signal
Transduction Pathway

At the molecular level, the Notch signaling path-
way is a seemingly simple pathway that does not
involve any second messengers. Ligand-triggered
activation of the NOTCH receptor leads to the
release of the cleaved NOTCH intracellular
domain (NICD) that drives the signaling response
(Fig. 1). NOTCH receptors are single-pass trans-

membrane proteins that are synthesized in the
endoplasmic reticulum (ER) and processed in the
Golgi apparatus. During their maturation,
NOTCH receptors are proteolytically processed
by cleavage at the S1 site (Blaumueller et al.
1997; Logeat et al. 1998; Lake et al. 2009) and
further post-translationally modified (discussed
in detail in “Regulation of Notch Function by
O-Glycosylation” of this book), producing the
mature heterodimeric NOTCH receptor that is
exposed on the plasma membrane. In mammals,
four NOTCH receptors (NOTCHI1-4) are
expressed in a tissue- and cell-type specific man-
ner. Mature NOTCH receptors consist of a
NOTCH extracellular domain (NECD) and an
intracellular portion (NICD) which are connected
by a transmembrane (TM) domain. The NECD is
characterized by epidermal growth factor (EGF)-
like repeats that vary in number among the differ-
ent isoforms, followed by three Lin-12/Notch
repeats (LNR) and finally by a hydrophobic
region required for the heterodimerization of the
receptor. The LNR and heterodimerization (HD)
domains form a negative regulatory region (NRR)
that prevents ligand-independent cleavage of the
receptor at the S2 cleavage site (Sanchez-Irizarry
et al. 2004). The NOTCH-TM domain contains
the S3 cleavage site which is the target of the
y-secretase complex that releases the NICD
(Fortini 2002). The NICD is characterized by an
N-terminal RBPJ (recombination signal binding
protein for immunoglobulin kappa J region)-
associated module (RAM) followed by ankyrin
repeats (ANKs) that together form the RBPJ-
interacting region (Tamura et al. 1995). These
domains are followed by a transactivation domain
(TAD) required for transcriptional activation and
by a proline (P), glutamic acid (E), serine (S) and
threonine (T) (PEST)-rich domain involved in
regulating the turnover of the NICD protein. It
must be noted that the TAD is not conserved in all
NOTCH proteins but it is specifically found
within NOTCH1 and NOTCH2, suggesting dif-
ferent mechanisms of transcriptional activation
used by the different NOTCH proteins.

Similar to NOTCH receptors, the NOTCH
ligands are single-pass transmembrane pro-
teins. They are members of two different fami-
lies: the DELTA/DELTA-LIKE and the
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glycosylation
(chap. 4)

mechanotransduction
(chap. 3)

structural insights
(chap. 2)

endocytosis
(chap. 6)

co-activator
complex
(chap. 14)

non-canonical
signaling
(chap. 9)

oscillatory control
(chap. 13)

Fig. 1 Overview of the Notch signaling cascade.
Ligand binding to NOTCH receptor leads to proteolysis-
dependent release of the NOTCH intracellular domain
(NICD). Structural aspects of the ligand/receptor interac-
tion are discussed in “Structural Insights into Notch
Receptor-Ligand Interactions” whereas mechanotrans-
duction of the signal and glycosylation of the NOTCH
receptor are discussed in “The Molecular Mechanism of
Notch Activation” and “Regulation of Notch Function by
O-Glycosylation”, respectively. The first cleavage, medi-
ated by ADAM metalloproteases, generates an intermedi-
ate proteolytic product called NEXT (Notch EXtracellular
Truncation) which is substrate for a y-secretase complex
that releases the NICD. The NICD subgsequently translo-
cates into the nucleus where it interacts with the transcrip-

SERRATE/JAGGED families. The Drosophila
genome encodes one member of each family
(Delta and Serrate) while mammalian ligands
are more complex as three members of the
DELTA family [DELTA-LIKE (DLL) 1, 3 and
4] and two members of the JAGGED family
(JAGI and 2) are encoded. All NOTCH ligands
present with a DSL (DELTA, SERRATE, LAG-
2) domain that contains the NOTCH receptor-
interacting region followed by EGF repeats

tion factor RBPJ and cofactor MAML leading to activation
of Notch target genes (see “CSL-Associated Corepressor
and Coactivator Complexes” in this book). Several Notch
target genes are involved in feedback regulation of the
Notch pathway, as in the case of HES! which also regu-
lates its own expression leading to an oscillatory control
(see Oscillatory Control of Notch Signaling in
Development” in this book). The Notch pathway is also
regulated by endocytosis and vesicle trafficking of the
NOTCH receptor (see “Endocytic Trafficking of the
Notch Receptor” in this book) which can lead to degrada-
tion or ligand independent activation of the pathway (see
“Mechanisms of Non-canonical Signaling in Health and
Disease: Diversity to Take Therapy up a Notch?” in this
book)

which vary in number among the different
members of the families (Parks et al. 2000;
D’Souza et al. 2008). Compared to the DELTA
family, only the JAGGED family presents a
cysteine-rich (CR) region proximal to the TM
domain. Additionally, the intracellular domain
of some Notch ligands is characterized by a
PDZ (PSD-95/Dlg/Z0-1) domain that supports
interactions with proteins of the adherens junc-
tions (Mizuhara et al. 2005).



A major breakthrough in the Notch field was
the recent elucidation of the molecular structure
of the NOTCH/ligand complex (see “Structural
Insightsinto Notch Receptor-Ligand Interactions”
of this book). Genetic and biochemical studies
already revealed that Notch receptor glycosyl-
ation is pivotal for its function. Reassuringly, the
structures showed that sugars are in the midst of
the receptor/ligand structure. This aspect and the
complex regulation by NOTCH glycosylation are
discussed in “Regulation of Notch Function by
O-Glycosylation”. In addition to glycosylation,
the exact molecular mechanisms of receptor/
ligand interactions and the signal triggering
mechanisms are discussed in “Structural Insights
into Notch Receptor-Ligand Interactions” by
Handford and colleagues considering the lipid
environment and in “The Molecular Mechanism
of Notch Activation” by Gordon and colleagues
considering mechano-transduction and pulling-
forces between two adjacent cells that express
NOTCH ligand and NOTCH receptor.

The signaling cascade activated upon ligand
binding is remarkably simple; in fact, two con-
secutive proteolytic cleavages of the NOTCH
receptor release the NICD from the membrane.
First, ADAM (a disintegrin and metalloprotease)
metalloproteases (Brou et al. 2000; Mumm et al.
2000) cleave off the majority of the NECD; this
is known as the S2 cleavage. Subsequently, the
intracellular domain of the remaining Notch
receptor (NICD) is liberated by an intramem-
brane cleavage mediated by the y-secretase com-
plex, a process known as S3 cleavage. The
intricate regulation of receptor cleavage and
endocytic trafficking as part of this process is dis-
cussed in detail by Klein and colleagues in
“Endocytic Trafficking of the Notch Receptor” of
this book. Upon activation, the NICD translo-
cates into the nucleus, associates with transcrip-
tion factor RBPJ and activates the expression of
Notch target genes (Fig. 1). Pivotal cofactors
within  the RBPJ/NICD complex are
MASTERMIND-LIKE (MAML) proteins which
are required for the complex to be fully func-
tional (Wu et al. 2000; Lin et al. 2002; Wu et al.
2002; Nam et al. 2003; Nam et al. 2006; Wilson
and Kovall 2006); this trimeric complex recruits
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several additional coactivators such as acetyl-
transferase EP300 [E1A Binding Protein P300,
(Oswald et al. 2001; Hansson et al. 2009; Jung
et al. 2013)]. This is known as the canonical path-
way of Notch activation and these nuclear events
are discussed in “CSL-Associated Corepressor
and Coactivator Complexes”. Regarding non-
canonical Notch signaling, which is represented
for example by RBPJ-independent events,
Vaccari and colleagues elucidate these aspects of
Notch signaling in “Mechanisms of Non-
canonical Signaling in Health and Disease:
Diversity to Take Therapy up a Notch?”.
Interestingly, the protein half-life of the NICD is
pivotal for amplitude and duration of the Notch
response. Several post-translational modifica-
tions (PTMs) of the NICD, such as phosphoryla-
tion, acetylation and methylation are key in this
process, and they culminate in the ubiquitin-
dependent proteasomal degradation of the NICD,
thereby terminating the Notch response (Fryer
et al. 2002; Fryer et al. 2004; Palermo et al. 2012;
Hein et al. 2015; Borggrefe et al. 2016). This is
particularly relevant in pathophysiological condi-
tions such as leukemogenesis. Here, stabilizing
NOTCH mutations are found in several leuke-
mias, such as T-ALL and chronic lymphocytic
leukemia (CLL). Additionally, the NOTCH ubig-
uitin-ligase FBXW?7 (F-box and WD repeat
domain-containing 7) is frequently mutated in
leukemia patients. The interested reader is
referred to our recent review (Borggrefe et al.
2016) as well as “The Notch3 Receptor and Its
Intracellular Signaling-Dependent Oncogenic
Mechanisms” and “Notch in Leukemia” of this
book.

In the absence of a Notch signal, the central
transcription factor RBPJ remains in the nucleus
bound to its target nucleotide sequence and
recruits corepressors to prevent the expression of
Notch target genes. In the last few years several
groups including our have set out to characterize
the composition of the RBPJ corepressor and
coactivator complexes (Oswald et al. 2001;
Hansson et al. 2009; Jung et al. 2013; Kao et al.
1998; Oswald et al. 2002; Oswald et al. 2005;
Salat et al. 2008; Borggrefe and Oswald 2009;
Moshkin et al. 2009; Liefke et al. 2010; Mulligan
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et al. 2011; Yatim et al. 2012; Oswald et al. 2016;
Xu et al. 2017 and “The Notch Interactome:
Complexity in Signaling Circuitry” and
“Oscillatory Control of Notch Signaling in
Development” of this book) and to unveil their
structure (Nam et al. 2003; Nam et al. 2006;
Wilson and Kovall 2006; Kovall and Hendrickson
2004; Kovall 2007; VanderWielen et al. 2011;
Collins et al. 2014; Contreras et al. 2015; Yuan
et al. 2016 and “Structural Insights into Notch
Receptor-Ligand Interactions” of this book).
These studies resulted in two important findings:
First, the Notch signaling pathway is not based
on a simple ON/OFF-state concerning Notch tar-
get gene expression; second, the individual
RBPJ/NICD complex does not operate alone but
functions as homodimer and may collaborate
with other DNA binding proteins. The first
observation is supported by the characterization
of the protein interaction network of SHARP
[SMRT (silencing mediator for retinoid or
thyroid-hormone receptors)/HDAC1 (histone
deacetylase)-associated repressor protein; also
known as mouse MINT (Msx2-interating pro-
tein) or SPEN (Split ENds family transcriptional
repressor)] which, focusing on its SPOC (Spen
paralog and ortholog C-terminal) domain,
unveiled an interesting and surprising scenario
(Oswald et al. 2016). In fact, while previously
SHARP was exclusively considered as a tran-
scriptional repressor (Oswald et al. 2002; Oswald
et al. 2005; Salat et al. 2008), proteomics studies
revealed that SHARP does not exclusively inter-
act with the corepressor NCoR (nuclear receptor
corepressor) complex but also with the coactiva-
tor KMT2D (lysine methyltransferase 2D) com-
plex (Oswald et al. 2016). These observations
identified SHARP as a key regulator of the Notch
pathway where NCoR and KMT2D compete for
the same binding site of SHARP (Oswald et al.
2016). Thus, it is likely that SHARP is a central
chromatin regulator tuning the output of the
Notch response by balancing histone methylation
and deacetylation.

The second observation is based on the identi-
fication of NICD homodimers that are required to
specifically induce a subset of Notch target genes
such as Hes! (hairy and enhancer of split 1), Myc
(myelocytomatosis proto-oncogene) and Ptcra

[invariant preTa chain of the pre-TCR (T-cell
receptor)] that are characterized by paired RBPJ
binding sites oriented and spaced in a specific
manner (Nam et al. 2007; Liu et al. 2010; Hass
et al. 2015). Additionally, genome-wide studies
unveiled that NOTCH1 and RBPJ binding occurs
at sites that are also bound by additional tran-
scription factors such as AMLI [acute myeloid
leukemia 1, also known as RUNX1 (Runt related
transcription factor 1)], ETS1 (E26 avian leuke-
mia oncogene 1), GABPA (GA binding protein
transcription factor alpha subunit) and ZNF143
[Zinc finger protein 143, (Wang et al. 2011a;
Ngondo-Mbongo et al. 2013; Wang et al. 2014)],
suggesting that several transcriptional factors
synergize to fine-tune the expression of Notch
target genes. Alternatively, competitive binding
may have different transcriptional outputs in
regard to the expression of Notch target genes.

Apart from chromatin regulation prior to the
Notch response and combinatorial activities of
several transcription factors, differential gene
regulation is achieved by different promoter
structures and feedback loops, which can result
in oscillatory mechanisms that play key roles in
development (Fig. 1). One particularly well-stud-
ied example is the basic helix-loop-helix (HLH)
transcription factor HES1, encoded by a proto-
typic Notch target gene. Kageyama and col-
leagues discuss in depth the function of HES1 in
“Oscillatory Control of Notch Signaling in
Development” of this book.

3 Notch in Inflammation

Notch signaling has been shown to play impor-
tant roles in both innate and adaptive immunity.
In innate immunity, Notch signaling promotes
the differentiation of specific cell types as well as
supports the activation of specific cells.
Macrophages are key mediators of innate immu-
nity but are also involved in supporting specific
aspects of the adaptive immunity. Based on the
activating stimulus, macrophages polarize into so
called M1 or M2 states: while M1 macrophages
are involved in supporting inflammatory
responses by producing inflammatory molecules
such as interleukin 12 (IL12), IL6 or tumor
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necrosis factor alpha (TNFa), M2 macrophages
regulate the resolution of inflammation by pro-
ducing anti-inflammatory molecules such as
IL10 or TGFp (Porta et al. 2015; Kapellos and
Igbal 2016; Patel et al. 2017). Polarized macro-
phages can be further distinguished in M2a, M2b
or M2c based on the different gene expression
profile and the activating stimulus, for example
IL4 and IL13 induce the M2a phenotype, the
M2b is induced by exposure to immune com-
plexes with Toll-like receptors (TLRs) or inter-
leukin 1 receptor (IL1R) while M2c is induced by
IL10 (Mantovani et al. 2004).

In bone marrow derived macrophages
(BMDMs) from Rbpj conditional knockout (KO)
mice (Rbpj'"x: Mx1-Cre) the expression of lipo-
polysaccharide (LPS)-induced genes is inhibited
(Xu et al. 2012). RBPJ positively regulates LPS-
mediated transcription via the canonical Notch
signaling pathway as treatment with inhibitors of
the y-secretase complex (GSIs), that block the
activation of the Notch pathway, AdamlO or
Notchl deficiencies impair gene expression of
LPS targets (Xu et al. 2012). Mechanistically
RBPJ controls the expression of IRAK? (interleu-
kin-1 receptor-associated kinase-like 2) protein
that supports a cascade that culminates with the
synthesis of IRF8 (interferon-regulatory factor 8)
(Xu et al. 2012), a key transcription factor of the
inflammatory gene expression program (Mancino
etal. 2015). The control of this program in macro-
phages is more complex as LPS treatment also
leads to upregulation of Notch target genes, such
as HESI and HEYI1 (Hairy/enhancer-of-split
related with YRPW motif 1), which are involved in
a negative feedback loop that controls the expres-
sion of pro-inflammatory cytokines (Hu et al.
2008). Importantly, treatment with interferon vy
(IFNy) leads to downregulation of HESI and
HEYI gene expression. This suggests a mecha-
nism how IFNy may augment the production of
pro-inflammatory cytokines (Hu et al. 2008). As
these studies pointed out to the RBPJ-dependent
induction of 1112 gene upon LPS stimulation (Xu
et al. 2012; Hu et al. 2008), another study could
demonstrate that this effect does not involve the
transcriptional activity of the NICD/RBPJ com-
plex as overexpression of a dominant negative

form of MAML (DN-MAML) does not influence
the expression of 1/72 in BMDMs (Boonyatecha
et al. 2012). The reasons for this contrasting
results are still not clear but it must be noted that
another study could show that the pro-inflamma-
tory cytokine IL6 is positively and directly regu-
lated by the Notch signaling pathway upon
treatment of BMDMs with LPS and IFNy. In fact,
116 expression is downregulated by GSIs and
upregulated by overexpression of NICDI upon
LPS and IFNy treatment and finally the 7/6 locus
is bound by NOTCH1 (Wongchana and Palaga
2012). Fung and colleagues observed that
NOTCHS3 expression increases during differentia-
tion of human monocytes into macrophages in
culture, while DLL4 expression increases upon
pro-inflammatory stimulation of human macro-
phages (Fung et al. 2007). Of note, the LPS-
mediated DLLA4 induction is dependent on TLR4
(Toll-like receptor 4) and NF-kB (nuclear
factor-kB) pathways and triggers the Notch sig-
naling cascade that finally increases the pro-
inflammatory properties of human macrophages
(Fung et al. 2007). Similarly, also JAG/ is induced
upon LPS stimulation of human macrophages in
an NF-kB-dependent manner (Foldi et al. 2010)
as well as Notchl induction is observed upon
macrophages activation and GSIs pretreatment
leads to reduced expression of pro-inflammatory
genes upon stimulation with LPS and IFNy
(Palaga et al. 2008), suggesting Notch signaling
as an important determinant of macrophages-
mediated inflammatory responses. Myeloid-
specific LOF of Notchl, obtained from
LysMCre;Notchlex mice, leads to decreased
macrophages recruitment at wounds as well as
GSIs treatment results in failure of Vegfr! (vascu-
lar endothelial growth factor receptor 1) induction
upon macrophages stimulation with LPS and
INFy (Outtz et al. 2010).

In peritoneal macrophages, Notch signaling
determines a switch from pro-inflammatory cyto-
kines (TNFa and IL6) to anti-inflammatory cyto-
kines (IL10) production upon stimulation with
LPS in a way that is dependent on the PEST
domain of NICD proteins (Zhang et al. 2012).
This pro-inflammatory inhibitory effect of Notch
signaling is based on the inhibition of the MAPK
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(mitogen-activated protein kinase) pathway lead-
ing to reduced transcriptional activity of NF-xB
(Zhang et al. 2012). In contrast, another study
observed that Notch signaling increases pro-
inflammatory properties of macrophage derived
Raw 264.7 cells upon LPS stimulation by promot-
ing nuclear translocation of NF-kB (Monsalve
et al. 2009). The reasons for the differences
observed in these studies are not clear and more
work is required to better dissect the role of Notch
signaling upon LPS stimulation in these cells.

RBPIJ controls also the M2 polarization of
macrophages as RBPJ KO macrophages from
Rbpje¥ox: [ yz2-Cre mice treated with chitin, a
major structural component of fungi and helmin-
thes that induce the M2 polarization, present
impaired expression of genes associated with the
M2 phenotype (Foldi et al. 2016). It must also be
noted that Rbpj KO results in M2 polarization of
BMDM upon LPS stimulation (Wang et al.
2010a), suggesting that RBPJ may play different
roles in the M1 vs M2 polarization based on the
activating stimulus. Additionally, stimulation of
macrophages with IL4, an interleukin that drives
the M2 polarization, leads to upregulation of
Jagl (Outtz et al. 2010).

Interestingly, in a mouse model of systemic
lupus erythematosus (SLE), Notch signaling is
required to induce macrophage polarization ver-
sus the M2b phenotype through PI3K (phosphati-
dylInositol 4,5-bisphosphate 3-kinase)/
AKT-ERK  (Extracellular  signal-regulated
kinase)-1/2 and p38 MAPK signaling pathways
(Zhang et al. 2010).

In summary, an important role for Notch in
inflammation is evident, but further studies are
required to differentiate between direct and indirect
effects and to clarify how the Notch pathway

orchestrates different polarization of
macrophages.
4 Dysregulation of Notch

Signaling in Diseases

Accurate regulation of the Notch signaling path-
way is required for development, differentiation
and homeostasis of a wide variety of tissues dur-

n

ing both adult and embryonic life (see “The
Notch3 Receptor and Its Intracellular Signaling-
Dependent Oncogenic Mechanisms”, “Notch and
Neurogenesis”, “Notch and Stem Cells”, “Notch
and Senescence”, “Control of Blood Vessel
Formation by Notch Signaling” and “Notch and
T Cell Function — A Complex Tale” in this book)
and dysregulation of Notch signaling is associ-
ated with many diseases (see “Integration of
Drosophila and Human Genetics to Understand
Notch Signaling Related Diseases”, “Mechanisms
of Non-canonical Signaling in Health and
Disease: Diversity to Take Therapy up a Notch?”,
“The Notch3 Receptor and Its Intracellular
Signaling-Dependent Oncogenic Mechanisms”,
“Notch and Senescence”, “Control of Blood
Vessel Formation by Notch Signaling” and
“Notch in Leukemia” in this book).

Notch signaling has been associated with sev-
eral congenital disorders, for example Notch
LOF has been linked to Alagille and Adams-
Oliver syndromes (AOS) whereas Notch GOF
results in Hadju-Cheney syndrome [HCS, see
“Integration of Drosophila and Human Genetics
to Understand Notch Signaling Related Diseases”
in this book and Masek and Andersson 2017]. In
addition, missense mutations that affect the struc-
ture of NOTCH receptors have been found in
genetic diseases. For example, NOTCH3 muta-
tions that affect specific domains of the NECD
have been linked to CADASIL (Cerebral
Autosomal  Dominant  Arteriopathy  with
Subcortical Infarcts and Leukoencephalopathy).
There are several instances where somatic muta-
tions of NOTCH or Notch pathway components
or modulators lead to cancer. We will briefly dis-
cuss the current knowledge about Notch signal-
ing in cancer and the interested reader is referred
to “The Notch3 Receptor and Its Intracellular
Signaling-Dependent Oncogenic Mechanisms”
and “Notch in Leukemia” of this book and other
recent reviews (Aster et al. 2017).

4.1 Notch in Leukemia

In 1991, recurring mutations in the NOTCHI
gene were first described in patients with T-ALL,
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thus implicating Notch signaling directly in leu-
kemogenesis (Weng et al. 2004). Those muta-
tions lead to a C-terminal truncation of the
intracellular NOTCHI1 protein, thereby removing
the destabilizing PEST domain and leading to
increased NICD1 half-life (Weng et al. 2004).
Other NOTCH] activating mutations in T-ALL
have also been identified in the NECD leading to
constitutive cleavage of the NOTCH receptor
(Weng et al. 2004). Similar activating NOTCH1
mutations were also identified in CLL (Puente
et al. 2011), in line with previous data showing
activation of the Notch pathway in CLL (Rosati
et al. 2009). These data suggest Notch signaling
as a potential therapeutic target in the treatment
of T-ALL and CLL and lead to some clinical tri-
als in the last years.

GSIs can be used to prevent the activation of
the Notch pathway by blocking the release of the
NICD from the membrane. However, this approach
is unfortunately limited due to two reasons: 1)
GSIs cause severe gastrointestinal side effects due
to the important role of Notch signaling in differ-
entiation of the highly proliferating gut epithe-
lium; 2) Drug resistance to GSIs also fairly
frequently arises and it is associated with muta-
tional loss of PTEN [phosphatase and tensin
homolog, (Palomero et al. 2007)] or FBXW7
(O’Neil et al. 2007) and dependent on BRD4 [bro-
modomain-containing protein 4, (Knoechel et al.
2014)] as well as on miR (microRNA)-223 (Kumar
et al. 2014). The problems encountered with the
clinical use of GSIs pointed out the need for a bet-
ter dissection of the molecular mechanisms that
define the Notch signaling response with the final
goal to identify additional potential therapeutic
targets to block Notch signaling or its oncogenic
target genes. This will be of benefit not exclusively
for T-ALL and CLL as aberrant Notch signaling is
also observed in acute myeloid leukemia [AML,
(Thiel et al. 2017)], mantle cell lymphoma [MCL,
(Kridel et al. 2012)] and splenic marginal zone
lymphoma [SMZL, (Rossi et al. 2012)].

4.2 Notch in Solid Tumors

NOTCH]I was originally identified as an onco-
gene in leukemia but surprisingly NOTCH genes

have also been found to have tumor suppressive
roles in other contexts (Table 1). In this section
we will discuss the different functions of Notch
signaling in different types of solid tumors.

4.2.1 Notchin Glioblastoma

Glioblastoma (GBM) represents one of the most
aggressive forms of brain tumor and the Notch
signaling pathway has been implicated in the
molecular pathogenesis of gliomas. NOTCH1
receptor as well as JAG1 and DLL1 ligands are
upregulated in GBM cell lines and in primary
human gliomas and their knockdown results in
decreased luciferase activity, using a Notch-
dependent reporter assay (Purow et al. 2005).
When human cell lines, transfected with
NOTCHI siRNAs, were intracranially injected
into recipient mice, an increased survival was
observed compared to controls (Purow et al.
2005). In line with these observations, GSIs
treatment of GBM neurospheres reduces their
proliferation while overexpression of an active
form of NOTCH2 has the opposite effect (Fan
et al. 2010). This phenotype is linked to cancer
stem cells (CSCs), as GSIs treatment downregu-
lates the expression of CSCs markers such as
CD133, NESTIN, BMII (B lymphoma Mo-MLV
insertion region 1 homolog) and OLIG?2 (oligo-
dendrocyte transcription factor 2). The most
striking observation is that GSIs treatment
reduces the mortality in mouse models (Fan
et al. 2010), suggesting Notch signaling as a
good candidate for therapeutic intervention.
Even if GSIs lead to increased apoptosis of GBM
neurosphere cells, as revealed by increased
cleaved CASPASE-3 (Fan et al. 2010), the
molecular mechanisms behind are poorly
defined. Similarly, expression of DN-MAML
reduces the proliferation of GBM cells but the
same study pointed out to a cell type-specific
dependence on different NOTCH receptors
(Chen et al. 2010). Given the poor outcomes of
GSIs in clinical applications, it will be important
to identify additional targets that may be used to
modulate the Notch pathway. One of this targets
is potentially RBPJ which is upregulated in brain
CSCs (Xie et al. 2016). Knockdown of RBPJ in
CSCs has a stronger effect compared to GSIs in
term of proliferation and it significantly increases
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Table 1 Mutations in FBXW7, NOTCH1 or RBPJ
associated with tumors and/or genetic diseases. The list
includes insertions, deletions, missense and nonsense
mutations. ACC adenoid cystic carcinoma; AOS:
Adams-Oliver syndrome; AVD: aortic valve disease;
AVS: aortic valve stenosis; BAV: bicuspid aortic valve;
CLL: B-cells chronic lymphocytic leukemia; COA:
coarctation of the aorta; cSCC: cutaneous squamous

cell carcinoma; HLHS: hypoplastic left heart syndrome;
H&N: head and neck; 1ISCC: lung squamous cell carci-
noma; MCL: mantle cell lymphoma; nCC: noncutane-
ous carcinoma; RCC: renal cell cancer; SCLC: small
cell lung cancer; SMZL: splenic marginal zone lym-
phoma; T-ALL: T-cells acute lymhoblastic leukemia;
TAV: tricuspid aortic valve; TNBC: triple-negative
breast cancer

Gene Domain | Disease

Reference

FBXW?7 | F-box Melanoma, SCLC

George et al. (2015) and Aydin et al.
(2014)

WD40
repeats

Melanoma, SCLC, T-ALL

George et al. (2015), Aydin et al. (2014)
and Larson-Gedman et al. (2009)

NOTCHI1 | EGF
repeats

ISCC, MCL, nCC, SCLC, TAV

ACC, AOS, AVD, AVS, BAV, bladder cancer,
breast cancer (TNBC), COA, c¢SCC, HLHS,

George et al. (2015), Iascone et al. (2012),
Wang et al. (2011b), Foffa et al. (2013),
Mohamed et al. (2006), McBride et al.
(2008), Kridel et al. (2012), Kent et al.
(2013), Ducharme et al. (2013), Garg

et al. (2005), Wang et al. (2015), McKellar
et al. (2007), Stittrich et al. (2014), Stoeck
et al. (2014), Southgate et al. (2015) and
Rampias et al. (2014)

LNR
repeats
endometrial cancer, HLHS, RCC

AOS, AVD, bladder cancer, breast cancer
(luminal B), breast cancer (TNBC), cSCC,

lascone et al. (2012), Wang et al. (2011b),
Garg et al. (2005),Wang et al. (2015),
Stittrich et al. (2014), Stoeck et al. (2014),
Southgate et al. (2015) and Rampias et al.
(2014)

domain

HD ACC, AOS, AVS, BAYV, bladder cancer, breast
cancer (TNBC), cervical adenocarcinoma,
colon adenocarcinoma, cSCC, glioblastoma,
H&N, MCL, melanoma, neuroendocrine
carcinoma, pancreatic cancer, SCLC, T-ALL

George et al. (2015), Larson-Gedman

et al. (2009), Wang et al. (2011b), Foffa

et al. (2013), McBride et al. (2008), Kridel
et al. (2012), Wang et al. (2015), Stoeck

et al. (2014), Southgate et al. (2015),
Rampias et al. (2014), Weng et al. (2004),
Breit et al. (2006), Malecki et al. (2006),
Zhu et al. (2006), Mansour et al. (2006),
Mansour et al. (2007) and De
Keersmaecker et al. (2008)

RAM
domain

BAV, ¢SCC

Wang et al. (2011b) and Mohamed et al.
(2006)

ANK
repeats

AOQOS, bladder cancer, cSCC, SCLC, T-ALL

George et al. (2015), Wang et al. (2011b),
Stittrich et al. (2014) , Southgate et al.
(2015), Rampias et al. (2014) and Zhu

et al. (20006)

TAD/
PEST

domain SMZL, T-ALL

BAV, breast cancer (ER*, PR*, HER2*), breast
cancer (TNBC), CLL, COA, MCL, SCLC,

George et al. (2015), Larson-Gedman

et al. (2009), McBride et al. (2008), Kridel
et al. (2012), Wang et al. (2015), Stoeck
et al. (2014), Weng et al. (2004), Breit
et al. (2006), Zhu et al. (2006), Mansour
et al. (2006), De Keersmaecker et al.
(2008), Rossi et al. (2012), Puente et al.
(2011), Bea et al. (2013), Bittolo et al.
(2017), D’ Agaro et al. (2017), Fabbri

et al. (2011), Pozzo et al. (2017) and
Pozzo et al. (2016)

RBPJ NTD AOS

Hassed et al. (2012)
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the life-span of tumor-bearing hosts (Xie et al.
2016). The differences between GSIs treatment
and RBPJ knockdown depend on the fact that
RBPJ regulates also a Notch-independent tran-
scriptional program and the effect of RBPJ is
based on its interaction with CDK9 (cyclin-
dependent kinase 9) to support transcriptional
elongation (Xie et al. 2016). It must be also
noted that a difference in regard to Notch activity
in different GBMs cannot be excluded and that
this difference is likely dependent on the P53
status; in fact, cells with a mutated P53 back-
ground seem to be more sensitive to Notch inhi-
bition compared to cells with a wild type P53
background (Chen et al. 2010). In line with that,
P53 wild type GBM cells present with low Notch
activity as revealed by GSI treatment and
DN-MAML overexpression (Xu et al. 2017).

Gliomas are usually treated by surgical inter-
vention aimed to remove the tumor mass followed
by radiotherapy and chemotherapy but, while an
initial response to radiotherapy is visible, gliomas
are refractory (Grossman and Batara 2004;
Furnari et al. 2007), probably associated to radia-
tion resistance of CSCs (Bao et al. 2006). GSIs
treatment increases the sensitivity of glioma stem
cells to clinical doses of radiation while GOF of
active forms of NOTCH1 or NOTCH2 protects
them from apoptosis upon radiation (Wang et al.
2010b). Importantly, when CSCs were subjected
to NOTCH1 or NOTCH2 knockdown before radi-
ation, they showed a reduced tumorigenic activity
in mouse models (Wang et al. 2010b), suggesting
that a combined therapy, based on radiotherapy
and GSIs may be used as a therapeutic approach.
In line with these data, Gilbert and colleagues
could show that GSIs treatment significantly
reduces the recovery of neurospheres treated with
Temozolomide (TMZ), a chemotherapeutic agent
used to treat gliomas (Gilbert et al. 2010). Given
that the neurospheres number was reduced only
when TMZ was added before GSIs, one can ima-
gine that Notch signaling, in gliomas, is a mecha-
nism that is activated as part of a resistance upon
chemotherapy. Additionally, Gilbert and col-
leagues could show that combined TMZ and GSIs
treatment reduces tumorigenicity in mouse mo-
dels (Gilbert et al. 2010).

In summary, although the oncogenic role of
Notch is clear, Notch inhibition alone remains
ineffective in therapeutic terms. Thus, a combina-
tion therapy seems to be highly desirable and tar-
geting the CSCs or preventing the tumor plasticity
may lead the way.

4.2.2 Notch in Breast Cancer
Interestingly, Notch signaling has been linked to
the triple-negative breast cancer (TNBC), nega-
tive for estrogen receptor (ER), progesterone
receptor (PR) and human epidermal growth fac-
tor receptor 2 (HER2) (Foulkes et al. 2010).
Similar to the subset of mutations identified in
leukemia, Notch activating mutations are found
in TNBC at the C-terminal PEST domain of
NOTCHI1, NOTCH2 and NOTCH3 (Wang et al.
2015). The prolyl-isomerase PIN1 (Peptidylprolyl
Cis/Trans Isomerase, NIMA-Interacting 1) is a
positive regulator of the Notch signaling pathway
(Rustighi et al. 2009) and it supports Notch sig-
naling in TNBC cells by antagonizing the
FBXW?7-dependent degradation of NICD1 and
NICD4 (Rustighi et al. 2014). Overexpression of
NUMB, a negative regulator of the Notch signal-
ing pathway, in TNBC cells reduces the epithe-
lial-mesenchymal transition (EMT), a process
associated with cancer progression and metasta-
sis and suppresses tumor growth in xenografts
mouse models (Zhang et al. 2016a). In line with
these observations, NUMB expression is lost in
several breast cancer cell lines including lines
established from TNBC (Stylianou et al. 2006),
as well as in primary samples, leading to
increased Notch signaling (Pece et al. 2004).
Mechanistically, Notch signaling regulates
cell proliferation in TNBC by directly modulat-
ing the expression of CYCLIN D1 (encoded by
the CCNDI gene). In fact, NOTCH1 binds to the
CCNDI locus and LOF of the Notch ligand JAG1
leads to downregulation of CCNDI associated
with cell cycle defects (Cohen et al. 2010).
TNBC frequently presents with alterations in
the PI3K/AKT/mTOR (mammalian target of
rapamycin) pathway (Lehmann et al. 2011;
Banerji et al. 2012; Cancer Genome Atlas 2012)
but pharmacological inhibition of this pathway
proved to be ineffective. Recently, Bhola and col-
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leagues showed that inhibition of PI3K/mTOR or
TORCI1/2 (mTOR signaling complex 1/2) in
TNBC cells enriches for CSCs and leads to
increased expression of NICD1 and JAGI as well
as increased Notch activity (Bhola et al. 2016).
Importantly, inhibition of Notch signaling
decreases the induction of CSCs upon PI3K/
mTOR or TORCI1/2 inhibition (Bhola et al.
2016), suggesting a possible combined therapy.
In line with this, monoclonal antibodies that pre-
vent Notch signaling activation can reduce tumor
growth of TNBC xenografts and increase the effi-
cacy of the chemotherapeutic agent docetaxel in
mice (Qiu et al. 2013).

In MCF7 cells (ER* PR* HER2"), Notch con-
trols a metabolic switch involved in tumorigene-
sis (Landor et al. 2011). Mechanistically, this
process is controlled by PIM (Proto-Oncogene,
Serine/Threonine Kinase) kinases that phosphor-
ylate NOTCHI1 increasing both its nuclear local-
ization and activity (Santio et al. 2016). Notch
signaling is also upregulated upon anti-estrogen
treatment of ER* patient derived samples and
xenografts (Simoes et al. 2015). Additionally,
MCFT7 cells that undergo EMT upon irradiation,
present increased expression of Notch pathway
components, namely NOTCH2, DLL4 and JAG1
(Kim et al. 2016). Interestingly, pharmacological
inhibition of Notch signaling with GSIs or knock-
down of NOTCH2, DLL4 or JAGI1 leads to
reduced EMT upon radiation of MCF7 cells
(Kim et al. 2016), supporting the idea that Notch
signaling may contribute to radiation resistance.

In summary, Notch might be a valuable lead
target for future therapeutic approaches in TNBC,
possibly making use of combined therapies.

4.2.3 Notch in Pancreatic Cancer
Pancreatic ductal adenocarcinoma (PDAC) is one
of the leading cause of cancer death and it is
believed that it develops from pancreatic intraep-
ithelial neoplasia (PanIN). Notch signaling plays
a dual role in pancreatic cancer: on one hand it is
oncogenic in PDAC whereas it acts as a tumor
suppressor in PanIN.

In PDAC, several Notch pathway components
are upregulated including NOTCH2, NOTCH3
and JAGGEDI (Miyamoto et al. 2003) whereas,

using a conditional pancreatic mouse model
based on the expression of the RAS (Rat sarcoma
virus oncogene) mutant K-RASSP  (PdxI-
Cre; LSL-Kras®??), Hanlon and colleagues
observed an increase of PanIN upon inactivation
of Notchl (Pdx1-Cre;LSL-Kras®?’; Notch1/o¥fox
(Hanlon et al. 2010)), supporting the tumor sup-
pressive role of Notch signaling in PanIN. This
conclusion is further supported by the observa-
tion that conditional inactivation of Notchl, in
the Pifla*’“;LSL-Kras*'*"?*’  (Ptfla*’“";LSL-
Kras*®?P:Notch1"***) - background, slightly
reduces survival (Mazur et al. 2010a). In contrast,
the same study pointed out that Notch2 might
play an entirely different role. In fact, its condi-
tional inactivation (Ptfla*c;LSL-Kras*
GI2D- Notch2/*fe) 1eads to decreased PanIN and
PDAC development associated with increased
survival (Mazur et al. 2010a), suggesting a differ-
ent and opposing role for the different NOTCH
receptors in pancreatic cancer. However, De La O
and colleagues observed the opposite in regard to
the role of Notchl. Its conditional GOF (PdxI-
CreERT:Rosa26-NICD1) in the Kras®?P back-
ground leads to increased PanIN (De La O et al.
2008). These discrepancies are potentially
explained by the different genetic approaches
used (loss- versus gain-of-function). Thus, it is
possible that different NOTCH receptors are
involved in different steps of pancreatic tumori-
genesis. In line with this hypothesis, conditional
LOF of Lunatic Fringe in the PdxI-Cre;LSL-
Kras®?P background (Lfng"""x; Pdx1-Cre;LSL-
Kras®?P*), that encodes for an O-fucosylpeptide
3-p-N-acetylglucosaminyltransferase known to
modify the epidermal growth factor repeats of
NOTCH proteins, caused increased NOTCH3
activation during PDAC initiation and progres-
sion but activation of NOTCHI only at a later
time point, suggesting that Lunatic Fringe is a
tumor suppressor (Zhang et al. 2016b). It must
also be noted that conditional expression of
DN-MAML in Kras®?P background (p48-
Cre; LSL-Kras®'??; Rosa26%-MAML+) - that blocks
the canonical activity of all NOTCH receptors,
delays PanIN development (Thomas et al. 2014).
In agreement with the above, GSIs treatment effi-
ciently blocks Notch signaling and reduces pro-
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liferation of both PanIN and PDAC cell lines.
GSlIs also attenuate PDAC development in mouse
models (Plentz et al. 2009). Surprisingly, GSIs
treatment of the PDAC mouse model LSL-
Kras©'?P+;p53R1720% . Px-Cre'¥* only modestly
increases survival but, when used in combination
with the chemotherapeutic agent gemcitabine, a
significant increase in survival is observed (Cook
et al. 2012). Similarly, GSIs treatment enhances
radiosensitivity in xenografts (Bi et al. 2016). A
significant reduction in tumor volume was also
observed when anti-DLL4 antibodies, in combi-
nation with gemcitabine, were used in pancreatic
xenografts models (Yen et al. 2012). Furthermore,
genetic inactivation of FBXW?7, the E3-ubiquitin
ligase that supports the degradation of the NICD,
in the p48-Cre;LSL-Kras®’?? mouse model
increases pancreatic tumorigenesis (Zhang et al.
2016¢).

Finally, both JAG2 and NOTCHI1 have been
linked to cell migration of pancreatic cancer cells
but this mechanism does not seem to require
Notch downstream signaling as GSIs treatment
has no effect on PDAC cell migration (Hu et al.
2015).

In summary, Notch signaling plays a key role
in pancreatic cancer and a better dissection of the
molecular mechanisms involved in this context
may lead to develop more effective therapies.

4.2.4 Notch in Hepatocellular
Carcinoma

Notch plays an oncogenic role in hepatocellular
carcinoma (HCC). NOTCHI (Cantarini et al.
2006; Zhu et al. 2017) and NOTCH3 (Hu et al.
2013) are upregulated and inhibition of Notch
signaling with antibodies directed against
NOTCH2 or JAG1 in a mouse model of liver can-
cer has a tumor suppressive effect (Huntzicker
et al. 2015) while liver specific GOF of NICD2
leads to HCC (Dill et al. 2013). Similar results
were observed in mice upon liver specific overex-
pression of NICD1 and Notch pathway activation
is observed in human HCC (Villanueva et al.
2012). Knockdown of NOTCHI reduces the
migration and invasion of HCC cells (Hu et al.
2014) without influencing cell viability (Zhou

et al. 2013) and, in line with these data, GSIs
treatment reduces invasion of HCC cells but sur-
prisingly also their viability (Zhou et al. 2012),
suggesting that cell viability may be regulated by
a different member of the NOTCH family.

POFUT1 (protein O-fucosyltransferase 1), a
glycosyltransferase that modifies the EGF repeats
of NOTCH receptors promoting ligand interac-
tion, is upregulated in HCC and its expression
correlates with poor prognosis (Ma et al. 2016).
POFUTI knockdown reduces cell growth, prolif-
eration and migration of HCC cells, associated
with reduced activation of the Notch pathway (Ma
et al. 2016), suggesting POFUTI as a possible
therapeutic target in HCC. Hyperactivation of the
Notch pathway in HCC is also mediated by the
upregulation of JAG1, caused by the loss of the
transcriptional repressor RUNX3 (Nishina et al.
2011). In addition, RUNX3 also physically inter-
acts with the NICD1/RBPJ complex and decreases
its transactivating capacity in HCC cells (Gao
et al. 2010). Another study pointed out to a link
between IKKa [IkB (inhibitor of kappa B) kinase
subunit alpha] and Notch signaling in HCC (Liu
et al. 2012). IKKa is upregulated in HCC tumor
samples and inactivates the transcription factor
FOXA?2 (forkhead box A2) by phosphorylation
leading to downregulation of NUMB (Liu et al.
2012). Recently, a crosstalk between the Notch
and Hippo pathways was described as a mecha-
nism involved in HCC pathogenesis (Kim et al.
2017). Double KO (DKO) of mammalian sterile
20-like kinase 1 and 2 (MST1/2), involved in inhi-
bition of the Hippo pathway by phosphorylation
of the transcription factors YAP/TAZ (Yes-
associated protein and WW domain containing
transcription regulator 1), results in HCC (Song
et al. 2010) associated with activation of Notch
signaling which forms a positive feedback loop
with YAP/TAZ (Kim et al. 2017). GSI treatment
leads to reduced HCC in the MST1/2 DKO mouse
model and while these data suggest an oncogenic
role for Notch signaling in HCC, Wnt pathway
plays the opposing role having a tumor suppres-
sive function in HCC (Kim et al. 2017), suggest-
ing the involvement of several different signaling
pathways in HCC pathogenesis.
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Notch signaling plays a positive role in HCC
CSCs as its inhibition reduces their invasion and
migration (Luo et al. 2016) and it may also be
important in radio-resistance of HCC CSCs. In
fact, CD133* HCC CSCs exhibit upregulation of
ADAM17, associated with increased Notch sig-
naling, upon irradiation (Hong et al. 2016).

Of note, some reports also provide evidence
for a tumor suppressive role of Notch signaling in
HCC. Liver specific deletion of all the three
members of the Retinoblastoma protein family
[Rb, p107 and p130; triple knockout (TKO) mice]
leads to HCC associated with increased expres-
sion of Notch pathway components due to upreg-
ulation of E2F transcription factors with
transactivation capacity (Viatour et al. 2011).
Although this suggests that Notch signaling may
be an oncogenic driver, GSIs treatment of TKO
mice enhances HCC development, revealing a
tumor suppressive role of Notch signaling
(Viatour et al. 2011). The Sage laboratory could
also show that TKO liver progenitors do not show
increased expression of Notchl, Hesl, Heyl or
Nrarp Notch target genes, suggesting that dere-
gulation of Notch signaling by Rb family mem-
bers is cell type-specific and occurs during tumor
progression (Viatour et al. 2011).

As consequence, Notch signaling may be an
important player in HCC and a better compre-
hension of its function in this disease may lead to
significant improvement of the current therapies.

4.2,5 NotchinLung Cancer

Lung cancer is the leading cause of cancer-asso-
ciated mortality worldwide. Based on histopa-
thology and molecular characteristics two main
subtypes can be distinguished: non-small cell
lung cancer (NSCLC) and small cell lung cancer
(SCLC).

SCLC is distinguished from NSCLC by its
characteristic small-cell phenotype that reflects
its origin from the neuroendocrine lineage. SCLC
is highly refractory to chemotherapy. Recent
whole-genome sequencing studies of SCLC have
identified recurrent mutations in the NOTCH -4
genes (George et al. 2015), suggesting that Notch
needs to be inactivated for SCLC development.
As the Notch signaling pathway is a physiologi-

cal regulator of neuronal and neuroendocrine dif-
ferentiation, mutations in NOTCH genes are
likely responsible for the characteristic neuroen-
docrine phenotype of SCLC.

In cancer, lineage specification genes often
provide survival advantages of which cancer cells
become dependent on - similar as they become
addicted to - activated oncogenes (Garraway and
Sellers 2006). In line with an addiction of SCLC
to the neuroendocrine lineage, the Notch target
gene ASCLI (achaete-scute homolog 1), enco-
ding for a transcription factor which is physiolog-
ically required to establish the lineage of
neuroendocrine cells in the lung (Borges et al.
1997), was previously shown to be required for
the continued survival of SCLC cells (Osada
et al. 2005; Jiang et al. 2009). Thus, in this set-
ting, Notch signaling most likely plays a tumor
suppressive role and it would be attractive to
reactivate Notch target genes to induce the cancer
initiating cells to differentiate into a different lin-
eage to block its malignancy. Only then, conven-
tional chemotherapeutic agents could eliminate
this devastating cancer cells.

4.2.6 Notch in Skin Cancer
and Melanoma

Counterintuitively, Notch may also play the role of
a tumor suppressor in other contexts. Notch sig-
naling has a tumor suppressive function in the skin
as conditional inactivation of Notchl leads to epi-
dermal and corneal hyperplasia followed by the
development of skin tumors (Nicolas et al. 2003).
Similar results were obtained by skin specific
deletion of Notchl, mediated by PdxI-Cre, using
the RAS mutant Kras*HE62P mouse model
(Mazur et al. 2010b). The same study also pointed
out a specific tumor suppressive role for Notchl as
genetic depletion of Notch2 does not support car-
cinogenesis (Mazur et al. 2010b). Demehri and
colleagues showed that Notchl depletion in epi-
dermal keratinocytes induces tumorigenesis in a
non-cell autonomous manner (Demehri et al.
2009). Similarly to Notchl LOF, conditional
expression of dn-Maml driven by SM22-Cre in the
skin leads to development of cutaneous squamous
cell carcinoma [SCC, (Proweller et al. 2006)]. In
line with these data, mesenchymal deletion of the
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Notch signaling effector Rbpj results in skin tumor
(Hu et al. 2012). Notch signaling may also play a
tumor suppressive role in human skin cancer as
several Notch pathway components are downregu-
lated in human basal cell carcinoma [BCC, (Thelu
et al. 2002)]. This hypothesis is further supported
by the identification of mutations in human
NOTCH] in cutaneous SCC that impair the Notch
function (Wang et al. 2011b).

At molecular level, data from keratinocytes
and SCC cell lines suggest that NOTCH 1 is under
the positive control of P53 (Lefort et al. 2007),
which is frequently mutated in skin SCC
(Backvall et al. 2004). This positive function of
P53 is counteracted by EGFR (epidermal growth
factor receptor) signaling as its inhibition pro-
motes P53 expression and, consequently,
NOTCHI expression with increased Notch sig-
naling (Kolev et al. 2008). Of note, EGFR inhibi-
tion in SCC cells induces differentiation and,
when EGFR inhibition is combined with inhibi-
tion of the Notch signaling pathway, increased
apoptosis is observed (Kolev et al. 2008).

Recently, the involvement of Notch signaling
in melanoma has gained attention. NOTCH
receptors and ligands as well as Notch effectors
are upregulated in melanomas (Balint et al. 2005;
Massi et al. 2006) and Notch signaling inhibition,
via GSIs or expression of DN-MAML, sup-
presses melanoma cell growth (Balint et al.
2005). In line with this, GOF of the active form
of NOTCH1 increases melanoma cell growth as
well as enhances primary melanoma and lung
metastasis in adult mice (Balint et al. 2005; Liu
et al. 2006). In addition, FBXW?7 was found to be
mutated in melanoma patients and these muta-
tions compromise the function of FBXW?7 pro-
tein leading to accumulation of the active form of
NOTCHI1 (Aydin et al. 2014). At mechanistic
level, active NOTCHI1 stabilizes the Wnt signal-
ing effector protein P-CATENIN rather than
acting through RBPJ. Indeed, LOF of f-CATENIN
in melanoma cells mirrors the proliferative
defects observed upon LOF of Notch signaling
(Balint et al. 2005). Such non-canonical func-
tions of the intracellular active form of Notch
affecting other conserved signaling pathways
have been recently reviewed (Borggrefe et al.

2016) and are also discussed by Vaccari and col-
leagues in “Mechanisms of Non-canonical
Signaling in Health and Disease: Diversity to
Take Therapy up a Notch?” of this book. There is
another study by Liu and colleagues showing that
NOTCHI1 increases melanocyte growth by acti-
vating the MAPK and PI3K/AKT signaling path-
ways (Liu et al. 2006), suggesting that Notch
signaling is involved in melanoma by regulating
crosstalk with even more signaling pathways.

In conclusion, Notch signaling may be a valu-
able target also for the treatment of melanoma
and skin cancer. However, in the case of skin can-
cer, this will be particularly challenging because
of the tumor-suppressive function of Notch.

5 Mutational Spectrum
of Notch Pathway
Components

Several mutations involving Notch pathway com-
ponents have been identified in cancer and
genetic disorders as discussed in the previous
sections and selectively summarized in Table 1.
One striking observation is that the same protein
domains are mutated in different diseases (see
also “Integration of Drosophila and Human
Genetics to Understand Notch Signaling Related
Diseases” of this book), suggesting that common
molecular mechanisms are probably used to con-
fer pathogenicity.

A number of structure biological studies have
fully or partially solved the molecular structure
of key Notch signaling components, allowing us
to understand the effect of disease-linked muta-
tions in the context of 3D protein structure. For
example, mutations occurring in the FBXW7
gene (Fig. 2a and Table 1), encoding for the E3
ubiquitin ligase involved in the degradation of
the NICD, are frequently found in melanoma,
SCLC and T-ALL. These mutations can compro-
mise the activity of FBXW7, leading to increased
protein stability of the NICD and of the other
FBXW?7 substrates (Aydin et al. 2014). RBPJ
has been reported to be mutated in AOS, a
genetic disease characterized in most of the
patients by terminal limb malformations (Hassed
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Fig.2 Examples of pathogenic mutations in key Notch
pathway components in the context of protein struc-
ture. (a) Structure of the WD40 repeats of FBXW7 (PDB
ID, 5V4B). Residues for which mutations have been
identified in diseases are indicated. (b) Structure of the
transcription factor RBPJ in complex with the DNA
(PDB ID, 3IAG). Indicated are residues mutated in AOS.

etal. 2012). The AOS-associated missense muta-
tions identified in the RBPJ gene (Fig. 2b) com-
promise its DNA binding ability (Hassed et al.
2012) and mutations in NOTCH 1 and DLLA4 have
been also identified in AOS patients (Meester
et al. 2015; Stittrich et al. 2014). The reader is
also referred to “Integration of Drosophila and
Human Genetics to Understand Notch Signaling
Related Diseases” for an in-depth review of
genetic mutations of Notch pathway compo-
nents. Chromosomal translocations and aberra-
tions involving FBXW7 and RBPJ are also linked
to diseases. FBXW7 is translocated in renal cell
cancer [RCC; (Kuiper et al. 2009)] while RBPJ
in the proximal 4p deletion syndrome (Nakayama
et al. 2014).

Mutations occurring in the NOTCHI gene are
clustered in different regions (Table 1). Among
them, mutations that occur in the LNR repeats,

(¢) Structure of the NRR of NOTCHI1 (PDB ID, 3ETO).
Indicated are residues for which mutations have been
identified in diseases and that have been functionally ana-
lyzed. A: alanine; E: glutamic acid; F: phenylalanine; G:
glycine; I: isoleucine; K: lysine; L: leucine; R: arginine; S:
serine; V: valine

HD and PEST domains are seen in many types of
diseases as well as genetic disorders. Typically,
mutations involving the LNR repeats and HD
domain lead to disruption of the negative
regulatory region (Fig. 2c) and promote ligand-
independent cleavage of the receptor, leading to
increased Notch signaling. Similarly, mutations
that influence the structure of the PEST domain
lead to increased half-life of the NICD resulting
in aberrant transcriptional activity. Similarly to
FBXW?7 and RBPJ, also the NOTCHI gene is
subjected to chromosomal translocations that
impair its activity (Ellisen et al. 1991).

Thus, there are indeed viable genetic muta-
tions of the Notch receptor or Notch signaling
components, that could in future provide even
more insights in Notch-related pathologies, not
only in the context of development but also in the
cancer context.
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6 Perspectives

Given the important function of the Notch signal-
ing pathway in cancer as well as in genetic dis-
eases, it will be important to deeper understand its
regulation focusing on the molecular basis that
characterize this signaling cascade. This approach
will allow in the future the development of new
and more efficient therapies that can overcome the
limitations of the current approaches, primarily the
side effects and resistance observed by using GSIs.
New cancer therapies might be based on small
molecule inhibitors of Notch modulators or Notch
pathway components to reactivate the tumor sup-
pressive function or to block the oncogenic activi-
ties of the pathway depending on the different
pathological contexts. Another fascinating alterna-
tive would be the use of antibodies aimed to stimu-
late or block the activation of NOTCH receptors,
an approach that seems to be promising. This can
be achieved by using antibodies directed against
NOTCH receptors (Aste-Amezaga et al. 2010; Wu
et al. 2010; Canalis et al. 2017), ligands (Billiard
et al. 2011; Lafkas et al. 2015; Xu et al. 2016;
Wang et al. 2017) or the y-secretase complex
(Hayashi et al. 2012). Similar approaches can be
employed to modulate the Notch function in mac-
rophages as inflam-mation is one the key processes
that drive tumorigenesis. In conclusion, more
work is needed to deeply understand the regulation
of the Notch signaling pathway and modulate its
activity for clinical use.
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Abstract

Pioneering cell aggregation experiments from
the Artavanis-Tsakonas group in the late 1980’s
localized the core ligand recognition sequence in
the Drosophila Notch receptor to epidermal
growth factor-like (EGF) domains 11 and 12.
Since then, advances in protein expression,
structure determination methods and functional
assays have enabled us to define the molecular
basis of the core receptor/ligand interaction and
given new insights into the architecture of the
Notch complex at the cell surface. We now know
that Notch EGF11 and 12 interact with the Delta/
Serrate/LLAG-2 (DSL) and C2 domains of ligand
and that membrane-binding, together with addi-
tional protein-protein interactions outside the
core recognition domains, are likely to fine-tune
generation of the Notch signal. Furthermore,
structure determination of O-glycosylated vari-
ants of Notch alone or in complex with receptor
fragments, has shown that these sugars contrib-
ute directly to the binding interface, as well as to
stabilizing intra-molecular domain structure,
providing some mechanistic insights into the
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observed modulatory effects of O-glycosylation
on Notch activity.

Future challenges lie in determining the
complete extracellular architecture of ligand
and receptor in order to understand (i) how
Notch/ligand complexes may form at the cell
surface in response to physiological cues, (ii)
the role of lipid binding in stabilizing the
Notch/ligand complex, (iii) the impact of
O-glycosylation on binding and signalling and
(iv) to dissect the different pathologies that
arise as a consequence of mutations that affect
proteins involved in the Notch pathway.

Keywords
EGF12 - Calcium binding - Fringe - C2
domain - Lipid binding

Abbreviations

DSL  Delta Serrate LAG-2
EGF epidermal growth factor-like

1 Notch Receptor Ligand-
Binding Region (LBR)

The Notch receptor is part of a short-range cell-cell
signaling system in metazoans and comprises a
large extracellular domain and a short intracel-
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Fig.1 Modular organisation of the extracellular domains
of human Notchl (hN1) receptor and the Jaggedl (hJ-1)
and Delta-like 4 (hDI114) ligands. The negative regulatory
region (NRR) of Notchl and the transmembrane domain
(TM) of Notchl, hJ-1 and hDIl4 are indicated, as is the
complete extracellular domain (NECD). Individual
domains belonging to the Notch intracellular domain

lular domain (Fig. 1). Ligand binding to the
Notch extracellular domain (Rebay et al. 1991)
initiates a process known as intra-membrane
regulated proteolysis which releases the Notch
intracellular domain (NICD); this then translo-
cates to the nucleus where it assembles into a
transcriptional activation complex to initiate
expression of target genes (Bray 2016). The
extracellular domain comprises the membrane-
proximal negative regulatory region (NRR) and
a contiguous set of EGF domains. The number of
EGF domains varies from species to species, as
does the number of Notch receptors but the
molecular architecture (represented in Fig. 1) is
similar. Mammals have 4 Notch paralogues
(Notch1-4), while Drosophila melanogaster has
1 (dNotch) and C.elegans 2 (LIN-12, GLP-1).
Both dNotch and human Notchl (hN1) have 36
disulphide-rich EGF domains. These domains
are extensively O-glycosylated and many of
them contain an additional consensus sequence
which confers the ability to bind Ca** (cbEGF,
calcium binding EGF).

(NICD) are not indicated separately. Ca**-binding and
non-Ca’*-binding EGF domains and the cysteine-rich
domain are indicated as grey, white and black rectangles,
respectively. The C2 and DSL domains are indicated as
white octagons and hexagons, respectively. The ligand-
binding region (LBR, corresponding to EGF11-13) of
hN1 is shown

Structure of Unmodified
Human Notch1 (hN1)
EGF11-13

1.1

The solution structure of unmodified (unglyco-
sylated) hN1 EGF11-13, containing the ligand-
binding region, was determined using NMR in
2004 (Hambleton et al. 2004). All three EGF
domains contain a calcium-binding consensus
sequence and binding of this fragment to ligand-
expressing cells was shown to be calcium depen-
dent. The high-resolution structure, together with
a dynamic analysis, showed that EGF11 and 12
adopted a near linear rod-like orientation, stabi-
lized by calcium binding at the domain-domain
interface and a conserved hydrophobic packing
interaction between Y444 of EGF11 and 1471 of
EGF12 (Fig. 2). The tilt angle was similar to that
observed for other calcium-binding EGF domain
pairs from the extracellular matrix protein fibril-
lin-1 (reflecting the near-linear structure) but the
twist angle was very different (119° compared
with ~155°) (Downing et al. 1996; Smallridge
et al. 2003). These features were also observed in
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Fig. 2 Structure of ligand-binding hN1 EGF11-13. Key
features are highlighted including calcium ions, hydro-
phobic packing interaction of EGF11-12 between Y444
and 1471, key ligand-binding residues in EGF12, L468
and 1477, and the GlcNAc fucose disaccharide added by

a crystal structure (at 2.6 A resolution) of a
C-terminal tagged form of unmodified EGF11-
13 which, in addition, revealed a very similar
pairwise organization of EGF12 and 13 [(Cordle
et al. 2008a), Fig. 2]. From these data, it was pos-
sible to identify other regions of Notch which
were likely to show a similar calcium-stabilized
architecture.

1.2 Defining the Ligand-Binding

Sitein hN1 11-13

Site-directed mutagenesis of each of the calcium-
binding sites within EGF11-13 indicated that
only loss of calcium binding to EGF12 abrogated
binding of this fragment to ligand Delta-likel
(DII1) in flow cytometry experiments (Cordle
et al. 2008b). This suggested that the Notch
EGF11-12 interface and/or Notch EGF12 con-
tained the main ligand-binding site within this
fragment. Further amino acid substitutions within
EGF12 of hN1 and dN EGF11-13 triple domain
fragments were made to probe ligand recogni-
tion, whilst retaining calcium binding. Using
flow cytometry and cell aggregation assays, L.468
and 1477 in EGF12 of hN1 and equivalent resi-
dues L504 and V513 in dN were identified as
being essential for binding (Whiteman et al.
2013). In the crystal structure of EGF11-13, the
side chains of these residues are located opposite
each other on the central p hairpin of EGF12 and
are involved in a hydrophobic interaction (Cordle

477

Calcium ions

"777e---. Fringe extended threonine
T

466

POFUTI and Fringe, respectively onto T466. Note the
overall rod-shape of the triple domain fragment stabilized
by calcium binding to each EGF domain and hydrophobic
packing interactions and the proximity of the disaccharide
to the ligand-binding site

et al. 2008a; Whiteman et al. 2013). Collectively,
these data suggested that these residues, together
with contributions from f strand residues in close
proximity, provide a stable ligand-binding plat-
form which is conserved from Drosophila to
human (Fig. 2). Interestingly, this site is adjacent
to the amino acid residue T466 which forms part
of the O-fucosylation consensus (C>-X,-(S/T)-C?)
and is subjected to further GlIcNAc modification
by Fringe enzymes (Rampal et al. 2005; Moloney
et al. 2000a; Moloney et al. 2000b; Moloney
et al. 1997; Wang et al. 2001).

1.3 O-Glycosylation of the Ligand-
Binding Region and Effect

on Structure

Since O-glycosylation of the extracellular domain
was known to regulate Notch signaling (Rana
and Haltiwanger 2011) and the ligand-binding
site in EGF12 was found to map adjacent to an
O-fucosylation consensus site, a series of in vitro
modified forms of hN1 EGF11-13 was prepared
and utilized in molecular and cell binding assays
(Taylor et al. 2014). Stoichiometric addition of
O-glucose at S458 (EGF12) and S496 (EGF13)
catalyzed by protein O-glucosyltransferase
(POGLUT1), and subsequent extension with
xylose by glucoside o3-xylosyltransferase 2
(GXYLT2), showed no effect on the binding of
EGF11-13 to cells expressing either Notch
ligand Jagged-1 or Delta-like 4 (DII4), (Taylor
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etal. 2014). In contrast, O-fucose modification of
T466 by protein O-fucosyltransferase (POFUT1)
within EGF12 and extension with GIcNAc by the
enzyme Lunatic Fringe (Lfng) showed effects on
cell binding. O-fucose monosaccharide addition
had a minor effect on the binding of EGF11-13
to Jagged-1 and DII1 but the subsequent enzy-
matic addition of GlcNAc by Fringe to form the
disaccharide conferred substantial enhancement
of binding to Jagged-1 and DIIl. Any further
enzymatic extension to produce tri- and tetra-
saccharide forms failed to show any additional
effect. No effect of the mono- or disaccharide
was observed on binding to DII4 in these flow
cytometry assays. The molecular basis of these
interactions was further investigated by surface
plasmon resonance (SPR, a biophysical method
by which biomolecular interactions can be evalu-
ated in real time) which showed that the disac-
charide form of EGF11-13 caused a 9-fold and
18-fold increase in binding to Jagged-1 and DIl1
respectively compared to the monosaccharide, in
agreement with the flow cytometry data. D114 by
comparison had a high inherent affinity for
unmodified EGF11-13 in the absence of
O-glycans, explaining why O-glycosylation had
no effect on binding in flow cytometry experi-
ments and only minor effects when binding was
quantified by SPR (Taylor et al. 2014). The high
inherent affinity of DIl4 for Notch was also
observed in an independent study (Andrawes
et al. 2013).

Crystal structures of hN1 EGF11-13 modified
with either O-fucose or GlcNAc-fucose were
subsequently determined in the presence of Ca?*
and compared to the previously determined struc-
ture for the unmodified protein (Taylor et al.
2014). The O-fucose sugar added to T466 was
found to point away from the central p-sheet
region. Both the side chain and sugar modifica-
tion were well ordered in the structure and were
seen to make intramolecular contacts with EGF12
(specifically the C6 methyl group of the O-fucose
ring was packed between residues 1477 and
M479). Fringe-catalyzed addition of GIcNAc to
the O-fucose group was shown to extend the
sugar further away from the central  hairpin,
thus increasing the potential ligand-binding sur-

face (Fig. 2). Similar to the O-fucose sugar,
GlcNAc was observed to make intra-molecular
contacts with neighboring residues D464 and
M479. Although both the monosaccharide and
disaccharide made extensive contacts with the
protein, no conformational change was observed
in EGF11-13 and the backbone structure, tilt and
twist angles were unaffected (Fig. 2). Importantly,
these data indicate that the increase in binding
seen on Fringe modification is most likely due to
the increased affinity of hN1 EGF11-13 for
Jagged-1 and DII1 ligands. Since other EGF
domains in the Notch extracellular domain con-
tain the O-fucose consensus and are modified
(Shao et al. 2003; Harvey et al. 2016), it is pos-
sible that Fringe modification may modulate the
receptor/ligand interaction at other sites. Very
recently, this has been confirmed using a mass
spectrometry approach (Kakuda and Haltiwanger
2017). Mammalian Lunatic, Manic, and Radical
Fringe proteins leave distinctive enzymatic sig-
natures on hN1 (resulting in patterns of disaccha-
ride modifications to Notch EGF domains which
are specific to each enzyme) which influence
whether or not the different ligands activate or
inhibit signaling.

Structure of Unmodified
Human Notch1 (hN1) EGF4-13

14

Although many of the EGF domains of the
EGF5-25 region of the human Notch extracellu-
lar domain are of the calcium-binding type and
predicted to form rod-like structures similar to
that observed for EGF11-13, they are inter-
spersed with non-calcium-binding domains
EGF6, EGF10 and EGF22 (Downing et al. 1996;
Hambleton et al. 2004; Handford et al. 1991).
These have the potential to introduce sites of flex-
ibility and impart dynamic properties to the
extracellular domain or allow it to adopt a non-
linear structure which could impose a “jack-
knife” conformation or stabilise a linear
conformation which extends the extracellular
domain away from the cell surface. To address
this, {'H}-"*N nuclear Overhauser effects, resid-
ual dipolar couplings and X-ray crystallography
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were used to identify a non-linear organization
for the EGF4-13 region comprising a rigid bent
conformation for EGF4-7, a single flexible link-
age between EGF9—10 connected to the calcium-
stabilized ligand-binding region EGFI11-13
(Weisshuhn et al. 2016). Overall, these data sug-
gested a non-linear but not jack-knifed organiza-
tion. The near-linear calcium-stabilised section
of EGF6-9, N-terminal to the flexible EGF9-10
linkage, suggested that the receptor may align
with ligand along its longitudinal axis, with addi-
tional weak interactions outside the core recogni-
tion region contributing to the overall affinity of
receptor for ligand. These data highlight the need
for a careful study of pairwise domain interfaces
involving a C-terminal non-calcium binding EGF
domain, since their properties are not easily pre-
dictable from sequence.

1.5 Calcium Binding to Notch EGF

Domains

The free Ca?* concentration in the extracellular
milieu is ~1.4 mM (Breitwieser 2008). Ca”* affin-
ities of EGF domains containing the calcium-
binding consensus sequence
D/N-x-D/N-E/Q-x,,,-D*/N*-x,-Y/F (where*
denotes possible p-hydroxylation) in the EGF4—
13 region have been measured to identify which
sites would be saturated under physiological con-
ditions thus conferring rigidity to interdomain
interfaces (Handford et al. 1990; Handford et al.
1991; Weisshuhn et al. 2016). Two methods have
been useful for obtaining these data; chromo-
phoric chelation for high affinity Ca** binding
sites (Linse et al. 1991), NMR titrations for low
and medium affinity sites and to assign high
affinity sites to specific domains [Fig. 3, (Suk
et al. 2004; Whiteman et al. 2014)]. Almost all
the calcium-binding domains contain the canoni-
cal calcium-binding consensus sequence and the
aromatic packing residue in the preceding domain
but EGF7 and 9 replace the E/Q consensus resi-
due with a D residue. All calcium-binding EGF
domains in a native context (i.e. with a covalently
linked N-terminal domain) have K, values in the
range 1-60 pM, with the exception of EGF5

which has an affinity of 170 pM [Fig. 3,
(Weisshuhn et al. 2016)]. Since all measurements
were collected at pH 7.5 and at physiological
ionic strength (I =0.15), these data suggested that
in the extracellular milieu all sites measured so
far would be occupied in >90% of molecules,
conferring rigidity to domain interfaces (Fig. 3).

2 Ligand Structure

All Notch ligands contain a variable number of
EGF domains, a Delta/Serrate/Lag-2 (DSL)
domain and an N-terminal domain which until
recently was known as the MNNL (Module at the
N terminus of Notch Ligand). There are two
ligand families which may be distinguished by
the presence (Serrate/Jagged) or absence (Delta/
Delta-like) of a cysteine—rich region [(Chillakuri
et al. 2012), Fig. 1]. A number of mutagenesis
and deletion studies previously showed that the
DSL domain conferred specificity of binding to
Notch and that covalent linkage of EGF1 and 2 to
the DSL domain facilitated binding (Shimizu
et al. 1999; Henderson et al. 1997).

2.1 Structure of hJagged-1

DSL-EGF3

Based on these data a DSL-EGF3 four-domain
fragment from human Jagged-1 was expressed in
bacteria, in vitro refolded to form the native
disulphide-stabilised fold and purified to homo-
geneity for structure determination (Cordle et al.
2008a). The X-ray structure of hJagged-1 DSL-
EGF3 was determined at a resolution of 2.5 A
and showed an extended linear arrangement of
domains (Cordle et al. 2008a). All EGF domains
in this fragment were of the non-calcium-binding
type but EGF1 and 2 had much shorter loops
between the cysteine residues involved in disul-
phide bonding, whilst EGF3 adopted a more clas-
sical fold. The DSL domain was shown to have a
distinct fold but with some similarity to EGF
domain structure, suggesting it may have evolved
from a pair of EGF domains. Sequence align-
ments of DSL domains from both Jagged/Serrate
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Fig.3 Measurement of calcium affinities of Notch EGF
domains. (a) High-affinity Ca** binding can be deter-
mined using the chromophoric chelator
5,5’-Br,BAPTA. The open circles show the decrease in
absorbance at 263 nm when Ca** is added to a 30 uM
solution of 5,5’-Br,BAPTA alone. This response is
altered (filled circles) when Ca?* is added to a mixture of
30 pM 5,5°-Br,BAPTA and 30 pM hN1 EGF9-11, due to
the competition of the high-affinity EGF11 site with the
chelator for Ca*. A K, value of 3 pM can be determined
for EGF11 in the EGF9-11 construct. (b) Lower-affinity
Ca’ binding can be determined using NMR. The frac-
tional chemical shift change for aromatic residues in
EGF11 (open circles), EGF12 (filled circles) and EGF13
(open triangles) in the EGF11-13 construct are plotted as

and Delta ligand families identified a series of
highly conserved residues which were mapped
onto the Jagged-1 structure. A subset of these
clearly performed a structural role but others
(F199, R201, R203, D205, F207) were surface
exposed on one face of the DSL domain suggest-
ing these may form a Notch-binding site (Fig. 4a).
To confirm these observations, a series of alanine
substitutions was generated at equivalent resi-
dues within Serrate, the Jagged homologue in
Drosophila, for testing in an in vivo wing imagi-
nal disc model of Notch activity. Each construct
was ectopically expressed along the anterior/pos-
terior compartment boundary and wingless
expression measured as a downstream marker of
Notch activity. All Serrate variants gave func-

a function of the free Ca** concentration. Overlaid 'H-"H
NOESY spectra collected with 0, 0.4, 1.2 and 15 mM
Ca” are shown in the inset. K, values of 310, 55 and
30 pM are fitted for EGF11, EGF12 and EGF13; weak
binding is observed for EGF11 because this domain is not
in a native context in the EGF11-13 construct. (¢) The
measured Ca>* dissociation constants (K,) at pH 7.5 and
I = 0.15 for the EGF4-13 region of human Notch-1
receptor. K, values in the 1-20 pM range were deter-
mined by chromophoric chelation. K, values in the 20 pM
to mM range were determined by NMR. Ca**-binding
and non-Ca**-binding EGF domains are indicated in grey
and white, respectively. Ca®* is indicated by a black
sphere at the N-terminus of each Ca®*-binding EGF
domain

tional effects on Notch signaling, consistent with
a role in Notch binding. F207 was found to have
a particularly crucial role, confirmed by alanine
substitution of this residue in either Drosophila
Serrate (F257A) or hJagged-1 (F207A) which
abrogated Notch interaction in binding assays. It
was also possible to show that the same face of
the DSL domain was involved in mediating both
Notch trans-activation and cis-inhibition, since
both induction of an ectopic wing margin (trans)
and suppression of endogenous Notch activity at
the dorsal-ventral boundary (cis) could be
observed in this system. Subsequent to this, it
was demonstrated that a region containing the
ligand binding portion of the receptor (dNotch
EGF10-12) was required for cis-inhibition medi-
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Fig.4 Notch ligand structure and liposome binding. (a)
Structure of hJagged-1 N-EGF3 fragment showing the
C2 domain at the N-terminus, the DSL domain (with the
Notch binding residue F207 in the Notch-binding loop is
indicated) and three contiguous EGF domains of the
non-calcium binding type. (b) The presence of the C2
domain confers liposome binding properties to three
diverse Notch ligands (J-1, DIl1, Serrate), Conversely,
each ligand with the C2 domain deleted (AC2) shows

ated by Serrate (Becam et al. 2010), suggesting
that interactions between DSL and EGF11-12
underlie both cis- and trans-Notch complexes.

2.2 Structure of N-Terminus-EGF3

(N-EGF3) of Human Jagged-1

The importance of the region N-terminal to the
DSL domain of Notch ligands was suggested by
an early experiment performed by Henderson
and colleagues (Henderson et al. 1997), since its
deletion in the C.elegans ligand LAG-2 abolished
function. Expression of an N-terminal fragment
of human Jagged-1, comprising the complete
N-terminus, DSL domain and three contiguous
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greatly reduced binding to phosphatidylcholine/phos-
phatidylserine/phosphatidylethanolamine  (PC/PS/PE)
liposomes. (¢) Comparison of C2 domains of different
human Notch ligands Delta-like-4, Jagged-2, Jagged-1
and Delta-like-1 showing that the Jagged family bind
calcium ions but the Delta family does not. Note the
diversity in loop structures at the apex of each domain
suggesting that each ligand may show different lipid
preferences

EGF domains (N-EGF3), in HEK cells enabled
purification of sufficient material for structure
determination (Chillakuri et al. 2013). The N ter-
minal region was found to adopt the fold of a
common phospholipid-recognition C2 domain
which packed on top of the DSL domain, thereby
extending the linear organization of the ligand
identified in the DSL-EGF3 structure (Fig. 4a).
The Jagged-1 C2 domain had strong structural
homology to the calcium-binding C2B domain of
Muncl3 (an intracellular protein involved in
priming synaptic vesicles) with a typical f sand-
wich fold comprising two four-stranded f} sheets
at its centre (Cho and Stahelin 2006; Shin et al.
2010). Although crystallization conditions for
Jagged-1 N-EGF3 did not originally contain
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Ca*, the strong homology to Munc13 prompted
us to assess the Jagged C2 domain for its calcium-
binding properties using limited proteolysis per-
formed in the presence and absence of Ca*.
Addition of Ca?*, but not Mg?*, conferred protec-
tion against proteolysis, suggesting the presence
of Ca?* binding sites within the protein. Further
crystallization trials were performed in the pres-
ence of Ca®* and the structure of the holo form
was solved. Comparison of both apo- and holo-
crystal forms showed that Ca** occupancy
increased the degree of structure in the loop
regions responsible for co-ordinating Ca®*,
regions that are located at the apex of the C2
domain.

In parallel with our structural data, the bio-
logical significance of the C2 domain was inves-
tigated (Chillakuri et al. 2013). Liposome binding
assays confirmed that the C2 domain conferred a
phospholipid-binding capability to
Jagged-1 N-EGF3 and other Notch ligands which
was abrogated by a C2 domain deletion (Fig. 4b).
In a quantitative split luciferase Notch activation
assay, a Jagged-1 variant containing a double
D140A/D144A substitution, designed to prevent
Ca** coordination, was found to substantially
reduce activation compared to its wild type (WT)
counterpart, despite still being able to bind to the
Notch receptor (Chillakuri et al. 2013).
Collectively, these data suggested that phospho-
lipid binding, in addition to the core receptor/
Jagged-1 interaction, facilitates generation of the
Notch signal.

2.3 Additional Ligand Structures

Other crystal structures of the N-terminal region
of Notch ligands have been determined since the
Jagged-1 structure was published. An eight-
domain fragment of hDII1 showed an extended,
near-linear conformation for C2, DSL and
EGF1-4 (Kershaw et al. 2015), confirming the
presence of a C2 domain and a similar arrange-
ment of domains in both ligand families.
Interestingly, a 90° bend was then observed
between EGF4 and 5 of DIl1, with EGF5 and 6
forming a near linear arrangement. Since the

EGF4-5 interface was the site of a crystal con-
tact, it is unclear whether or not the bent confor-
mation observed is present in solution or is more
dynamic. However, this structure, together with
the identification of EGF domain interfaces with
very different properties (bent, flexible, rigid) in
the Notch EGF4-13 region, underscores the
importance of a detailed study of these regions
when elucidating the architecture of both ligand
and receptor. With the availability of crystal
structures for a member of each ligand family, the
authors further identified by comparative
sequence analysis a conserved patch in EGF2
which may represent an additional receptor-
ligand interaction site. More recently, the struc-
tures of the N-terminal regions of hJagged-2 and
hDIl4 have been determined (Suckling et al.
2017). The C2 domains of Jagged-1 and -2 bind
calcium ions while the Delta family do not and,
in each case, the loop regions of the C2 domains
are highly variable suggesting different lipid
preferences (Fig. 4c).

3 Structures of Notch/Ligand
Complexes

3.1 Structure of Notch/Dll4

A milestone in Notch structural biology was
reached in 2015 when the crystal structure of a
Notch1/DIl4 complex, comprising the core rec-
ognition regions, was solved at 2.3 A [(Luca et al.
2015), Fig. 5)]. The technical challenge of cryst-
allising the relatively low affinity Notch complex
was circumvented by targeting the rat Notchl/
DIl4 interaction for affinity maturation. The
N-terminal region-EGF5 region from DII4 was
expressed as a fusion protein on the surface of
yeast and higher affinity variants (generated
using error-prone PCR) were identified using
Notchl EGFI-14, immobilized to magnetic
beads, as bait. Any ligand construct selected was
subjected to a second round of mutagenesis/
selection to further enhance affinity. Subsequent
DNA sequencing revealed a series of missense
mutations in the C2 and DSL domains of the
ligand construct. Affinity-matured variants were
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Putative lipid

D4 (N-EGF1)-
Notch (11-13)
complex

Fig. 5 The Delta-like-4/Notch1 complex. Key structural
features are indicated including the putative lipid-binding
site of the C2 domain (CHILLAKURI et al. 2013) and
receptor/ligand interaction Site 1 (C2-EGF12) and Site 2
(DSL-EGF11) (LUCA et al. 2015). Shown, adjacent in
cartoon form, are two different ligand conformations seen

subsequently expressed in insect cells. The
N-EGF2 form of Dll4gp (containing G28S,
F107 L and L206P substitutions) showed
a > 70-fold enhancement in affinity relative to the
WT construct, attributed to the slower dissocia-
tion rate of the complex. In activity assays using
a luciferase reporter construct, N-EGF2 Dll4g, p
showed no reduction in activity compared to the
WT construct and the dose response curve was
shifted to the left consistent with the increased
affinity measured. Crystal forms of glycan-
trimmed DIll4g; » (N-EGF2 or N-EGF1) bound to
EGF11-13, also purified from insect cells, were
obtained and their structures solved by molecular
replacement.

The structures of the individual components
of the complex confirmed the elongated structure
of ligand and receptor identified previously as
well as the lack of calcium binding to the C2
domain of Delta ligands first observed by
Kershaw and colleagues (Kershaw et al. 2015).

Loop 5-6

Loop 5-6

in crystal structures of various ligands (SUCKLING et al.
2017) which suggest that i) the straighter form is required
to accommodate longer constructs of Notch and ii) that
additional contacts may occur along the longitudinal axis
(WEISSHUHN et al. 2016). C2 domain loops 1-2, 3—4,
5-6 are indicated

However, striking new observations included an
antiparallel arrangement of receptor relative to
ligand in the complex and two sites of interaction
observed between C2 and EGF12 (Site 1) and
DSL and EGF11 [Site 2, (Fig. 5)]. The antiparal-
lel arrangement, coupled with the observed sites
of flexible/bent EGF interfaces in hNotchl
(Weisshuhn et al. 2016), may suggest that a sin-
gle receptor/ligand complex underlies trans-
activation and cis-inhibition modes of Notch
activity, since flexible regions either side of the
core recognition element Notch EGF11-12
would allow a single complex to form in cis or
trans.

The direct binding role of the O-glycan modifi-
cations on T466 in EGF12, proposed by Taylor
and colleagues (Taylor et al. 2014), was confirmed
in this structure with the O-fucose making a net-
work of glycan-amino acid contacts within the C2
domain. Modelling of the Fringe extension based
on this complex suggested that, as in the crystal
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structure of Fringe-modified hN1 EGF11-13
(Fig. 2), the disaccharide extends away from the
O-fucose and makes further contacts with ligand
and receptor. O-glucose modifications present
within EGF11-13 in the complex were not
involved in direct contacts with ligand, in agree-
ment with the lack of effect on ligand binding
observed by Taylor and colleagues (Taylor et al.
2014). In contrast, DSL-EGF11 contacts at Site 2
were mainly mediated by protein-protein interac-
tions but an O-glycan at S435 in EGF11 was
observed to interact directly with DSL residues.
The functional significance of this is yet to be elu-
cidated but Ser 435 is not absolutely conserved
across Notch paralogues suggesting it plays a
lesser regulatory role in Notch activity than the
Fringe modification. On the basis of sequence
comparisons, the authors suggested that Site 2
(EGF11-DSL) is the main common determinant of
ligand binding, while Site 1 (EGF12-C2) is less
specific, allowing different receptor/ligand combi-
nations to form. It should be noted, however, that
other regions of contact may exist away from the
core recognition surfaces that also modulate dif-
ferent receptor ligand pairings. A model for hN1
EGF10-13 (Weisshuhn et al. 2016) has been
superimposed on EGFI11-13 of the complex;
small rearrangements were required in order to
accommodate the longer receptor fragment and
suggested that additional interactions may occur
between EGF10 of Notch and EGF1 of ligand.
Since possible interface residues are not conserved
between ligand families, this and other similar
sites such as in EGF 2 of DII1 which are outside
the core recognition sites may contribute to ligand-
specific differences in binding. A comparison of
new ligand structures from both Jagged and Delta
families showed that two different conformations
existed in the crystals. The straighter conformation
is compatible with the binding of longer fragments
of Notch [Fig. 5, (Suckling et al. 2017)].

3.2 Structure of Notch/Jagged-1

Very recently a 2.5 A crystal structure of a Notch/
Jagged-1 complex has been obtained using affin-
ity maturation to select for high affinity ligand

variants (Luca et al. 2017). It confirms the Site 1
and Site 2 core interaction sites, as observed in
the Notch/DIl4 complex, but utilizing longer
five-domain constructs it shows an extensive
interface that forms along the whole length of the
longitudinal axis. Specifically, Notch EGF12,
EGF11, EGF10, EGF9 and EGFS8 interact with
Jagged-1 C2, DSL, EGF1, EGF2 and EGF3. This
complex thus corroborates the observation made
by Weisshuhn and colleagues, that domain rear-
rangements were necessary to accommodate lon-
ger Notch constructs in complex with ligand
(Weisshuhn et al. 2016). The Notch EGF8/
Jagged-1 EGF3 interaction provides a structural
explanation for the jigsaw mutation identified in
a Drosophila screen which mapped to V324 in
dNotch EGF8 (Yamamoto et al. 2012).
Interestingly, the Notch/Jagged-1 complex
showed that O-fucose modification of T311 in
Notch EGFS plays a direct role in the interaction
with Jagged-1 EGF3, highlighting the impor-
tance of O-glycans in Notch domains other than
EGF12 for selective ligand binding. It was also
observed in this study that Jagged-1 altered its
conformation on Notch binding and exhibited
catch bond behavior (where the lifetime of the
receptor/ligand interaction is increased on appli-
cation of a tensile mechanical force), providing
an explanation of how relatively weak interac-
tions between receptor and ligand are able to sur-
vive cellular forces and result in NRR cleavage.

4 Implications for Disease

These structural data for the extracellular por-
tions of the receptor and ligands have provided
insight into molecular mechanisms underlying
genetic disease associated with the Notch
pathway (Table 1). Many missense mutations
affecting Jagged-1 have been identified which
cause Alagille syndrome, a disease affecting
liver, heart and kidney development (Penton et al.
2012) and related disorders such as extrahepatic
biliary atresia and Tetralogy of Fallot. Prior to
structural work identifying the C2 domain, a
number of JAGI mutations associated with
nonsense-mediated decay of RNA were known to
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Table 1 Molecular consequences of disease-causing missense mutations based on structural information for extracel-

lular domains of ligand and receptor discussed in this review

Protein Domain Missense Disease | Predicted effect of mutation

affected affected mutation

1 C2 L20P AS defective secretion

J1 Cc2 C22R AS defective secretion

J1 Cc2 A31V AS disruption of signal peptide cleavage

J1 C2 G33D/S/V AS stability/ folding

J1 Cc2 L37S AS stability/folding

1 Cc2 1398 AS stability/folding

I Cc2 L40P AS stability/folding

J1 Cc2 V45L EHBA | lipid binding affected

J1 Cc2 N53D EHBA | lipid binding affected

) Cc2 K65M EHBA | lipid binding affected

J1 Cc2 D69G AS lipid binding affected

J1 C2 F75S/L AS stability/folding

I Cc2 C78R/G/Y/S AS Notch binding site] C2-EGF12 perturbed
1 Cc2 L79H/F AS stability/folding

J1 C2 K80E AS Notch binding site 1 C2-EGF12 perturbed
J1 Cc2 CO2R/Y AS Notch binding site 1 C2-EGF12 perturbed
I C2 1120N AS stability/folding

) Cc2 L122P AS stability/folding

J1 Cc2 P123S AS exposed residue (effect unclear)

J1 C2 A127T AS Notch binding site 1 C2-EGF12 perturbed
J1 Cc2 P129R AS Notch binding site 1 C2-EGF12 perturbed
1 Cc2 L134F AS stability/folding

J1 C2 V136G AS stability/folding

I C2 1152T AS stability/folding

J1

1 C2 A155P AS stability/folding

J1 Cc2 P163L/R AS misfolded protein

Bl

J1 Cc2 F179S AS stability/folding

) C2 Y18IN AS stability/folding

J1 Cc2 RI84H/G/L/IC | AS stability/folding

J1 DSL CI87Y/S AS misfolded protein

I DSL R203K EHBA | Notch binding site 2 DSL-EGF11 perturbed
) DSL C220F AS misfolded protein

n DSL W224C AS stability/folding

J1 DSL C229G/Y AS misfolded protein

J1 EGF1 R252K/G AS exposed residue (effect unclear)

1 EGF1 G256S/C AS disrupt loop conformation

J1 EGF1 G259V AS disrupt loop conformation

J1 EGF2 C265F AS misfolded protein

J1 EGF2 P269L AS disrupt loop conformation

1 EGF2 C271R AS misfolded protein

J1 EGF2 V272F TOF exposed residue (effect unclear)

1 EGF2 G274D TOF stability/folding

J1 EGF2 E278D TOF exposed residue (effect unclear)

N2 EGF9 C373R AS misfolded protein

(continued)
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Table 1 (continued)

N2 EGF10 P383S AS disrupt loop conformation (based on homology to
EGF11)

N2 EGF10 P394S AS disrupt loop conformation (based on homology to
EGF11)

N2 EGF11 C444Y AS misfolded protein

N2 EGF12 C480R AS misfolded protein

Dll4 C2 Al121P AOS stability/folding

Dll4 DSL R186C AOS Notch binding site 2 DSL-EGF11 perturbed

Dli4 DSL F195L AOS Notch binding site 2 DSL-EGF11 perturbed
(confirmed experimentally)

Dll4 EGF2 P267T AOS disrupt loop conformation

D14 EGF5 C390R/Y AOS no structure available, misfolded protein predicted

Dll4 EGF7 C455W AOS no structure available, misfolded protein predicted

NI EGF10 P407R AOS disrupt loop conformation (based on homology to
EGF11)

N1 EGF11 C429R AOS misfolded protein

N1 EGF11 R488Q AOS Notch binding site 2 DSL-EGF11 perturbed
(confirmed experimentally)

N1 EGF11 C449R AOS misfolded protein

N1 EGF12 C456Y AOS misfolded protein

N1 EGF12 A465T AOS stability/folding

NI EGF35 C1374R AOS no structure available, misfolded protein predicted

AS (Alagille syndrome), AOS (Adams-Oliver syndrome), EHBA (Biliary atresia, extrahepatic), TOF (Tetralogy of
Fallot). Mutation data obtained from the Human Gene Mutation Database (STENSON et al. 2014).

cause Jagged-1 haploinsufficiency. Mapping
Alagille missense mutations onto the structure of
Jagged-1 C2 suggested they destabilized the
hydrophobic core and prevented native folding
(Chillakuri et al. 2013; Luca et al. 2015). This
was  corroborated by  expression  of
Jagged-1 N-EGF3 disease-causing variants,
which mainly resulted in little or no protein
secretion, thus underscoring haploinsufficiency
as the main dominant mechanism underlying
Alagille syndrome (Chillakuri et al. 2013).
However, a few missense mutations were
observed which might act through disruption of
ligand domain interfaces, a direct effect on Notch
binding (Luca et al. 2015) or an effect on lipid
binding (Suckling et al. 2017).

Adams Oliver syndrome, a developmental dis-
order affecting the scalp and cranium, and limb
development is associated with a subset of muta-
tions in the NOTCH1 and DLL4 genes. The mis-
sense mutations identified affected C2, DSL,
EGF6, 8, 9 domains of D114 (Meester et al. 2015).
Many are implicated in domain misfolding by
altering the highly conserved cysteine residues

which stabilize the fold, suggesting that the main
autosomal dominant mechanism underlying
DLL4 mutations is haploinsufficiency. Missense
mutations causing Adams Oliver disease have
also been identified in NOTCH]1 (Stittrich et al.
2014); a C429R change in EGF11 is also likely
to cause domain misfolding of which one can
speculate may lead to cellular retention of this
variant.

In summary, there have been substantial excit-
ing advances made recently in structure determi-
nation of the extracellular domains of Notch and
its ligands. The future challenge will be to deter-
mine the remaining architecture to build plausible
models of the receptor/ligand complex at the cell
surface and combine these data with cell biology
experiments. Currently, we have been unable to
harness the advances made in electron micros-
copy (EM) due to the narrow dimensions of both
receptor and ligand. However, improvements in
protein expression systems will allow us to use
small angle X-ray scattering (SAXS) to comple-
ment the high-resolution structure data and we
may be able to apply EM methods in future when
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we will have a better understanding of individual
structures and their interacting regions. Structure-
informed mutagenesis, combined with model
organism studies, will be required to determine
the physiological role of lipid binding by the C2
domain. These multidisciplinary data will then
help to optimise the design of novel therapeutic
agents aimed at modulating the Notch signal.
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Abstract

Research in the last several years has shown
that Notch proteolysis, and thus Notch activa-
tion, is conformationally controlled by the
extracellular juxtamembrane NRR of Notch,
which sterically occludes the S2 protease site
until ligand binds. The question of how con-
formational exposure of the protease site is
achieved during physiologic activation, and
thus how normal activation is bypassed in dis-
ease pathogenesis, has been the subject of
intense study in the last several years, and is
the subject of this chapter. Here, we summa-
rize the structural features of the NRR domains
of Notch receptors that establish the autoin-
hibited state and then review a number of
recent studies aimed at testing the mechano-
transduction model for Notch signaling using
force spectroscopy and molecular tension
Sensors.
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1 Overview
Notch signaling facilitates communication

between two cells to control cell fate in many
contexts during development, adult homeostasis
and disease pathogenesis (Bray 2006; Kovall
et al. 2017). Normally, Notch receptors transmit
signals by undergoing regulated intramembrane
proteolysis (RIP) in response to engaging with
transmembrane ligands presented on the surface
of adjacent cells. Proteases of the ADAM (A
Disintegrin and Metalloprotease) family first
cleave Notch at a site called S2 located about 10
amino acids outside of the transmembrane region
to shed the Notch ectodomain (Brou et al. 2000;
Mumm and Kopan 2000), generating a truncated
substrate for intramembrane cleavage by
y-secretase (Kopan and Goate 2000), which
releases the Notch intracellular domain (NICD)
from the membrane. Release of NICD from the
membrane produces an active transcriptional
effector that travels to the nucleus and partici-
pates in transcription of target genes (Kopan and
Ilagan 2009).

This Notch proteolytic cascade is conforma-
tionally regulated by a proteolytic switch called
the Negative Regulatory Region (NRR), a part of
the protein that is sandwiched between the ligand
binding EGF repeats and the transmembrane
domain. X-ray structures (Gordon et al. 2007,
Gordon et al. 2009a; Xiang et al. 2015) of the
NRR have revealed that the ADAM protease S2
site is masked intramolecularly by interdomain
interactions, demanding that events associated
with ligand/receptor engagement induce a con-
formational change within the NRR to expose the
cleavage site to its protease. Activating mutations
of the Notchl NRR that result in ligand-indepen-
dent proteolysis are also found frequently in
human leukemias (Weng et al. 2004), highlight-
ing the importance of tight control of metallopro-
tease access to the S2 site. Indeed, that the NRR
acts as the “proteolytic switch” for Notch signal-
ing has led to substantial efforts to control the
conformation of the NRR with therapeutic anti-
bodies (Li et al. 2008; Aste-Amézaga et al. 2010;
Gordon and Aster 2014). Moreover, the question
of how conformational exposure of the protease

site is achieved during physiologic activation,
and thus how normal activation is bypassed in
disease pathogenesis, has been the subject of
intense study in the last several years, and is the
subject of this chapter.

2 Models for Conformational
Exposure: Allostery or
Mechanical Force?

How ligand engagement relieves autoinhibition
of Notch has been a longstanding question in the
Notch signaling field. The most common mecha-
nism for inducing conformational changes upon
protein-protein binding is by allostery, where the
effect of binding at one site is transmitted to
another, often distal site, allowing for regulation
of activity. However, because the binding site for
Notch ligands is centered on EGF repeats 8—12,
more than 20 EGF modules away (Rebay et al.
1991; Luca et al. 2015, 2017) and since genetic
and biochemical studies have established a
requirement for endocytosis of ligand into signal
sending cells (Musse et al. 2012)-see also
“Endocytic Trafficking of the Notch Receptor”—
the favored model in the field first proposed more
than 15 years ago is the “pulling”, or mechano-
transduction, model for Notch activation (Parks
et al. 2000). Generally, mechanotransduction
(Fig. 1) involves a stimulus that is sensed by a
mechanosensor domain to convert the stimulus
into a signal that allows the cell to respond (Vogel
2006). In the case of Notch, (Fig. 1) the putative
stimulus is internalization of the ligand-Notch
complex by receptor-mediated endocytosis into
the signal-sending cell (discussed in “Endocytic
Trafficking of the Notch Receptors™), which gen-
erates a pulling force to trigger Notch proteolysis
and subsequent transcriptional activation in the
signal-receiving cell. Other data consistent with a
pulling model include the observation of “trans-
endocytosis” in which the ligand-binding domain
of Notch co-localizes with ligands in the signal-
sending cell (Klueg and Muskavitch 1999; Parks
et al. 2000; Nichols et al. 2007; Shaya et al. 2017)
and the fact that soluble ligands generally do not
activate Notch (Varnum-Finney et al. 2000).
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Fig. 1 Steps in the Notch signaling pathway where
mechanical tensions have been measured in efforts to test
the mechanotransduction mechanism for Notch activa-
tion. A ligand of the Delta-Serrate-Lag family (DSL) on
the signal sending cell interacts with the Notch receptor
on the signal receiving cell. Protein domains labeled in the

Over the last several years, researchers have
attempted to test the pulling model, which makes
a number of specific predictions:

1. if force is the stimulus for conformational
exposure of the proteolytic site within the
NRR, then the NRR must be the mechanosen-
sor and application of force must induce its
proteolysis,

2. the force required to induce cleavage sensitiv-
ity must be within the physiologic force
regime,

3. ligand binding alone must not be sufficient to
activate Notch,

4. forces generated by endocytosis must suffice
to induce the conformational exposure of the
protease site, and

5. the ligand-receptor bond must be able to with-
stand the force required to induce cleavage
(i.e. not rupture during delivery of activation
forces).

Here, we first summarize the structural fea-
tures of the NRR domains of Notch receptors that
establish the autoinhibited state and then review a
number of recent studies aimed at testing the

Forces to trigger
proteolytic
switch
4.2 and 4.4

figure: Epidermal Growth Factor (EGF) -like, Delta-
Serrate-Lag (DSL), C2 domain (C2), Negative Regulatory
Region (NRR), Notch Intracellular domain (NICD). S2
and S3 refer to two proteolytic cleavage sites involved in
Notch activation

mechanotransduction model for Notch signaling
using force spectroscopy and molecular tension
Sensors.

3 The NRR Mechanosensor
Domain

The NRR controls activation of the Notch recep-
tor, restraining the receptor in a protease-resistant
conformation until activation by ligand. The
NRR encompasses a series of three LIN12-Notch
repeats (LNRs, defined as A, B and C) and a het-
erodimerization domain (HD). The HD is cleaved
during normal receptor maturation by a furin-like
protease at a site called S1 (Logeat et al. 1998)
but the NRR is resistant to further proteolysis in
the absence of ligand (Gordon et al. 2007).
Crystal structures of the Notchl, Notch2, and
Notch3 NRR have been solved (Gordon et al.
2007; Gordon et al. 2009a, b), as well as com-
plexes of the Notchl and Notch3 NRRs bound to
inhibitory antibodies (Yanetal. 2010; Bernasconi-
Elias et al. 2016). All of the NRR structures adopt
a similar conformation (Fig. 2), with the three
LNR domains wrapped tightly around the HD
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Fig.2 The Negative Regulatory Region (NRR) of Notch
is the putative mechanosensing domain in the mechano-
transduction model for Notch signaling. Cartoon and

domain, protecting the S2 site from cleavage and
preventing activation. The overall structure
resembles a mushroom, with the LNR domain
capping and protecting the HD “stem”. The LNR
domains each bind one calcium ion and are stabi-
lized by three disulfide bonds. The HD domain is
an alpha-beta sandwich with a substantial and
highly conserved hydrophobic core. Known
disease-related activating mutations are found
inside the hydrophobic cores of the NRR of the
Notchl and Notch3 receptors. These mutations
typically disturb the stability of the HD domain
and lead to aberrant ligand-independent activa-
tion (Malecki et al. 2006; Gordon et al. 2007).
The extensive contacts between the LNR and
HD domains bury a total surface area of ~3000
square angstroms and include highly complemen-
tary hydrophobic and electrostatic interactions.
Hydrophobic residues derived from the linker
connecting the first and second LNR repeats steri-
cally occlude the S2 site, and hydrophobic inter-
actions between the second LNR and the HD
encircle the a-helix that sits above the strand con-
taining the S2 site, clamping it in place. Though

metalloprotease

)

‘ Proteolysis

structural models of the proteolytic resistant and sensitive
states of NRR are shown. This figure is adapted from a
Graphical Abstract (Gordon et al. 2015)

the overall architecture of the NRR is the same in
all three structures, interdomain packing details
diverge among the three NRRs and such variation
may tune the sensitivity of a particular homolog
to activation forces. For example, the Notch3
receptor exhibits increased basal activity in vitro,
which may be explained by divergent interacting
residues (Xiang et al. 2015). In all NRRs, the
LNR-A/B interface is stabilized by three con-
served tryptophan residues; in Notchl and
Notch?2, this arrangement is further reinforced by
an LNR-A histidine residue, which engages the
third tryptophan of the cluster in an aromatic
n-stacking interaction. In Notch3, a proline resi-
due (P1408) substitutes for histidine and makes
only limited van der Waals contact with W1434.
The Notch3 structure is further altered by the
replacement of a salt bridge between LNR-C and
the first helix of the HD domain with a hydrogen
bond, allowing LNR-C to pack closer to the HD
domain.

X-ray structures, together with signaling
assays mapping the minimum requirements for
ligand-independent signaling, reveal that a



The Molecular Mechanism of Notch Activation

51

substantial displacement of the LNRs must occur
to expose the S2 site (Fig. 2). This conforma-
tional change must disrupt a large, buried surface
between domains and likely requires substantial
energy, a requirement more consistent with
mechanical opening than allostery.

4 Force Spectroscopy Applied
to Notch Signaling

Primer on Molecular Level
Forces and Current Toolkit
to Probe them

4.1

The X-ray structures have revealed the nature of
the conformational change that must occur within
the putative mechanosensing domain of Notch to
expose the S2 site, leading to many recent studies
aimed at measuring the mechanical forces gener-
ated and sensed by the Notch signaling system
(Fig. 3). At a molecular level, proteins in cells are
exposed to picoNewton (pN) forces. The thermal
energy that must be overcome to do work on a
protein in a cell is 4.1 pN-nm. The dimensions of
proteins are on the order of nanometers, meaning
that the relevant range of forces that induce con-
formational changes in proteins is sub-pN to tens
of pN. Moreover the stall forces of molecular
motors in the cell, which are involved in the inter-
nalization processes that likely provide the physi-
ologic stimulus for Notch signaling, range from 1
pN to 10 pN (Mallik and Gross 2004). Application
of forces to molecules in vitro or in cells can be
achieved using several different techniques,
including optical and magnetic tweezers and bio-
membrane force probes discussed in this chapter,
each with pros and cons. These methods gener-
ally involve tethering proteins to a bead with
properties that allow experimental manipulation
of its position to “pull” on it. Techniques to mea-
sure tensions sensed by molecules have also been
developed and the methods described in this
chapter involve digital tension sensors comprised
of duplex DNA or a protein/DNA complex
designed to rupture at known forces.

Forces Associated with S2
Exposure in vitro

4.2

The measurements of forces involved in cell-
based Notch activation (Fig. 3a) are associated
with a myriad of complex and uncontrollable
variables and involve events downstream of the
ADAM proteolysis that triggers the cascade.
Therefore, attempts have been made to use sin-
gle molecule force spectroscopy to measure
forces required to convert isolated, recombinant
NRR molecules from a protease-resistant to
protease-sensitive conformation. First, a study in
which the Notch2 NRR was pulled using atomic
force microscopy showed that multiple struc-
tural transitions occur in the 100 pN range of
forces. The tethers formed between the AFM tip
and surface-immobilized NRRs were disrupted
when ADAM17 was added but the forces applied
to the NRR likely drove complete unfolding of
the NRR and thus how these findings relate to
physiologic context is unclear (Stephenson and
Avis 2012).

In an in vitro single molecule proteolysis
assay based on magnetic tweezers (Fig. 3d),
which can apply forces in the sub-pN to tens of
pN range, the intrinsic force required to expose
the S2 site within an isolated Notchl NRR was
measured directly for the first time. This study
showed that the NRR becomes sensitive to prote-
olysis by ADAM17 in the range of 3.5-5.4 pN of
force (Gordon et al. 2015). This force is in line
with expected physiologic forces and is similar
to forces required to induce protease sensitivity
in in vitro studies optical trapping studies of the
von Willebrand factor A2 domain, which requires
8 pN of force (Zhang et al. 2009). The metallo-
protease inhibitor BB94 and conformation spe-
cific blocking antibodies abrogate force-induced
proteolysis, indicative of site-specificity. This
assay should be useful in future experiments
comparing forces required for proteolytic sensi-
tivity in other Notch homologs, Notch molecules
containing the neighboring ligand binding
domain and Notch receptors harboring disease
mutations.
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Fig. 3 Overview of force spectroscopy and molecular tension sensor experiments discussed in “The Molecular

Mechanism of Notch Activation”

Forces Generated
by Endocytosis

4.3

The first attempt to measure forces involved in
DSL ligand endocytosis was performed using
laser tweezers to optically trap polystyrene beads
coated in Notch ectodomain added to cells
expressing DLL1 (Meloty-Kapella et al. 2012).
In this experiment (Fig. 3b), the presumption is

that forces associated with endocytic processes
act to pull the bead into the cell while an oppos-
ing force is applied to the beads by varying the
intensity of the laser trap. This study found that
the applied force required to balance the force of
endocytic internalization of the ligand (the so-
called stall force) varies across a broad range of
2-10 pN, with an average force of 2.8 pN. To
address the issue of whether the measurements
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were detecting endocytosis of bound receptor by
ligand-bearing cells, the authors showed that
dominant negative dynamin mutants (Seugnet
et al. 1997) which abrogate dynamin’s ability to
pinch off the endocytic vesicle thus blocking
endocytosis, interfered with this process.
Resistance to applied force also required ligand
ubiquitination, which allows the endocytic adap-
tor protein Epsin to bind, (Wang and Struhl 2005),
and active actin dynamics. In a completely sepa-
rate study of endocytosis of the epidermal growth
factor receptor (EGFR), which is also believed to
be internalized by a similar receptor-mediated
endocytosis pathway, Stabley and colleagues
genetically-encoded a FRET-based molecular
tension sensor into the EGFR and overexpressed
it in cells. The tension sensed by the receptor was
measured in its cellular context using FRET as a
readout of extension of a previously calibrated
flexible peptide “spring” sensor (Stabley et al.
2012). This study found that EGFR endocytosis
generates approximately 4 pN of force.

Forces Involved in Notch
Activation in Cells

4.4

If internalization by receptor-mediated endocyto-
sis provides the physiologic mechanical force
that induces exposure of the S2 protease site, then
the forces involved in Notch activation must be of
a similar magnitude to endocytic forces. The Ha
laboratory first tried to measure forces associated
with Notch activation using tension-gauge-tether
(TGT) force sensors (Wang and Ha 2013). In this
system (Fig. 3c), a DSL (Delta, Serrate, LAG-2)
ligand is linked to a DNA strand which is
annealed to a complementary strand fixed to a
glass surface. By varying the DNA sequence, the
“unzipping” force of the resulting DNA duplex
can be modulated, providing a series of digital
force sensors that rupture at different forces.
When cells expressing Notch receptors are plated
on these sensors, DNA unzipping as read out by a
lack of Notch activation can only occur if the
force generated between the plated ligand and the
Notch expressing cell is greater than the rupture
force of the DNA duplex. The Ha lab did not find

that any of their DNA duplexes were unzipped in
the Notch/plated DLLI experiment. Since their
lowest-magnitude force sensor ruptured at 12 pN,
this put an upper limit on forces involved in
Notch activation of 12 pN.

Gordon and colleagues (Gordon et al. 2015)
designed an experiment where pN forces could be
applied to Notch receptors on the surface of cells
using magnetic tweezers. In this experiment
(Fig. 3d), Notch expressing cells were plated in
96-well format on polymer “steps” of variable
height, magnetic particles coated with DLL4
ligand were added to the cells and a plate of mag-
nets was placed over the cells. This stepped setup
allowed the bead-tethered Notch receptors to expe-
rience multiple different forces in the same experi-
ment, depending on their distance from the magnet,
and thus activation as a function of force could be
measured using a standard luciferase transcrip-
tional readout of Notch signaling. In wells where
very low forces were applied, even though beads
coated with soluble ligands were present, no Notch
activation was observed. At forces on the order of
2 pN, Notch activation was instead observed.
These data showed, for the first time, that soluble
ligands are competent for activation of Notch when
force is applied and that the force required for acti-
vation is in line with previously measured endo-
cytic forces. One limitation of the magnetic
tweezer experiments is that multiple receptors
could potentially be engaged with a single mag-
netic bead, altering the force/activation profile.

This limitation was largely addressed in
research by Seo and colleagues, who tagged Notch
with magnetic plasmonic nanoparticles (MPN)
specifically synthesized for monovalent interac-
tion and control (Seo et al. 2016). Application of
force via electromagnet to MPNs tethered to sin-
gle Notchl receptors on the cell surface, showed
that application of ~9 pN of force causes the dis-
appearance of the receptor from the surface and
increased intracellular signaling (Fig. 3d);
y-secretase inhibitors completely abolished the
effect, whereas application of 1 pN of force caused
no loss of cell-surface Notch receptors or tran-
scriptional activity. This effect was identical using
MPNs conjugated with DLLI targeting native
Notchl and benzylguanine-conjugated MPNs
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targeting a SNAP-tag Notch1 fusion. The research-
ers also created multivalent DLL1-conjugated
MPN:Ss to assess the effect of receptor oligomeriza-
tion. They observed the same behavior as with
monovalent ligand, indicating that oligomeriza-
tion is not sufficient for activation.

Finally, in a variation of the Ha lab’s TGT
force sensor, called the ‘Nano Yoyo’, instead of
rupturing DNA duplexes which require high
magnitudes of force out of range for many physi-
ologic processes, the DNA is instead wrapped
around the E. coli single-strand binding protein
(SSB) and ‘unspooled” at known force
(Chowdhury et al. 2016). This method (Fig. 3c) is
sensitive to lower magnitudes of force than TGTs
and measurements of Notch activation using the
“unspooling” Nano-Yoyo deduced an activation
force range between 4 pN and 12 pN for activa-
tion of the Notchl receptor by DLLI, consistent
with the other studies discussed here.

Interestingly, recent studies by Luca and
Garcia in collaboration with the Ha lab using a
combination of Nano-Yoyo and TGT tension sen-
sors showed that the tension produced in the
complex between immobilized wild type Jagged1
tension sensors and Notchl expressing cells also
were measured to be between 4 pN and 12 pN,
similar to DLL1/Notch complexes (Luca et al.
2017). However, when tension sensors presenting
the ligands DLL4 and a high affinity version of
Jagged] used to solve the co-crystal structure of
Notch/Jagged1l were treated with Notch express-
ing cells, tension sensors ruptured at forces lower
than 4 pN. This suggests that the nature of the
ligand-receptor interaction plays a role in tuning
Notch activation forces in that higher affinity
interactions result in longer engagement times,
permitting activation to occur at lower intercel-
lular tensions.

4.5 Force Response of Ligand/

Receptor Bonds

If the forces generated by endocytosis and
forces required to activate Notch are in the 1-9
pN range as the studies above suggest, then the

nature of the ligand receptor bond must be able
to withstand these forces and thus have rupture
forces of higher magnitudes than activation
forces. One study used optical tweezers to mea-
sure forces required to rupture ligand-receptor
complexes (Shergill et al. 2012), Using polysty-
rene beads coated with recombinant Notch1-Fc
fusion molecules comprising the ligand-binding
region, the authors probed the forces required to
rupture the association of the beads with DLL1-
expressing cells (Fig. 3b). Notwithstanding the
caveat that the Notch1-Fc fusion is dimeric, the
median force associated with tether rupture was
in the range ~17-19 pN, consistent with the
conclusion that the binding interaction can
remain intact under the force required to expose
the S2 site.

More recently, Luca and Garcia in collabora-
tion with the Zhu lab used Biomembrane Force
Probe (BFP) spectroscopy to probe the adhesion
strength between a fragment of Notchl and sev-
eral different ligand constructs (Luca et al. 2017).
The biomembrane force probe (Fig. 3e) consists
of a ligand-coated red blood cell (RBC) aspirated
by a micropipette, which acts as a spring with a
known force constant. A second micropipette
positions a receptor-coated bead such that
receptor-ligand interactions can occur. When the
receptor bead is pulled away, the receptor-ligand
complex exerts a measurable force on the RBC;
the bond lifetime is simply the length of time for
which the force persists. Surprisingly, the
researchers observed that the bond lifetime
between Notchl and both Jaggedl and DLL4
increased as the tension force was increased from
0 pN to 10 pN, which corresponds to so-called
“catch-bond” behavior, which has been observed
in selectins, T-cell receptor signaling and other
cell-surface receptors (Chen et al. 2017). Protein
interactions occurring under force can exhibit
either catch bond behavior, in which the interac-
tion lifetime increases in response to increasing
force, or the more typical slip bond, in which
force reduces bond lifetime. Catch bond behavior
could help to explain how the low-affinity Notch-
ligand interaction is able to lead to a significant
response.
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5 Insights from Synthetic
Notch Signaling Systems

It is widely known that soluble ligands generally
do not activate Notch, suggesting that the allo-
stery from ligand binding is not sufficient to
drive conformational exposure of the S2 site to
activate Notch. Further evidence of the ligand
binding event not being required for Notch acti-
vation comes from the advent of synthetic Notch
signaling systems. In these systems, the regions
of Notch and ligand that are responsible for bind-
ing to each other are removed and replaced with
a pair of interacting proteins with high affinity
for each other. In the first of these systems, engi-
neered Notchl and DLL4 receptors retained the
NRR and intracellular signaling portions of
Notch and the tail of the DLL4 ligand that
recruits the endocytic machinery but could artifi-
cially be connected by FRB/FKBP domains that
heterodimerize in the presence of the small mol-
ecule rapamycin. Robust Notch signaling occurs
in this synthetic system, which relies on the nor-
mal proteolytic cascade. These signals are also
suppressed by inhibitors of endocytosis or by
removing the tail of the DLL4 ligand, as
expected. A synthetic system using fly-Notch
and the GFP/GFP-nanobody interaction was also
presented in this work (Gordon et al. 2015).
Other synthetic Notch systems have since been
developed using a variety of protein-protein
interactions to connect signal sending and receiv-
ing cells, such as antibody/antigen interactions.
The lack of requirement for the native ligand
binding interaction has been recently exploited
to engineer T cell responses with a view toward
CAR-T immunotherapy (Morsut et al. 2016;
Roybal et al. 2016a; Roybal et al. et al. 2016b).
In these systems, the ligand-binding domain of
Notch is replaced with a single chain antibody
against an antigen on a cancer cell and the syn-
thetic receptor is expressed in T-cells. When the
cancer cell encounters the engineered T-cell,
Notch signaling is triggered, which induces
expression of a chimeric T-cell receptor that rec-
ognizes a second antigen on the cancer cell, thus
imparting specific engagement of antigen-bearing

target cells. Interestingly, these synthetic sys-
tems react with completely unrelated ligands on
the tumor cells, in which the endocytosis status
and thus the origin of a mechanical stimulus is
unknown.

6 Remaining Question/Future
Directions

The preponderance of current evidence tends to
support a mechanotransduction model for Notch
signaling, in which internalization of the Notch-
ligand complex via receptor mediated endocy-
tosis induces a conformational change in the
NRR of Notch to expose the S2 proteolytic site
and thus drive Notch activation. However,
there are dissenting studies that argue for
endocytically-driven heterodimer dissociation
prior to internalization of the transmembrane
subunit (NTM) and subsequent ADAM proteol-
ysis of NTM in an intracellular compartment
(Chastagner et al. 2017). Moreover, confound-
ing facts such as that worm Notch is activated
by soluble ligand (Chen and Greenwald 2004)
and that plated ligand ectodomains robustly
activate Notch receptors have not been defini-
tively explained in the context of the mechano-
transduction model. Thus, many questions
about activation still remain. Though forces
generated by endocytosis, forces required to
activate Notch and forces necessary to rupture
ligand/receptor interactions have been mea-
sured, there have been no measurements of ten-
sions sensed in the context of Notch signaling
between two cells. A recent study from the
Struhl lab showed that the NRR could be
replaced by the von Willebrand factor (vwf) A2
domain, which reveals a cryptic proteolysis site
in response to mechanical forces in the blood-
stream. Interestingly, Notch endocytic forces
were not sufficient to activate wildtype vwf
domains, which require activation forces around
8 pN, but could induce proteolysis in disease
mutants characterized by lower force thresh-
holds (Langridge and Struhl 2017). Moreover,
the extent to which the NRR unfolds when the
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minimal proteolytic force is applied has not yet
been measured and may lead to important
insights into targeting this domain with thera-
peutic antibodies. Though some studies suggest
that the affinity of the ligand may tune its ability
to activate Notch, it is not clear whether the
intrinsic sensitivity to force varies among the
various Notch NRRs. For example, Notch4 is
missing a portion of LNR-A, which might radi-
cally alter its force-sensitivity profile.

Moreover, the increasing realization that gly-
cosylation is a critical factor in controlling Notch-
ligand receptor pairings/affinities suggests that
glycosylation may also alter mechanical forces
involved in Notch activation. Many of the assays
described in this chapter could be used to probe
effects of pathogenic mutations in Notch signal-
ing components on ligand/receptor interaction
strength and mechanosensitivity of the NRR. The
fact that Notch is mechanosensitive also gener-
ates interest in understanding how altered
mechanical microenvironments affect Notch sig-
naling propensity, observed in many disease
states such as breast cancer (Mouw et al. 2014).
Could altered mechanical microenvironments in
disease lead to an avenue for ligand-independent
activation that does not require activating muta-
tions? Finally, if other cell-surface receptors
present in force-sensing structures in cells also
undergo RIP, could they also transmit mechanical
cues into the cell via a mechanotransduction
mechanism?
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Regulation of Notch Function
by O-Glycosylation

Beth M. Harvey and Robert S. Haltiwanger

Abstract

The Notch receptor initiates a unique intercel-
lular signaling pathway that is evolutionarily
conserved across all metazoans and contrib-
utes to the development and maintenance of
numerous tissues. Consequently, many dis-
eases result from aberrant Notch signaling.
Emerging roles for Notch in disease are being
uncovered as studies reveal new information
regarding various components of this signal-
ing pathway. Notch activity is regulated at
several levels, but O-linked glycosylation of
Epidermal Growth Factor (EGF) repeats in the
Notch extracellular domain has emerged as a
major regulator that, depending on context,
can increase or decrease Notch activity. Three
types of O-linked glycosylation occur at con-
sensus sequences found within the EGF
repeats of Notch: O-fucosylation,

O-glucosylation, and  O-GlcNAcylation.
Recent studies have investigated the site occu-
pancy of these types of glycosylation and also
defined specific roles for these glycans on
Notch structure and function. Nevertheless,
there are many functional aspects to each type
of O-glycosylation that remain unclear. Here,
we will discuss molecular mechanisms of how
O-glycosylation regulates Notch signaling
and describe disorders associated with defects
in Notch O-glycosylation.
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ER Endoplasmic Reticulum

FNG Fringe

Fuc Fucose

G Glycine

Gal Galactose

Glc Glucose

GIcNAc N-Acetylglucosamine

JAG Jagged

OGT O-GIcNAc Transferase

P Proline

POFUT1 Protein O-Fucosyltransferase 1
POGLUT1 Protein O-Glucosyltransferase 1
S Ser, Serine; Sia, Sialic Acid

T Thr, Threonine

Xyl Xylose

1 Introduction

Glycosylation is arguably the most complex form
of post-translational modification of proteins.
The discovery that Fringe, a known modulator of
Notch activity, is a glycosyltransferase that alters
glycan structures in the Notch extracellular
domain (ECD) provided definitive evidence that
cell-specific glycosylation can regulate Notch
activity (Bruckner et al. 2000; Moloney et al.
2000a). To this day, a number of different types
of glycan structures have been identified on the
Notch ECD, all of which affect Notch function.
In this chapter, we will summarize what is cur-
rently known about the O-glycans that modify
Notch, their biological effects, and the molecular
mechanisms through which they function.

2 Types of O-Linked
Glycosylation on NOTCH EGF
Repeats

The Notch receptor is a large (~300 kDa) single-
pass Type 1 transmembrane protein. There is one
Notch receptor expressed in Drosophila and four
mammalian homologs [NOTCH1-4, (Kopan and
Ilagan 2009)]. To activate canonical Notch sig-
naling, the Notch receptor binds to Delta, Serrate,
LAG-2 (DSL) family ligands expressed on an

adjacent cell designated as the signal-sending
cell. In Drosophila, there is a single Delta ligand
and Serrate ligand, while there are three DELTA-
like ligand (DLL) homologs (DLL 1, 3, and 4)
and two Serrate homologs called JAGGED (JAG)
1 and 2 in mammals (Fehon et al. 1990; Rebay
et al. 1991). Various aspects of the Notch signal-
ing pathway have been extensively reviewed pre-
viously (Bray 2006; Rana and Haltiwanger 2011;
Chillakuri et al. 2012; Hori et al. 2013).

The Notch ECD contains up to 36 tandem
Epidermal Growth Factor-like (EGF) repeats.
EGF repeats are common motifs found in secreted
and cell surface proteins, often involved in adhe-
sion, receptor-ligand interactions and blood coag-
ulation (Lin et al. 2001). They are approximately
40 amino acids in length and have six conserved
cysteine residues that form three disulfide bonds.
The secondary structure of an EGF repeat consists
of two anti-parallel beta strands with correspond-
ing loops that vary depending on primary
sequences [(Hambleton et al. 2004), Fig. 1A, mod-
ified from (Luca et al. 2017)]. EGF repeats can
also be classified as calcium-binding EGF repeats,
based on consensus sequences within individual
EGF repeats, and it is known that bound calcium
imparts rigidity to the tertiary protein structure
(Hambleton et al. 2004). However, one of the most
consequential characteristics of EGF repeats is
that they can be modified with O-linked glycans,
which are sugar modifications of the hydroxy
groups on serine or threonine residues (Harris and
Spellman  1993). Three major types of
O-glycosylation modify EGF repeats at consensus
sequences between the conserved cysteine resi-
dues:  O-fucosylation, O-glucosylation and
O-GlcNAcylation. Fig. 1A shows the structure of
NOTCH! EGF11-12 modified with O-fucose,
O-glucose and O-GIcNAc glycans.

2.1 O-Fucosylation and Fringe

Elongation

O-Fucosylation was first reported as a novel
post-translational modification in 1990 on the
EGF repeat of the urokinase-type plasminogen
activator protein (Kentzer et al. 1990). Ten years



Regulation of Notch Function by O-Glycosylation

61

EGF11 EGF12

Blue = Glucose
Orange = Xylose

Red = Fucose
Green = GIcNAc

EGF11 EGF12

= Disulfide bonds

Grey spheres = Calcium ions

B / a2,3/6SIAT
XXYLT1 / B4GALT1
Shams Fringe
/ GXYLT1/GXYLT2 / LFNG/MFNG/RFNG
Rumi Ofut1
| o~ POGLUTI | \”” POFUT1 ./ el
C'XSX(P/A)C2 C2XXXX(S/T)C? C5XXGX(S/T)GXXC®

‘Glucose *Xylose AFucose

Fig. 1 Types of O-glycosylation modifying Notch EGF
repeats. (A) Structure of EGF11-12 from NOTCH1, mod-
ified from PDB ID:5UKS5 (Luca et al. 2017). The structure
of an EGF repeat consists mainly of two anti-parallel
B-sheets. EGF11 is shown with an O-GIcNAc modifica-
tion (green) between conserved cysteines 5 and 6, in addi-
tion to the novel hexose modification between cysteines 3
and 4 (blue). EGF12 is modified with O-fucose (red)
between cysteines 2 and 3 and with an O-glucose disac-
charide (glucose, blue; xylose, orange) between cysteines
1 and 2. Disulfide bonds between conserved cysteine resi-

later in 2000, NOTCH1 was shown to be
O-fucosylated and to contain more putative sites
of O-fucosylation than any other protein found in
databases (Moloney et al. 2000b; Rampal et al.
2007). The enzyme responsible for adding fucose
to EGF repeats is Protein O-Fucosyltransferase 1
[POFUT1 in mammals, Ofutl in Drosophila,
Fig. 1B, (Wang et al. 1996; Wang and Spellman
1998; Wang et al. 2001; Okajima and Irvine
2002)]. Unlike most glycosyltransferases,
POFUT! is an Endoplasmic Reticulum (ER) res-
ident enzyme with a C-terminal ER retention
sequence (Luo and Haltiwanger 2005). Ofutl/
POFUTI adds a fucose to a serine or threonine
within a consensus sequence that lies between
the second and third conserved cysteine residues
of an EGF repeat: C?xxxx(S/T)C? (Fig. 1A and

W cicNAc

O Galactose

@ sialic Acid

dues are shown in yellow. Calcium ions are depicted as
grey spheres. (B) Current consensus sequences of each
type of O-glycosylation are listed, in which the modified
hydroxyl residues are underlined and conserved. Cysteine
residues are numbered. X denotes any amino acid.
Drosophila and mammalian glycosyltransferases respon-
sible for adding each monosaccharide to the glycan are
listed, respectively. O-Fucose has not been observed to be
elongated past the disaccharide form in Drosophila,
(Bruckner et al. 2000; Harvey et al. 2016), indicated by
the bracket

B) (Shao et al. 2003; Muller et al. 2014); and it
only modifies properly folded EGF repeats
(Wang and Spellman 1998). Recently, the struc-
ture of POFUT1 with EGF repeat substrates was
determined and provides insight into the interac-
tions of POFUT1 with the O-fucosylation con-
sensus sequence (Li et al. 2017). The O-fucose
can be elongated to a GIcNAcf1-3Fuc-O-Ser/Thr
disaccharide after the addition of a P1-3N-
acetylglucosamine by the Golgi-localized glyco-
syltransferase Fringe [Fig. 1B, (Bruckner et al.
2000; Moloney et al. 2000a)]. Three homologs of
Drosophila Fringe exist in mammals: Lunatic,
Manic and Radical Fringe [LFNG, MFNG and
RENG, (Johnston et al. 1997)]. In mammals, the
disaccharide can be further elongated to a tetra-
saccharide, Sian2-6GalB1-4GlcNAcP1-3Fuc-O-
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Ser/Thr, by the sequential modifications by a
galactosyltransferase (f4GalT-1) and either an
o2-3- or o2-6-sialyltransferases [Fig. 1B,
(Moloney et al. 2000b)]. In flies, however, elon-
gation of the O-fucose disaccharide on Notch to
the tri- or tetrasaccharide has not been observed
(Xu et al. 2007; Harvey et al. 2016).

The majority of the EGF repeats in the Notch
ECD contain consensus sequences for
O-fucosylation (22 of 36 for Drosophila Notch, 20
of 36 for mouse NOTCHI1). To determine whether
these predicted sites are actually modified, several
studies have investigated their occupancy in
Drosophila Notch and mouse NOTCHI1, observ-
ing O-fucosylation and elongation by Fringe at a
specific subset of predicted sites (Moloney et al.
2000a; Shao et al. 2003; Rampal et al. 2005; Xu
et al. 2007). However, these data did not provide a
complete analysis of all the predicted O-fucose
sites nor the stoichiometry of O-fucosylation. The
recent development of semi-quantitative mass
spectral methods for site-specific analysis of
Notch glycans has allowed mapping of all 22
O-fucose predicted sites in Drosophila Notch and
the 20 predicted sites in mouse NOTCH1 (Harvey
et al. 2016; Kakuda and Haltiwanger 2017). While
a few EGF repeats retained unmodified O-fucose
sites, the majority of sites were modified to high
stoichiometries, indicating a high efficiency of
modification by Ofutl/POFUTI. Interestingly,
endogenous Notch isolated from Drosophila
embryos was modified similarly to Notch pro-
duced in S2 cells (Harvey etal. 2016). Furthermore,
upon co-expression of Drosophila Notch with
Fringe, varying amounts of fucose elongation
were detected (Harvey et al. 2016). Some EGF
repeats were more heavily modified by Fringe,
while others were not (Fig. 2B). These results indi-
cate that Fringe selectively modifies O-fucose on
certain EGF repeats more efficiently than others.
Similarly, LENG and MFNG modified only cer-
tain EGF repeats on NOTCHI1, while RFNG mod-
ified an even smaller subset of those sites (Fig. 2A),
suggesting distinct roles for LFNG, MFNG, and
RFNG on NOTCHI activity (Kakuda and
Haltiwanger 2017). Interestingly, p-hydroxylation
has been proposed to be a potential modulator of
Notch activity, possibly by altering Fringe elonga-

tion (Lavaissiere et al. 1996; Dinchuk et al. 2002).
While mapping O-fucosylation, p-hydroxylation
modifications on EGF repeats 27 and 30 were also
detected, though did not appear to affect the effi-
ciency by which Fringe elongated those O-fucose
sites (Kakuda and Haltiwanger 2017).

2.2 O-Glucosylation

and Xylosylation

O-Glucose was first observed linked to serine
residues on the EGF repeats of the blood coagu-
lation factors VII and IX (Hase et al. 1988;
Nishimura et al. 1989; Hase et al. 1990).
O-Glucose was later detected on the NOTCHI
ECD in the same study that first described
O-fucosylation on NOTCHI (Moloney et al.
2000b). Similar to O-fucosylation, Notch pro-
teins contain more predicted O-glucose sites than
any other protein (Fernandez-Valdivia et al.
2011). The enzymes that mediate the addition of
O-linked glucose to EGF repeats are Drosophila
Rumi and its mammalian homolog Protein
O-Glucosyltransferase 1 (POGLUT1) (Fig. 1B)
(Acar et al. 2008). Like POFUT1, POGLUTI is
an ER resident enzyme with a C-terminal ER
retention sequence (Acar et al. 2008) that also
only modifies properly folded EGF repeats
(Takeuchi et al. 2012). Rumi/POGLUT]1 adds a
glucose to a serine residue in a consensus
sequence that lies between the first and second
conserved cysteine residues of an EGF repeat:
C!xSx(P/A)C? [Fig. 1A and B, (Rana et al.
2011)]. Recently, the structure of Rumi was
solved in a complex with a folded EGF repeat,
and revealed several interactions between Rumi
and the O-glucose consensus sequence, as well as
with a conserved hydrophobic region of the EGF
repeat (Yu et al. 2016). The O-glucose monosac-
charide can be elongated by the addition of a
xylose residue to form a Xylal-3Glcp-O-Ser
disaccharide by glucoside a3-xylosyltransferases
[GXYLTI1 and GXYLT2 in mammals, Shams in
Drosophila, Fig. 1A and B]. The disaccharide
can be further elongated by the addition of a sec-
ond xylose by xyloside o3-xylosyltransferases
(XXYLT1) to form a Xylal-3Xylal-3GlcB-O-
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Fig.2 Summary of
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Ser trisaccharide [Fig. 1B, (Sethi et al. 2010;
Sethi et al. 2012; Lee et al. 2013)]. Yu and col-
leagues solved the structure of XXYLT1 in com-
plex with an Xyla1-3Glcp-O-Ser modified EGF
repeat and provided a detailed view of the mecha-
nisms by which XXYLT1 retains the stereochem-

30 36

20

istry of the donor xylose upon transfer to the
acceptor xylose on the EGF repeat (Yu et al.
2015). From the complexed structure, Yu and col-
leagues not only determined that XXYLT1 rec-
ognizes both the O-glucose disaccharide and the
EGF repeat itself, but also that the EGF repeat
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undergoes an unexpected and substantial confor-
mational change upon binding to the enzyme.
Until these two structures were solved (Rumi/
POGLUTI1 and XXYLTI), the mechanisms of
how folded EGF repeats were recognized and
O-glycosylated by glycosyltransferases had been
unclear. In contrast, other previously published
structures of POFUTI1 [C. elegans (Lira-
Navarrete et al. 2011) and human (McMillan
et al. 2017)] and MFNG (Jinek et al. 2006) were
not in complex with EGF repeat acceptor
substrates.

As with O-fucosylation, several mass spectral
analyses have been published to determine which
predicted O-glucosylation sites are modified, and
also which are elongated by xylosylation (Acar
et al. 2008; Rana et al. 2011; Lee et al. 2013;
Harvey et al. 2016). Rana and colleagues
observed that all O-glucose sites on mouse
NOTCHI1 were predominantly modified with
O-glucose trisaccharide, apart from EGF27
which was underglucosylated (Rana et al. 2011).
Conversely, Harvey and colleagues showed that,
although Rumi modifies each O-glucose site on
Drosophila Notch to high stoichiometries, only
some sites were modified with O-glucose disac-
charide, most notably in the region from EGF15
to EGF20 [Fig. 2C, (Harvey et al. 2016)].
Additionally, while O-glucose trisaccharide was
previously observed on EGF16 and EGF18 of
Drosophila Notch (Lee et al. 2013), semi-quanti-
tative mass spectral analyses reveal the trisaccha-
ride glycoform as only a minor modification at
those sites [Fig. 2C, (Harvey et al. 2016)]. Based
on these data, Rumi/POGLUT1 appears to mod-
ify sites of O-glucosylation with high efficiency
but elongation with xylose may be site and spe-
cies specific.

In addition to these previously studied modifi-
cations, a novel O-linked hexose modification at
the serine residue between conserved cysteines 3
and 4 was recently identified on EGF11 from
human NOTCH1 (Andrawes et al. 2013). The
same modification on EGF11 was separately
observed in the co-crystal structure of NOTCH1-
DLLA4, potentially mediating direct binding inter-
actions and was tentatively identified as an
O-glucose (Luca et al. 2015). This modification

was also observed in the co-crystal structure of
NOTCHI1-JAGL1 [Fig. 1A, (Luca et al. 2017)].
Interestingly, there are two other mammalian gly-
cosyltransferases named KDELC1 and KDELC2
that share homology to Rumi/POGLUT]I.
Although KDELC1 and KDELC2 do not add
glucose to an EGF repeat from human factor VII
containing a classic Rumi/POGLUTI1 site
(Takeuchi et al. 2011), their ability to modify
EGF11 of NOTCHI has not yet been confirmed.
Therefore, this novel modification could poten-
tially prove to be another regulator of Notch
activity.

23 O-GIcNAcylation

Many nuclear and cytoplasmic proteins are modi-
fied with an O-GIcNAc modification catalyzed
by O-GlcNAc transferase (OGT) (Torres and
Hart 1984; Kreppel et al. 1997). However, in
2008, Drosophila Notch was shown to be
O-GlcNAcylated not by OGT, but by a distinct
extracellular EGF-domain specific O-GlcNAc
Transferase (EOGT) that localizes to the ER and
functions independently of the intracellular OGT
(Matsuura et al. 2008; Sakaidani et al. 2011;
Sakaidani et al. 2012). EOGT adds a GIcNAc to
a serine or threonine in a putative consensus
sequence between the fifth and sixth conserved
cysteine of an EGF repeat: CxxGx(T/S)GxxC*¢
[Fig. 1A and B, (Alfaro et al. 2012; Harvey et al.
2016)]. The first site of O-GlcNAcylation estab-
lished on an EGF repeat was on EGF20 of
Drosophila Notch, a site that corroborates the
current consensus sequence (Matsuura et al.
2008). However, of the eighteen predicted
O-GIcNAc sites on Drosophila Notch ECD,
EGF20 was one of only five sites found to be
modified with O-GlcNAc in recent mass spectral
analyses [Fig. 2D, (Harvey et al. 2016)]. Although
sequence comparisons between modified and
unmodified sites do not reveal significant differ-
ences, we speculate that the current consensus
sequence for O-GlcNAcylation is not yet pre-
cisely defined. Additionally, further studies may
reveal that increased EOGT expression leads to
more extensive O-GlcNAcylation, although the
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five sites presently observed to be modified are
potentially those most efficiently modified by
EOGT.

3 Biological Significance
of O-Glycosylation on Notch
Activity

3.1 O-Fucosylation

and O-Glucosylation Are
Essential for Optimal Notch
Activity

POFUT]1 is ubiquitously expressed in adult tissue
and deletion of Ofutl/Pofutl in flies or mice
results in severe embryonic defects (Okajima and
Irvine 2002; Shi and Stanley 2003). In the Pofutl
knockout mice, or in flies with RNAi-mediated
knock down of Ofutl, the phenotype is similar to
those seen with inactive Notch signaling
(Okajima and Irvine 2002; Shi and Stanley 2003).
Pofut]~~ mice are severely defective in somito-
genesis, vasculogenesis, cardiogenesis and neu-
rogenesis (Shi and Stanley 2003). Notch-like
phenotypes observed in Ofutl knockdown flies
include loss of tissue from the wing margin, leg
segment fusions, thickened wing veins and inap-
propriate bristle formation (Okajima and Irvine
2002). However, since Notch is not the sole sub-
strate  for Ofutl/POFUT1 (Vasudevan and
Haltiwanger 2014), the lethal phenotypes associ-
ated with the Ofutl/Pofutl knockouts serve to
emphasize the more global essential roles of
O-fucosylation in embryonic development. Ofutl
has chaperone activity on Notch and is required
for proper trafficking of Notch from the ER to the
cell surface (Okajima et al. 2005; Matsumoto
et al. 2016). POFUT1 also has effects on Notch
trafficking (Okamura and Saga 2008; Yao et al.
2011), although only in certain contexts (Stahl
et al. 2008). Therefore, it is not entirely clear if
POFUT! exhibits chaperone activity in mam-
mals as it does in flies. Nevertheless, together
these studies establish that O-fucosylation by
POFUT1 is required for Notch activity.
O-Glucosylation is also essential for Notch
activity (Acar et al. 2008). Rumi mutants in flies

show Notch-like phenotypes affecting micro-
chaete, eye and leg development in a tempera-
ture-sensitive manner (Acar et al. 2008). Rumi
mutants exhibit these phenotypes when raised at
25 °C but not at 18 °C, although rumi mutants are
sensitive to the loss of one copy of Notch at 18 °C
(Acar et al. 2008). Poglut]l knockout mice are
embryonic lethal and also display Notch-like
phenotypes, such as defects in somitogenesis and
cardiogenesis (Fernandez-Valdivia et al. 2011).
Interestingly, the defects contributing to the
lethality observed in Poglut] mutants were more
severe than those of Notch mutants, indicating
that other targets also require O-glucosylation by
POGLUT! for development. For example, recent
studies suggest that O-glucosylation of
CRUMBS?2 is essential for its function, and
mutants in Crumbs2 also result in early embry-
onic lethality (Ramkumar et al. 2015).

3.2 Extension of O-Fucose or
O-Glucose Beyond the
Monosaccharide Modulates

NOTCH Function

Like Notch, the fringe gene was first character-
ized in Drosophila and is required for normal
wing, eye and leg development (Irvine and
Wieschaus 1994; Panin et al. 1997). The three
mammalian fringe homolog genes, Lfng, Mfng
and Rfng, are expressed in specific developmen-
tally regulated patterns in mice (Johnston et al.
1997). To examine biological functions of the
three mammalian Fringes, individual and com-
bined knockout mice have been generated
(Evrard et al. 1998; Zhang et al. 2002; Moran
et al. 2009; Svensson et al. 2009; Song et al.
2016). Homozygous Lfng mutants have reduced
viability at birth and before weaning; however,
surviving mice have skeletal abnormalities and
display truncated tails with shortened body axes
due to severe somitogenesis defects (Evrard et al.
1998). Subsequent studies have demonstrated
that Lfng plays an important role in the “somito-
genesis clock”, regulating the timing of Notch
activation during somitogenesis (Wahi et al.
2016). Elimination of either Mfng or Rfng show
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no defects in embryonic development (Zhang
et al. 2002; Moran et al. 2009) and no additional
embryonic effects were observed in mice lacking
all three Fringe genes not seen in Lfing null mice
(Zhang et al. 2002; Moran et al. 2009; Svensson
et al. 2009). However, mice lacking all three
Fringe genes have furthered our understanding of
Notch modulation by Fringe in various
other aspects of development, most recently
demonstrating Fringe function in T and B cell
development (Song et al. 2016). LENG has been
implicated as a regulator of Notch activity during
angiogenesis (Benedito et al. 2009) and kidney
development (Liu et al. 2013). MFNG and RFNG
have also been implicated in a variety of Notch-
dependent processes, such as bile duct remodel-
ing and heart development (Ryan et al. 2008;
D'Amato et al. 2016). Lastly, although mice with
mutations in f4GalT-1, the galactosyltransferase
that generates the O-fucose trisaccharide, did not
initially show any Notch phenotype (Asano et al.
1997; Lu et al. 1997), a later study specifically
inspecting for embryonic deficiencies revealed
subtle somitogenic and skeletal defects in mouse
embryos lacking f4GalT-1 (Chen et al. 2000).

In contrast to O-fucose elongation, the roles of
the di- and trisaccharide forms of the O-glucose
observed on Notch are less understood (Rana
et al. 2011; Lee et al. 2013). Interestingly, shams
mutants show gain-of-function of certain Notch-
like phenotypes (wing vein and bristle formation)
and overexpression of human glucoside xylosyl-
transferase, GXYLT1, inhibited Notch signaling
in flies (Lee et al. 2013). Lee and colleagues also
found that while mutations of individual
O-glucose sites did not affect Notch cell surface
expression in the larval wing, they did increase
Notch surface expression in the pupal wing and
attributed the cause to a difference in expression
of Shams between those stages of development
(Lee et al. 2013). Another study found that Rumi/
POGLUT!1 negatively regulates JAG1-induced
Notch signaling in the liver and proposed it as a
unique setting for inhibition of Notch activity
mediated by xylosylation in the development of a
specific organ system (Thakurdas et al. 2016).
Overall, xylosylation of the O-glucose appears to
serve as another modulator of Notch activity,

especially considering that O-glucose promotes
Notch activity while subsequent xylosylation
inhibits it (Lee et al. 2013).

3.3 Diseases Caused by Mutations
in Glycosyltransferases that

Modify Notch

Because the Notch signaling pathway controls
several developmental processes and the mainte-
nance of various tissues, there are many diseases
that are caused by inappropriate Notch signaling.
Alagille Syndrome and CADASIL are diseases
attributed to mutations in the NOTCH2 and
NOTCH3 genes, respectively (Joutel et al. 1996;
McDaniell et al. 2006; Kamath et al. 2012).
Additionally, the roles of the Notch signaling
pathway in various cancers have been well stud-
ied, and were recently summarized in an in-depth
review (Aster et al. 2016). However, there are
other diseases that are caused by defects in the
glycosyltransferases  that modify  Notch.
Dowling-Degos disease (DDD) is a rare autoso-
mal-dominant disease that presents with hyper-
and hypopigmentation in flexure areas, as well as
erythematous macules and papules on the neck,
chest and abdomen. Originally, loss of function
mutations in KERATIN5 were found to cause
DDD, but KERATIN5 mutations were only
observed in fewer than 50% of patients. Since
2013, mutations in one copy of POFUTI or
POGLUTI (heterozygous) have been identified
in DDD patients, and new mutations continue to
be reported (Li et al. 2013; Basmanav et al. 2014;
Chen et al. 2014; Li et al. 2016). POFUT] itself
has also been shown to be upregulated in colorec-
tal cancer (Loo et al. 2013), oral squamous cell
carcinomas (Yokota et al. 2013), glioblastomas
(Kroes et al. 2007), more aggressive hepatocel-
lular carcinomas (Sawey et al. 2011; Ma et al.
2016) and gastric cancers (Dong et al. 2017).
Mutations in POGLUTI and XXYLTI that spe-
cifically alter enzyme activity have been associ-
ated with various cancers (Yu et al. 2015; Yu et al.
2016). Additionally, it has been suggested that
POGLUTI overexpression contributes to the
pathogenesis of acute myelogenous leukemia and
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T cell acute lymphoblastic leukemia (Wang et al.
2010). More recently, a family with an autosomal
recessive limb-girdle muscular dystrophy was
found to harbor a homozygous missense muta-
tion in POGLUTI (Servian-Morilla et al. 2016).
This mutation greatly reduces (but does not elim-
inate) the O-glucosyltransferase activity of the
enzyme, reducing Notch activity and negatively
affecting satellite cell renewal. Such studies
reveal new biological roles for these glycosyl-
transferases and more are likely to be
discovered.

LFNG, MFNG and RFNG have also been
found to cause disease when their expression lev-
els or activities are altered. Spondylocostal
Dystostosis is characterized by congenital verte-
bral segmentation and rib defects. During
embryogenesis in vertebrates, skeletal muscle,
spinal vertebrae and ribs are formed from
somites, produced during somitogenesis, a devel-
opmental process that is largely controlled by the
Notch signaling pathway (Weinmaster and
Kintner 2003). Although other proteins within
the Notch signaling pathway are mutated in cases
of the Spondylocostal Dysostosis, particularly
severe cases are caused by a homozygous mis-
sense mutation in LFNG (Sparrow et al. 2006). A
deficiency in LFNG and higher expression of
MFNG have been shown to induce basal-like and
claudin-low breast cancers (Xu et al. 2012; Zhang
et al. 2015). LFNG also plays a tumor suppres-
sive role in both prostate and pancreatic cancers
(Zhang et al. 2014; Zhang et al. 2016).

The role of O-GlcNAcylation on Notch is not
entirely clear, since Eogt mutants do not show
any significant Notch phenotypes in flies, but do
show phenotypes associated with the protein
Dumpy, an EOGT target protein containing 306
EGEF repeats (Sakaidani et al. 2011; Muller et al.
2013). However, wing-blistering phenotypes
observed in Eogt mutants are suppressed upon
removal or mutation of Notch signaling pathway
members (Muller et al. 2013). Interestingly,
mutations in EOGT in humans have been recently
associated with Adams-Oliver syndrome (AOS),
which is a rare congenital disorder typically char-
acterized by aplasia cutis congenita of the scalp,
as well as terminal limb defects (Shaheen et al.

2013; Cohen et al. 2014). EOGT mutations asso-
ciated with AOS were tested in HEK293T cells,
yielding decreased EOGT expression, altered
cellular localization and impaired enzymatic
activity (Ogawa et al. 2015). Further analyses of
AOS patients have uncovered additional muta-
tions in members of the Notch signaling pathway
that may contribute to the disease (Stittrich et al.
2014; Meester et al. 2015). These studies impli-
cate EOGT as a modulator of Notch signaling in
the pathogenesis of AOS. Additionally, a very
recent study confirms the importance of EOGT
for vascular development in mice and also pro-
vides new insight to the role of O-GlcNAc and
EOGT on Notch activation and ligand binding to
DLL1 and DLL4 (Sawaguchi et al. 2017).

4 Molecular Mechanisms

for the Effects

of O-Glycosylation on Notch
4.1 O-Fucosylation of the Ligand-
Binding Domain Is Essential
for Optimal Notch-Ligand
Binding

Elimination of Ofutl in flies or Pofut! in mice
inhibits Notch activity in all contexts examined
(Okajima and Irvine 2002; Shi and Stanley 2003),
suggesting that O-fucosylation of Notch is essen-
tial for its function. In the fly system, Ofutl has a
chaperone activity not linked to its fucosyltrans-
ferase activity that is required for cell-surface
expression of Notch (Okajima et al. 2005;
Matsumoto et al. 2016). As mentioned above, the
chaperone activity of POFUT]1 is less clear in the
mouse, where elimination of Pofut/ in embryonic
stem cells does not affect cell-surface expression
of Notch, but is required for ligand binding (Stahl
et al. 2008). This is consistent with studies that
showed that elimination of O-fucose sites in EGF
repeats reduced Notch-ligand interactions or
ligand-dependent Notch activation (Rampal et al.
2005; Xu et al. 2005; Shi et al. 2007). In particu-
lar, elimination of the conserved O-fucose site in
EGF12, which is part of the classically defined
ligand-binding domain [EGF11-12, (Rebay et al.
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Fig.3 O-Fucose
glycans on NOTCH1
EGF8 and EGF12
directly interact with
ligand. Structure of
NOTCHI1 (EGF8-12)
and JAG1 (N-terminus
to EGF3) are shown in
magenta and green,
respectively, in complex,
modified with
permission from (Luca
et al. 2017). Selected
interfaces between
NOTCHI1 EGFS and
EGF12 with JAG1 are
shown in zoomed
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windows. The O-fucose
modifying T466 on
NOTCHI1 EGF12 forms
a hydrogen bond with
the backbone carbonyl
of Y82 in the JAG1 C2
domain. In addition, the
O-fucose on T311 of
NOTCHI1 EGFS forms a
hydrogen bond with the
side chain of JAG1
N298. Calcium ions are
represented as gray
spheres. O-Glycans are
highlighted in orange

1991)] reduced ligand-binding and Notch activa-
tion (Rampal et al. 2005; Shi et al. 2007).
Mutation of this site in EGF12 in endogenous
Drosophila Notch or mouse NOTCHI1 also had
effects (Lei et al. 2003; Ge and Stanley 2008) but
less severe than those caused by elimination of
either Ofutl or Pofutl, suggesting that O-fucose
modifications on other EGF repeats must also
play important roles in Notch function. Several
recent studies have extended the “ligand-binding
domain” to EGF8-12 of Notch (Andrawes et al.
2013; Kakuda and Haltiwanger 2017; Luca et al.
2017). In particular, the analysis of other mutated
O-fucose sites showed that O-fucose on EGF8 is
important for NOTCHI1 function (Kakuda and
Haltiwanger 2017). Also, the O-fucose on EGF8
and 12 on NOTCHI1 have been shown to interact
with JAGI in a recent co-crystal [Fig. 3, (Luca
et al. 2017)]. Thus, O-fucosylation of the ligand-

binding domain plays an important role in Notch-
ligand interactions.

4.2 Fringe Modifications “Mark”
Regions of the Notch ECD
to Activate or Inhibit Notch

Activity

Since the establishment of the modulatory roles
of Fringe-mediated O-fucose elongation on
Notch activity in Drosophila (Panin et al. 1997;
Moloney et al. 2000a; Shao et al. 2003), several
groups have sought to uncover the specific
molecular mechanisms of how Fringe enhances
Notch activation by Delta but inhibits activation
by Serrate. Bruckner and colleagues were the
first to show that Fringe modulates Notch activity
by altering its ability to bind Delta in a cell based
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binding assay (Bruckner et al. 2000). Bruckner
and colleagues were unable to detect any binding
to Serrate in their assays, although Xu and col-
leagues would later show that Fringe indeed
enhances binding of Notch to Delta while inhibit-
ing Notch binding to Serrate in an in vitro bind-
ing assay (Xu et al. 2007). Thus, in flies, Fringe
appears to modulate Notch activity by enhancing
Notch-Delta binding and reducing Notch-Serrate
binding. In an attempt to identify specific Fringe-
elongated O-fucose sites that affect ligand inter-
actions, the O-fucose consensus sequences of
specific EGF repeats in Drosophila Notch were
mutated and analyzed for Fringe effects on ligand
binding (Xu et al. 2005). No single O-fucose site
was found to be individually responsible for
mediating the Fringe effect on ligand binding.
The authors concluded that Fringe modification
of multiple sites was responsible for the ligand
binding effects that Fringe has on Notch.

Similar experiments have been performed
with mammalian Notch proteins, although the
mammalian system is more complicated with
four Notch receptors and three Fringe proteins.
While experiments consistently show that Notch
modifications by any of the Fringes enhance
binding to and activation by DLL ligands (Hicks
et al. 2000; Yang et al. 2005; Hou et al. 2012;
LeBon et al. 2014; Kakuda and Haltiwanger
2017), inconsistent effects of Fringe proteins on
binding and activation from JAG ligands have
been reported. One possible cause for these
inconsistent results is that many of the cells used
in these experiments express multiple Notch
receptors [e.g. CHO cells express all four (Hou
et al. 2012)]. Since each Fringe has distinct
effects on different Notch receptors (Hicks et al.
2000; Yang et al. 2005), it could be difficult to
determine which Notch receptor is being affected.
Studies focusing on the effects of individual
Fringes on a single Notch receptor (NOTCH1)
yield more consistent results (Yang et al. 2005;
LeBon et al. 2014; Kakuda and Haltiwanger
2017). In these reports, LFNG, MFNG and
RFNG activate NOTCH1 from DLL1 by enhanc-
ing DLLI-NOTCHI binding. The O-fucose
modifications on EGFS8 and 12 of NOTCHI are
required for this effect, indicating these are the

most critical O-fucose sites responsible for
Fringe-mediated  enhancement of DLLI-
NOTCHI1 binding (Kakuda and Haltiwanger
2017). Interestingly, LFNG and MFNG inhibit
NOTCHI1 activation from JAGI1, while RENG
enhances NOTCHI1 activation from JAGI. In
addition, contrary to what has been observed in
Drosophila studies, all three Fringe proteins
enhance JAG1-NOTCHI1 binding (Yang et al.
2005; Taylor et al. 2014; Kakuda and Haltiwanger
2017). This suggests that inhibition of JAGI-
NOTCHI activation by LENG and MFNG is not
caused by reduced binding, but by some events
downstream of ligand-binding. Elimination of
the O-fucose residues on EGF6 and 36 abrogated
the ability of either LFNG or MFNG to inhibit
NOTCHI activation by JAGI, suggesting these
are the sites contributing most to this effect on
NOTCHI1-JAG1  activation (Kakuda and
Haltiwanger 2017). Also, elimination of the
O-fucose sites on EGF6 and 36 had no effect on
NOTCH1-JAGI binding, consistent with the fact
that they are not part of the ligand-binding
domain. Thus, EGF6 and 36 affect Notch activa-
tion through a mechanism other than ligand bind-
ing. The main conclusions from these studies are
summarized in Fig. 2A. Ultimately, these results
show that all three Fringe proteins ‘“mark”
O-fucose residues on EGF8 and 12 of NOTCHI
as those that enhance binding to and activation by
DLL1. In addition, LEFNG and MFNG, but not
RFNG, “mark” the O-fucose residues on EGF6
and 36 to inhibit NOTCH1 activation from JAG1,
although the mechanism by which this occurs is
currently unknown.

In mammals, the O-fucose disaccharide can
be further elongated to a tetrasaccharide
(Moloney et al. 2000b) and subsequent studies
have explored the function of the O-fucose gly-
can when elongated past the disaccharide. Chen
and colleagues demonstrated that the galactose
present in the O-fucose trisaccharide is required
for LFNG or MFNG to inhibit Notch signaling
from JAG1 (Chen et al. 2001). The O-fucose on
EGF6 is elongated to the trisaccharide, indicating
that the addition of galactose to this site is impor-
tant for the effects of LENG and MFNG to inhibit
JAGI-NOTCH1  activation (Kakuda and
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Haltiwanger 2017). Interestingly, Hou and col-
leagues later showed that although both LENG
and MFNG increase Notch signaling from DLL1,
the O-fucose trisaccharide is required for the
LFNG effect, but inhibits the MENG effect (Hou
et al. 2012). However, elongation of the O-fucose
past the disaccharide glycoform on EGF12 of an
EGF11-13 fragment had no additional effect on
DLL1 binding (Taylor et al. 2014). Although the
addition of the galactose does not appear to be
important ligand binding on EGF12, elongation
of other sites to the trisaccharide glycoform may
mediate these differential effects of LFNG and
MENG.

4.3 O-Glucosylation Affects Notch
Protein Stability

and Trafficking

Although O-glucosylation is required for proper
Notch activity (Acar et al. 2008; Fernandez-
Valdivia et al. 2011), the molecular mechanisms
by which O-glucosylation affects Notch function
continue to be explored. Interestingly, rumi
mutants in Drosophila are temperature sensitive
for Notch phenotypes, regardless of whether the
mutant is a simple point mutant or a complete
loss of coding sequence (Acar et al. 2008). This
suggests that the loss of O-glucose from Notch
potentially destabilizes the receptor, causing a
loss of function at higher temperatures. Loss of
Notch-ligand binding was not observed in rumi
mutants, though mutants did show localization
defects at non-permissive temperatures (Acar
et al. 2008). This result complements several
other studies that have indicated a role for
O-glucosylation in the proper folding and export
of surface expressed proteins through the secre-
tory pathway. Eyes shut, another Rumi/
POGLUT1 target, showed intracellular accumu-
lation in rumi mutants, affecting rhabdomere
separation in the developing eye in flies (Haltom
et al. 2014). Similarly, mouse CRUMBS?2,
another Rumi/POGLUT1 target protein, was
shown to accumulate within the ER in Poglutl
mutant mice, thus inhibiting normal gastrulation
(Ramkumar et al. 2015). Although these data

suggest that O-glucosylation by Rumi/POGLUT1
may affect the trafficking of Notch, it was found
that the accumulation of Notch in rumi mutants
was not due to ER entrapment and that the levels
of Notch on the surface of the larval rumi mutant
cells were still comparable to those of wild-type
levels (Acar et al. 2008). Interestingly, a later
study found that O-glucosylation plays a critical
role in Notch trafficking, specifically in the
export of Notch from the ER, but noted that loss
of O-glucosylation could be compensated for by
O-fucosylation on Notch (Matsumoto et al.
2016). Therefore, Matsumoto and colleagues
concluded that while O-glucose is important for
Notch trafficking and expression, its role may be
masked by O-fucosylation redundancy. Another
hint as to the role of O-glucose on Notch was
shown by the expression of the Notch receptor
with a deletion of the LNR repeats from the
Notch ECD, causing ligand-independent S2
cleavage and activation (Leonardi et al. 2011).
The gain-of-function phenotypes seen with this
deletion were fully suppressed after the loss of
rumi, suggesting that O-glucosylation of the
Notch is a prerequisite for S2 cleavage at high
temperatures. While this certainly suggests a
unique mechanism for modulation of Notch
activity, the precise role of O-glucose on Notch is
still unclear.

Similar to studies on O-fucose,
O-glucosylation sites have been mutated and
evaluated for effects on Notch function in both
flies and mice. Studies examining O-glucose site
mutants in groups of different EGF repeats in
Drosophila Notch showed that modification of
multiple EGF repeats with O-glucose (in partic-
ular EGF10-20) serve to buffer against the tem-
perature sensitive phenotypes observed in rumi
mutant flies (Leonardi et al. 2011). As with the
elimination of rumi, mutation of the O-glucose
sites did not affect the ability of Notch to bind to
ligands (Acar et al. 2008; Leonardi et al. 2011).
The mutation of individual O-glucose sites on
mouse NOTCHI1 revealed that O-glucosylation
of EGF28 is required for efficient activation by
DLL1 but not by JAG1 (Rana et al. 2011).
Together, these results indicate that while there
may be some functional redundancy between
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O-fucose and O-glucose for the folding of Notch,
the function of O-glucosylation on Notch is dis-
tinct from that of O-fucosylation.

Structural Studies Provide
Functional Significance
to O-Glycosylation on Notch

4.4

Structural studies have the potential to offer sig-
nificant insight into Notch receptor function.
However, one of the greatest limitations imped-
ing structural analyses of the Notch receptor is
simply its large size. Therefore, small fragments
or individual protein domains of the Notch recep-
tor have been used for various structural studies.
Since the role of glycosylation on Notch has
remained poorly understood, several groups have
investigated whether glycosylation affects the
protein structure of Notch (Hiruma-Shimizu
et al. 2010; Taylor et al. 2014; Luca et al. 2015;
Hayakawa et al. 2016). Taylor and colleagues
found that the backbone structure of EGF11-13
from human NOTCHI remained unchanged
between the unglycosylated, O-fucosylated or
Fringe-elongated glycoforms, despite intramo-
lecular contacts made between the sugars and
amino acid residues of EGFI12 (Taylor et al.
2014). In attempt to better understand the interac-
tions between Notch receptors and their ligands,
structures of the individual ligands have been
solved (Cordle et al. 2008; Chillakuri et al. 2013;
Kershaw et al. 2015). However, Luca and col-
leagues were the first to obtain the structure of
NOTCHI1 in complex with a ligand (Luca et al.
2015). Interestingly, Luca and colleagues accom-
plished this only after performing multiple
rounds of ligand affinity maturation to optimize
NOTCHI1-DLL4 stability for their structural
studies. The NOTCHI1-DLL4 complex was col-
linear in an anti-parallel orientation, and they too
observed that the calcium ions rigidified the bind-
ing platform, although calcium did not directly
participate in the NOTCHI-DLL4 interface.
They also found that the O-fucose on EGF12 was
embedded directly in the NOTCH1-DLL4 inter-
face, enhancing NOTCHI-DLL4 interactions.
Although the O-glucose modifications mediated

by POGLUT1 on NOTCHI had no direct con-
tacts with DLL4, they shielded hydrophobic resi-
dues on NOTCHI. More recently, Luca and
colleagues have used the same methodologies to
generate a co-crystal between NOTCHI and
JAGI [Fig. 3, (Luca et al. 2017)]. This structure
revealed multiple interactions between each of
the NOTCH1 EGF repeats in an anti-parallel ori-
entation with JAGL. Of particular note, the
O-fucose residues on EGF8 and EGF12 were in
direct contact with JAG1. As mentioned above,
elimination of these sites reduces binding to and
activation by both DLL1 and JAG1 (Kakuda and
Haltiwanger 2017; Luca et al. 2017). These
results provide explicit evidence for the roles of
O-fucose modification of the newly defined
ligand-binding ~ domain (EGF8-12)  on
NOTCHI1 in mediating ligand interactions.

5 Development of Small
Molecules to Alter Notch
O -Glycosylation
and Function

Since Notch can function as either an oncogene
or a tumor suppressor depending on context
(Aster et al. 2016), the identification of small
molecules that can increase or decrease Notch
activity may be useful for therapeutics. Since
O-glycosylation is not only essential for Notch
function but also modulates Notch activity, mol-
ecules that target the glycosyltransferases that
modify Notch have the potential to be very effec-
tive. Thus, inhibitors of POFUT1 or POGLUT1
could potentially be Notch inhibitors, while
inhibitors of the xylosyltransferases (GXYLT1/2
or XXYLT1) could function as Notch activators.
Similarly, Fringe inhibitors could increase or
decrease Notch activity depending on the domi-
nant ligand in a given system. The recent deter-
mination of structures for POGLUTI1 (Yu et al.
2016), POFUT1 (Li et al. 2017), and XXYLT1
(Yu et al. 2015) will greatly aid the development
of inhibitors for these enzymes. In addition, a
recent report suggests that fucose analogs (chem-
ically modified fucose molecules) can be utilized
as substrates by POFUT1 and incorporated onto
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Notch EGF repeats in cells to inhibit Notch bind-
ing of DLL ligands but not JAG ligands
(Schneider et al. 2018). These sugar analogs pro-
vide a novel means of inhibiting Notch activity in
a ligand-specific manner. Ultimately, these ana-
logs can used as tools for better understanding
how O-glycans affect Notch activity or them-
selves be developed into novel therapeutics for
Notch-related diseases.

6 Conclusions

Despite significant advancements to the field of
Notch signaling, complicated questions regard-
ing ligand binding and Notch activation still
remain unanswered. Due to the complexity of the
signaling pathway (Hori et al. 2013), the size of
the receptor and the influence of multiple types of
glycosylation, the scope of individual studies is
often limited to a small aspect of the actual mech-
anisms occurring in vivo. Nevertheless, such
studies provide a necessary foundation for future
advancements. Recent site mapping studies have
revealed the site occupancy of O-glucosylation,
O-GlcNAcylation, O-fucosylation and Fringe
elongation, although additional studies are
required to determine how and why certain sites
are modified while others are not (Shao et al.
2003; Rampal et al. 2005; Takeuchi et al. 2012;
Harvey et al. 2016; Kakuda and Haltiwanger
2017). In mapping the sites of O-fucosylation on
Notch, several O-fucose sites were found to be
efficiently elongated by Fringe but did not have
great effects on Notch activity (Kakuda and
Haltiwanger 2017). This raises questions regard-
ing the effects of site-specificity in relation to
other mechanisms of Notch activity. Harvey and
colleagues also found sites of Fringe elongation
adjacent to conserved non-calcium binding EGF
repeats located outside the conventional ligand-
binding domain, possibly serving to alter the
structure of those EGF repeats (Harvey et al.
2016). Many publications have speculated on the
global conformation of the Notch ECD, but addi-
tional studies are needed to fully clarify the
effects of glycosylation on Notch structure and
function. Lastly, there exist seemingly unknown

events affected by Fringe elongation of O-fucose
and O-glucosylation that couple ligand binding
to Notch activation and are yet to be explained.
Whatever the mechanisms, they appear to differ
from those established in the Drosophila Notch
signaling pathway and pose interesting evolu-
tionary questions.

Despite the tremendous amount of progress
since the Notch gene was first sequenced, certain
aspects of the Notch signaling pathway, though
extensively studied to date, are yet to be fully
understood. O-Glycosylation is an essential mod-
ification for Notch activation and regulation. The
effects of glycosylation on Notch exemplify the
direct impacts of glycosylation on protein func-
tion and emphasize that glycosylation should not
be overlooked. The ability to manipulate these
glycans to modulate Notch activity may provide
a novel class of research tools or potential thera-
peutics for Notch-related diseases.
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Modeling the Notch Response

Udi Binshtok and David Sprinzak

Abstract

NOTCH signaling regulates developmental
processes in all tissues and all organisms
across the animal kingdom. It is often involved
in coordinating the differentiation of neigh-
boring cells into different cell types. As our
knowledge on the structural, molecular and
cellular properties of the NOTCH pathway
expands, there is a greater need for quantita-
tive methodologies to get a better understand-
ing of the processes controlled by NOTCH
signaling. In recent years, theoretical and
computational approaches to NOTCH signal-
ing and NOTCH mediated patterning are gain-
ing popularity. Mathematical models of
NOTCH mediated patterning provide insight
into complex and counterintuitive behaviors
and can help generate predictions that can
guide experiments. In this chapter, we review
the recent advances in modeling NOTCH
mediated patterning processes. We discuss
new modeling approaches to lateral inhibition
patterning that take into account cis-
interactions between NOTCH receptors and
ligands, signaling through long cellular pro-
trusions, cell division processes, and coupling
to external signals. We also describe models of

somitogenesis, where NOTCH signaling is
used for synchronizing cellular oscillations.
We then discuss modeling approaches that
consider the effect of cell morphology on
NOTCH signaling and NOTCH mediated pat-
terning. Finally, we consider models of bound-
ary formation and how they are influenced by
the combinatorial action of multiple ligands.
Together, these topics cover the main advances
in the field of modeling the NOTCH response.
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Abbreviations

SOP Sensory organ precursors

NICD  NOTCH intra-cellular domain

DIl DELTA-LIKE-1

Dll4 DELTA-LIKE-4

EGF Epidermal growth factor

VEGF  Vascular endothelial growth factor

VEGFr Vascular endothelial growth factor
receptor

ISCs Intestinal stem cells

EBs Enteroblasts

PSM Presomitic Mesoderm
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1 Introduction

NOTCH signaling is the canonical signaling
pathway used to coordinate the differentiation
between neighboring cells during animal devel-
opment (Artavanis-Tsakonas et al. 1999;
Artavanis-Tsakonas and Muskavitch 2010;
Kovall et al. 2017). Not only the molecular mech-
anism of NOTCH is highly conserved from
worms, through flies, to humans, but also many
of the developmental processes and circuits in
which NOTCH is involved, are highly conserved.
A classic example for such a conserved process is
that of lateral inhibition patterning that describes
the transition from an initially uniform field of
cell to an alternating pattern of differentiation.
Examples for lateral inhibition processes include
the selection of sensory organ precursors (SOP,
sensory bristles) in the Drosophila notum
(Heitzler and Simpson 1991), hair cell patterning
in the vertebrate inner ear (Daudet and Lewis
2005), the differentiation of intestinal precursors
into absorptive and secretory cells (Sancho et al.
2015) and more. Other prototypical processes
known to involve NOTCH signaling include
asymmetric cell division (e.g. during neurogene-
sis), defining boundary cells (e.g. wing veins and
wing margin), and coordinating synchronized
oscillations (e.g. somitogenesis) (Artavanis-
Tsakonas et al. 1999; Lewis 2003).

NOTCH mediated lateral inhibition has been
first modeled by Julian Lewis and co-workers in
1996 (Collier et al. 1996). Since then, a large
body of theoretical works have been developed to
describe various aspects of NOTCH mediated
patterning processes, including different types of
lateral inhibition, boundary formation, wavefront
propagation and synchronized oscillations
(Shaya and Sprinzak 2011). Such models are
used to formalize heuristic concepts into a quan-
titative picture that can help explaining unintui-
tive behaviors and generate testable predictions.

As our molecular and cellular understanding
of NOTCH signaling progresses and more quan-
titative data is gathered, so do the modeling
approaches become more refined and account for
a larger variety of phenomena. In this chapter, we
review the recent advances in modeling NOTCH

mediated processes. Our goal is to provide a
comprehensive picture of the current works in the
field and represent the main approaches used to
mathematically describe NOTCH mediated
developmental processes. We focus here on the
mathematical framework used in different
approaches and provide the basic equations used
to for each approach. For those who are inter-
ested in getting more practical information on
performing the simulations, we refer to the prac-
tical tutorial by Formosa-Jordan and Sprinzak
(Formosa-Jordan and Sprinzak 2014).

The chapter has four main sections corre-
sponding to four topics. The first topic (Sect. 2) is
lateral inhibition and extensions of the basic
model to take into account cis-inhibition, cell
divisions, filopodia, and external signals. The
second topic (Sect. 3) is modeling synchronized
oscillations during somitogenesis. The third topic
(Sect. 4) is the role of cell geometry on NOTCH
signaling and NOTCH mediated patterning. The
fourth topic (Sect. 5) is NOTCH signaling during
boundary formation and the role of multiple
ligands.

2 Models of Lateral Inhibition
2.1 The Basic Lateral Inhibition
Model

While the general concept of lateral inhibition
has been first discussed by Wigglesworth in
1940 (Wigglesworth 1940), it was not until the
1990s that these concepts were formalized into a
well-defined mathematical model (Collier et al.
1996). At its core, lateral inhibition patterning is
a symmetry breaking process where a group of
initially identical cells differentiate into alternat-
ing patterns of cell fates. This process involves a
local competition between neighboring cells,
where at a certain developmental time, all cells
“strive” to differentiate into one cell type and at
the same time prevent their neighbors from
becoming that cell type. Within each small group
of cells, one cell prevails and subsequently sup-
presses all its direct neighbors through NOTCH
signaling.
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The essential symmetry breaking process dur-
ing lateral inhibition patterning is achieved by an
intercellular feedback loop, in which NOTCH
signaling from one cell downregulates DELTA
ligand activity in the neighboring cell (Fig. 1a).
This feedback can amplify small initial differ-
ences between cells, so that one cell ends up
expressing high levels of DELTA ligand while its
neighbors express low levels of DELTA. This
type of mechanism can in principle generate the
typical checkerboard like patterns associated
with lateral inhibition.

The first work to mathematically model this
process was the work by Collier and colleagues
(Collier et al. 1996). The Collier model contains
differential equations describing the time evolu-
tion of two variables - activated NOTCH and
DELTA in each cell. Here, we will use a slightly
expanded model developed by Sprinzak et al.
(Sprinzak et al. 2010) that directly accounts for
NOTCH receptors, DELTA ligands and signal
levels as well as for the intracellular feedback
represented by a repressor which is activated by
NOTCH signaling and represses DELTA produc-
tion (Fig. 1a).

The mechanism underlying the model
(Fig. 1a) is described by the following set of reac-
tions between NOTCH receptors and DELTA
ligands on a lattice of cells.

1. NOTCH receptors from one cell, denoted by
N,, interact with DELTA ligands on a neigh-
boring cell, denoted by D;, to produce a signal
(representing the cleaved intracellular
domain of NOTCH). The interaction is
described by a Michaelis-Menten reaction:

N, +D, =~ [NiDj]isHi (1)

Where the index i represents one cell in a
lattice of cells, and the index j represent a
neighboring cell j of cell i. [N;D;] denotes the
NOTCH-DELTA complex between cell i and
cell j. k* and k™ are the association and disso-
ciation rates of NOTCH and DELTA, respec-
tively. &5 is the rate associated with conversion

of the NOTCH-DELTA complex into a signal
[namely, the inverse time it takes for the
NOTCH intracellular domain (NICD) to get
cleaved once it interacts with DELTA]. s; _,
denotes the signal generated in cell i by inter-
action with cell j. The total signal generated in
cell i is the summation over the signals gener-
ated from all of its neighboring cells:

S, =%,5,., @)

2. The total signal in each cell activates a repres-
sor, denoted by R,, that downregulates the
DELTA production in that cell:

S, >R D, 3)

The activation of the repressor by the sig-
nal and the repression of DELTA by the
repressor are phenomenologically described
in terms of an increasing and decreasing sig-
moidal Hill functions, respectively.

3. NOTCH production rate is assumed to be
constant.

4. All variables are assumed to have constant
degradation rates.

These reactions are then converted into a set of
ordinary differential equations for the levels of
NOTCH, N,, DELTA, D; and the repressor, R;, in
each cell i (Sprinzak et al. 2010):

d_ti:'BN _yNNi _K;IN[<D>,- “4)
dD, i -
?zﬁu 7 _:Ri, _VDDi_Kr]Di<N>,~ (5)
k! "
dR ( o <D>’}
& _p \Ts 7R (©
dt !
i +[ ! N,(D)J
Vs

where fy, fp and i are the maximal production
rates of NOTCH, DELTA and the repressor,
respectively. yn, ¥p, Yz, and ys are the degradation
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(A) “Classical” lateral inhibition

(B) Cis-inhibition in pattern
refinement

Lateral inhibition  Lateral inhibition
+time delay +time delay
+ cis-inhibition

(D) Lateral inhibition and cell
division

Colonic crypt dynamics of cell production

Dispersive
migration
zone

@ stem cell @Gobletcell @ Absorptive cell

Fig.1 Models of lateral inhibition. (a) “Classical” lateral
inhibition. Top — Schematic representation of a lateral
inhibition circuit in two cells. In this circuit NOTCH sig-
naling in each cell is generated by the interactions between
NOTCH receptors (N1 and N2) and NOTCH ligands (D1
and D2). NOTCH signaling in each cell activates a repres-
sor (R1 and R2) that downregulates the expression or
activity of DELTA in that cell. Bottom — A typical simula-

(C)Filopodia mediated patterning

w,> 0
_Jc>0,0<rsn
Wf'{o >

Wp=0
~JC>0,r=n
Wf_{O JT#n

Wp=0
rerR
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tion result on a hexagonal lattice of cells. Simulation start-
ing with uniform initial conditions (plus noise) results in a
salt-and-pepper like pattern where each high DELTA cell
(red) is surrounded by low DELTA cells (green). (b) Cis-
inhibition in pattern refinement. Top — Schematic repre-
sentation of a lateral inhibition model that includes
cis-inhibition between receptors and ligands. In the cis-
inhibition model, a ligand on one cell binds to a receptor
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rates of NOTCH, DELTA, repressor and signal,

+_ .S

KK
——— denotes the strength

respectively. k' = ———
K +K

of trans-activation. The repression and activation
reactions in Eqgs. (5) and (6) are described in
terms of Hill functions, where py and pg describe
the effective K, for the repressor and the signal,
respectively, and / and m describe the Hill coef-
ficients for the two reactions. The terms (D), and
(N); are the summation of DELTA and NOTCH,
respectively, over the neighboring cells j that are
in direct contact with cell i:

<D>,- = (Zj D; )i

<N>,- :(Zj Nj),»

The total number of differential equations is three
times the number of cells.

Equations (4)—(6), can then be solved using
standard ordinary differential equation (ODE)
solvers. These equations can be applied to study
different geometries, e.g. two cells, a line of
cells, or a cell lattice. Many simulations use
hexagonal cell lattices as the one shown in
Fig. la, to describe epithelial like tissues. The
solution of these equations provides the level of

)

<

NOTCH, DELTA and the repressor over time. It
can be shown (Sprinzak et al. 2011) that
depending on the parameters used, these equa-
tions can lead to two classes of steady states.
One class is a homogeneous steady state, in
which all cells have the same concentration of
all variables. This situation corresponds to an
unpatterned steady state. The second class is an
alternating steady state solution such as the one
shown in the bottom of Fig. 1a. In this solution,
cells expressing high levels of DELTA and low
levels of repressor (“high DELTA cells”, red in
Fig. la) are surrounded by cells expressing low
levels of DELTA and high levels of repressor
(“low DELTA cells”, green in Fig. la). Several
works have analyzed the types of possible pat-
terns that can be generated from such a model
and the dynamics leading to these patterns
(Collier et al. 1996; Sprinzak et al. 2011;
Formosa-Jordan and Sprinzak 2014). As can be
seen in the examples below, the model can be
expanded to include more complex situations
such as taking into account additional interac-
tions (e.g. cis-interactions), considering more
complex cellular geometries (e.g. filopodia or
cell shape) and including additional processes
such as cell divisions.

Fig. 1 (continued) on the same cell leading to the forma-
tion of an inactive complex. These cell-autonomous
interactions reduce the number of free ligands and recep-
tors on the cell surface. Bottom — Cis-inhibition reduces
the probability of defects (two neighboring red cells) for
models of lateral inhibition that include time delays in
the intracellular regulatory feedback. (¢) Filopodia medi-
ated patterning. Schematic of models that take into
account long range NOTCH signaling mediated by filo-
podia. By controlling the relative weights of signaling
through cell-cell body contacts, w,, and filopodial con-
tacts, wy, a variety of patterns can be formed. Top — A
model where signaling is mediated by both filopodia and
cell body contacts. In this model filopodia are extended
uniformly up to a radius r, from the center of the cell
(blue arrows). This model corresponds to the large spac-
ing pattern of bristles on the Drosophila notum. Middle —
A model where NOTCH signaling is mediated only
through filopodia and not through cell body contacts.
Here, the filopodia extends only to cells that are at radius
1y from the center of the cell. This model can produce a
spotted pattern similar to the one observed in the skin of

pearl danio fish. Bottom — A model where NOTCH sig-
naling is limited to filopodia which are restricted to a
radius range R and angular range . Such a model can
produce a striped pattern similar to the one observed in
the zebrafish skin. (d) Lateral inhibition and cell division.
A schematic model describing differentiation dynamics
in the colonic crypt. Stem cells at the bottom of the crypt
(blue) are differentiated into goblet cells (red, high
DELTA) and absorptive cells (green, low DELTA), which
migrate towards the top of the crypt (the lumen). Stem
cells divide at the bottom of the crypt (stem cells layer),
causing an upward movement of the entire lattice. Lateral
inhibition occurs at the layer adjacent to the stem cells
layer (lateral inhibition zone or commitment zone). At
this layer, cell fates are determined by the lateral inhibi-
tion process as described in (a). Once differentiated, the
cells migrate from the commitment zone to the dispersive
migration zone. In this zone, goblet cells divide at a lower
rate (1) and migrate at a lower speed () compared to
absorptive cells (1.54 and 1.58). The differences in divi-
sion rates and migration speed result in a spaced salt-and-
pepper like pattern in the lumen
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2.2 Lateral Inhibition Patterning
with Cis-Inhibition
Between Receptors

and Ligands

It’s been known for quite some time that NOTCH
receptors and ligands can interact not only when
coming from neighboring cells (in-tfrans) but also
within the same cell (in-cis) (de Celis and Bray
1997; Klein et al. 1997; Micchelli et al. 1997).
Unlike trans-interactions which lead to activation
of NOTCH receptors, cis-interactions lead to
inhibition of NOTCH signaling. For example,
overexpressing DELTA in wing margin cells
leads to suppression of NOTCH signaling in
those cells (Klein et al. 1997). Several studies in
recent years addressed, using mathematical mod-
eling, the question of how cis-inhibition affects
lateral inhibition (Sprinzak et al. 2010; Sprinzak
et al. 2011; Formosa-Jordan and Ibanes 2014).
Introduction of cis-inhibition into the model is
performed by adding the following reaction to
the lateral inhibition model described in Egs.
(4—(6):
S

N,+D, =" [N,D,]>¢ ®)

Where [N,D;] denotes the inactive cis-complex of
NOTCH and DELTA in cell i. k and k_ are the
association and dissociation rates of NOTCH and
DELTA, respectively. The cis-complex is typi-
cally assumed to be removed or endocytosed at a
rate of k’ .

As in the basic model, these reactions are then
converted into a set of ordinary differential equa-
tions for the levels of NOTCH, N,, DELTA, D,,
and the repressor, R;, in each cell i.

dN, 1 -1

— =P N, (D), =k.'N.D; (g
dD., !
—t= ﬁl) [p—R_y[)Di _K;IDi <N>,~ _K;lNiDi

(10)
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dR.

-1 m
(Kz Ni <D>5J
i Vs
d_ = ﬁR B
t !
(o)

N

+. .8
-1 Kc Kc

Where Ko =

Ko+K denotes the strength of

cis-inhibition.

Analysis of these equations shows that cis-
inhibition can contribute to several aspects of pat-
tern formation. First, cis-inhibition increases the
ability to pattern, namely, there is a larger range
of parameters that supports patterning (Sprinzak
etal. 2011). Second, the dynamics towards a pat-
terned state are faster with cis-inhibition (Barad
et al. 2010; Sprinzak et al. 2011). These faster
dynamics turn out to be important in suppressing
errors during the selection of sensory organ pre-
cursors (SOP). Barad and colleagues showed that
within the equipotential group of cells there are
rare cases where two SOPs can be formed instead
of one [Fig. 1b and (Barad et al. 2010)]. They
argue that a model of lateral inhibition with time
delays in the intracellular feedback mechanism is
expected to produce higher error rates than
observed. They then show that the faster dynam-
ics associated with cis-inhibition, can suppress
the errors associated with such time delays. As
predicted from their model, heterozygous
mutants of NOTCH, DELTA and SERRATE,
exhibit higher frequency of errors. Interestingly,
arecent theoretical paper by Glass and colleagues
showed that under certain conditions, time delays
may actually lead to less defects in lateral inhibi-
tion patterning on cell lattices (Glass et al. 2016).
Hence, it remains to be elucidated whether time
delays are helpful or unhelpful for generation of
ordered patterns.

In a recent theoretical paper, Formosa-Jordan
and colleagues generalized cis-interactions to
include also weak cis-activation (Formosa-Jordan
and Ibanes 2014). It was shown that under differ-
ent parameter regimes, it is possible to get pat-
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terns that cannot be achieved using the standard
lateral inhibition model. Although this result is
currently theoretical, it would be interesting to
check whether behaviors such as those predicted
by this model may also appear in nature.

2.3 Filopodia in Lateral Inhibition

Patterning

An interesting new concept, which has emerged
in recent years, is that signaling between cells
can be transduced through long cellular protru-
sions such as filopodia or cytonemes, enabling
direct communication between distant cells
(Kornberg and Roy 2014). Cellular protrusions
such as filopodia can have diameters as small as
0.1 pm and extend dynamically over 100 pm
length scale. Several recent papers provided
experimental evidence for situations where
developmental patterns involve NOTCH signal-
ing through protrusions. These include bristle
patterns on the Drosophila notum (Cohen et al.
2010; Hunter et al. 2016), spotted skin patterns
on pearl danio fish and striped skin patterns on
zebrafish (Hamada et al. 2014; Eom et al. 2015).

The possibility of long-distance signaling
through protrusions provide means to expand the
variety of possible lateral inhibition patterns.
Two recent theoretical papers explored the poten-
tial patterns that can be formed when taking long-
range filopodia into account (Hadjivasiliou et al.
2016; Vasilopoulos and Painter 2016). To con-
sider signaling through filopodia in the lateral
inhibition model, we need to add additional terms
representing the receptors, ligands, and signals
associated with filopodial signaling, which are
different than signaling through cell body con-
tacts. It is therefore useful to define the receptors
and ligands contributing to the two distinct types
of signaling in each cell: those from cell body
contacts (b) and those from filopodial contacts
(). Following the paper form Hadjivasiliou and
colleagues (Hadjivasiliou et al. 2016) we define:

<D>i,h = (zje{cell body contucrs} Dj )i

8
(D), = (Z ettt o 2 ),
O Do—
(M), = (Z ey V). (12)

Since the efficiency of signaling can be different
between the two types of signals, relative weight
factors need to be included. Thus, the dynamic
Egs. (4)—(6) are now modified in the following
way:

dN, _
? = BN _yNNi -k 1Ni |:Wb <D>i,h +W.f <D>,/:|
(13)
dD, ]7[ -
o =P er oD = D V), (), ]
(14)
K*] m
. [ N, (w, (D), +w, (D), f)}
. Vs
o Br m w ViR,
5 { N (D), (D), )}
N
(15)

where w,, and wy are the weight factors for sig-
nals received from the cell body and filopodia
contacts, respectively of cells j surrounding cell i.
In the case of w, = 1 and wy= 0 we get the original
dynamic Egs. (4)—(6).

In general w can be a function of space and
time, that is w = w(r, 6, ). Where r and 6 are
the polar coordinates in the two dimensions of
the lattice of cells. For example, if the filopodia
are a few cell diameters long and are dynamic
[e.g. grow and shrink as in (Cohen et al. 2010)],
the pattern generated is that of high DELTA cells
with larger spacing (Fig. lc, top panel). The
dynamics of the filopodia in this case leads to an
averaging effect which maintains equal distances
between high DELTA cells. If body contact sig-
naling is suppressed (w, = 0), then spotted
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patterns can be formed (Fig. I1c, middle panel).
Finally, if the filopodia have preferred direction-
ality a striped solution can emerge (Fig. lc,
bottom panel). Recent evidence shows that these
two latter examples correspond to situations
which arise on fish skin patterns (Hamada et al.
2014; Eom et al. 2015).

It is worthwhile noting that skin patterns were
usually described in term of reaction-diffusion
Turing type models (Turing 1952). Turing pat-
terning relies on feedback interactions between
morphogens (long range diffusible ligands) and it
has been shown that such models can generate a
variety of patterns similar to the ones shown here
(Meinhardt 1996; Meinhardt 2008; Kondo et al.
2009). In fact, it can be argued that lateral inhibi-
tion with long range filopodia is mathematically
equivalent to reaction diffusion models. In par-
ticular, long range signaling through filopodia,
can replace the role of morphogens in Turing pat-
terning (Hamada et al. 2014). There are two main
differences between reaction diffusion models
and filopodia based lateral inhibition models. On
the mathematical level, there is a difference
between diffusion which is a linear process (i.e.
flux is proportional to concentration gradient)
and signaling which is often non-linear in nature
(i.e. signaling is not necessarily proportional to
the expression difference between cells). On the
physical level, the typical diffusion rates are often
too fast to account for the time scale of pattern-
ing. For example, striped patterns in zebrafish
occur over days and weeks. Explaining such pat-
terns with morphogens would require diffusion
rates that are orders of magnitude smaller than
known diffusion rates for biological molecules.
Hence, filopodia based lateral inhibition provides
a more realistic mechanism for skin patterning
than classic reaction-diffusion processes.

2.4 Lateral Inhibition and Cell

Division

In all the models described so far, it was assumed
that the cellular morphology is fixed and does not
change during the patterning processes. This is

clearly a simplifying assumption that may be cor-
rect in some situations (e.g. when patterning is
fast compared to other processes) but not always.
In particular, cell division and cell growth can
dynamically modify the connectivity among
cells. Two recent papers discuss this issue in SOP
patterning in the Drosophila notum (Hunter et al.
2016) and in patterning of secretory cells in the
mammalian intestine (Toth et al. 2017).

The paper by Toth and colleagues (Toth et al.
2017) describes the interplay between lateral
inhibition and cell divisions in the mammalian
intestine. The epithelium of the intestine consists
of crypts, which contain stem cells at the bottom
of the crypts that continuously divide and eventu-
ally produce several types of intestinal cells
including absorptive and secretory cells. Stem
cell divisions yield stem cells which stay at the
bottom of the crypt and progenitor cells which
migrate upwards in the crypt and differentiate as
they migrate. The differentiated cells keep divid-
ing and migrating until they reach the intestine
lumen. The final pattern in the lumen consists of
a single secretory cells surrounded by a neigh-
borhood of absorptive cells. Téth et al. argued
that due to the stochastic nature of cell divisions
at the stem cells zone one would expect to get
patched pattern in the lumen, where large groups
of secretory cells and absorptive cells will be
formed instead of the finely spaced salt and pep-
per like pattern observed. They suggest the fol-
lowing model for explaining this observation. In
their model the authors assume that lateral inhibi-
tion takes place at a restricted zone, termed the
commitment zone, right above the stem cell zone
at the bottom of the crypt (Fig. 1d). As the pro-
genitor cells differentiate at the commitment
zone, the lateral inhibition process prevents the
differentiation of two adjacent cells into secre-
tory fates, as described in the dynamic Eqs. (4)—
(6). In this way, the lateral inhibition process
induces a pattern that maintains a ratio of 1:3
between the secretory cells (DELTA expressing
cells) and the absorptive cells (NOTCH express-
ing cells). After passing the commitment zone,
cells continue to migrate and divide on their way
to the lumen without being subjected to lateral
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inhibition. To maintain a homogeneous distribu-
tion of secretory cells in the lumen (i.e. with
secretory cells separated from each other), an
additional mechanism was introduced. After
leaving the commitment zone, the two types of
differentiated cells further divide at different
rates and migrate at different speeds towards the
lumen. The dispersive behavior of the division
and migration reduces the variability in the final
pattern and leads to the observed equispaced pat-
tern (see Fig. 1d).

Coupling between lateral inhibition and cell
division was also introduced to explain robust
bristle patterning in the fly notum (Hunter et al.
2016). Hunter and colleagues provided evidence
that NOTCH signaling between DELTA express-
ing SOP and its neighbors affects cell division
time and that the level of signaling is higher for
direct neighbors (with cell body contacts) com-
pared to secondary neighbors (with filopodial
contacts). It was also shown that once a cell has
divided, it is no longer inhibited by or inhibits
other cells through NOTCH signaling. The
authors then developed a lateral inhibition model
that takes these observations into account. The
model uses the basic dynamic equations shown in
(13)—(15) and in addition includes a time-
dependent probability term for cell division. This
probability depends on the amount of signaling
that a cell receives where a cell with higher sig-
naling is more likely to divide. Analysis of the
model showed that the coupling to cell division
provides an internal clock for this process leading
to a more ordered pattern.

We note that in both examples discussed here
(e.g. the intestine and SOP patterning), lateral
inhibition dynamics are still assumed to occur
prior to cell division events. Namely, that fates
which are determined by lateral inhibition on a
fixed lattice are then used as an input for time
dependent cell division processes. Although this
makes modeling simpler, it is not clear whether
this is indeed the case in all situations. Taking
both processes into account at the same time may
require alternative modeling approaches such as
agent based modeling (as discussed in the next
section).

2,5 Modulating Lateral Inhibition

by External Signals

In many developmental systems, NOTCH medi-
ated lateral inhibition is coupled to additional
extracellular signals that can introduce a spatial
bias, or pre-pattern, which modulate the process.
An example for the effect of external pre-pattern
on lateral inhibition is the organization of
Drosophila bristles into organized rows on the
Drosophila notum (Fig. 2a). A model of this pro-
cess was recently described by Corson and col-
leagues (Corson et al. 2017). This work addresses
the question of how a striped pattern of SOPs is
formed in the presence of an initial pre-pattern.
The initial pre-pattern in this system is generated
by a spatially varying expression profile of pro-
neural genes that control the expression of
DELTA. The authors adopt a simplified modeling
approach, where the cellular state is described by
a single state variable, rather than the two vari-
ables in the lateral inhibition model described
above. This state variable ranges from O to 1,
where the value O corresponds to an epidermal
fate and the value 1 corresponds to a SOP fate.
The state variable in the model depends on sig-
nals from its neighbors (as in the lateral inhibi-
tion model above) and on an external signal
which originates from the external pre-pattern of
DELTA (blue lines in Fig. 2a). It is shown, that
given the external pre-pattern, the same regula-
tory circuit can account for the resolution of mul-
tiple stripes and for the emergence of single SOPs
in organized rows. We note that also in this
model, the range of inhibition is taken to be larger
than one cell diameter, potentially through the
action of long-range filopodia.

Another notable example for lateral inhibition
coupled to external signal is angiogenesis, the
process by which new blood vessels are formed.
During angiogenesis, vascular endothelial growth
factor (VEGF) induces sprouting of new blood
vessels by converting endothelial stalk cells into
tip cells that spearhead branching points (Blanco
and Gerhardt 2013). NOTCH signaling regulates
the selection of tip cells through lateral inhibi-
tion, where high levels of VEGF induce DELTA-
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(A) External signal in pattern refinement

Differantiation and refinement

(B) Lateral inhibition coupled to external signal
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Fig. 2 Modulation of lateral inhibition by external sig-
nals and models for somitogenesis. (a) Lateral inhibition
with external pre-pattern underlies refinement of
Drosophila bristles into rows. Top — The small bristles on
the Drosophila notum are arranged in distinct rows.
Bottom — A model of the differentiation and refinement
process of rows of bristles starting from a pre-pattern of
pro-neural genes (external signal - blue lines). A continu-
ous state variable ranges from an epidermal cell state
(epi - green) and sensory organ precursor cell state (SOP -
red). Pro-neural genes induce an external pre-pattern of
DELTA expression which decreases at the center but
remains high at the edges (blue lines). The combination of
lateral inhibition and external signals underlies the forma-
tion of multiple rows as well as the emergence of distinct
SOPs. (b) Lateral inhibition coupled to VEGF signals in
angiogenesis. Top — Schematic representation of a sprout-
ing angiogenesis model. In this model, a gradient of vas-
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cular endothelial growth factor (VEGF, light blue circles)
induces a lateral inhibition circuit in endothelial cells.
Here, activated VEGF receptors (VEGFr, light blue rods)
induce DELTA-LIKE-4 (red) production to promote tip
cell selection and repress tip cell fate in neighboring cells.
The intracellular feedback (represented by the blue hexa-
gon) also downregulates VEGFr production, making the
stalk cells less sensitive to VEGF. Bottom — Schematic of
an agent-based model of sprouting angiogenesis. An
external VEGF source (light blue circles) creates a VEGF
gradient which induces the sprouting of endothelial cells
towards the source. Each cell in the model is represented
by multiple finite element agents connected by springs
(red and green intersections and squares in the grid). The
model captures the elongation of tip cells (red) and stalk
cells (green) towards the VEGF source. Lateral inhibition
between neighboring cells determines tip versus stalk
fates. The boundaries between cells are marked with
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LIKE-4 (DIll4) at the tip cells. DIl4 activates
NOTCH signaling that downregulates VEGF
receptors (VEGFr) to suppress stalk cells from
becoming tip cells themselves (Hellstrom et al.
2007). This regulatory feedback is coupled to the
tip cell morphology, whereby tip cells extend
filopodia towards the source of VEGF signal. As
one cell stretches towards the source, it starts to
gain a tip cell fate and pulls with it the neighbor-
ing cells that gain a stalk cell fate. One possible
scenario observed is that two emerging tip cells
will meet each other as they stretch towards the
same source (Bentley et al. 2009). In this case,
the two tip cells contact each other (anastomosis)
and inhibit each other (through NOTCH signal-
ing) so that one cell ends up changing back its
fate to a stalk cell. This in turn can lead to emer-
gence of new tip cells in other nearby positions.
This dynamic process has been modeled by
Bentley and colleagues in several papers (Bentley
et al. 2008; Bentley et al. 2009; Jakobsson et al.
2010). To take into account the morphological
aspects of these processes, the authors used a
finite element agent-based modeling approach
(Fig. le). Unlike the lateral inhibition models
described above in which the basic element is a
cell, these models split each cell’s membrane to
small domains termed agents. These agents are
located on a grid and are connected to each other
by springs, representing the mechanical forces
between them. During each time step in the simu-
lation, the agents are free to move along the grid
towards the source of the VEGF signal and retract
according to a set of dynamical rules. As they
move along the grid, new agents are generated at
the space created between two adjacent agents,

<

leading to extension of the membrane. This
model considers dynamic extensions of the cells,
where first filopodia are being extended from the
membrane followed by the movement of the
entire cell’s membrane - if the conditions are
right. In such an agent-based model, new connec-
tions between two emerging tip cells can be
formed and NOTCH mediated lateral inhibition
is initiated between them. Simulations of the
model capture the typical branching dynamics
during angiogenesis as well as the competition
between attaching tip cells described above.
Hence, this approach is particularly useful in
describing situations where morphological
dynamics are important.

Lateral inhibition is also coupled to diffusible
ligands during the development of chick retina
(Formosa-Jordan et al. 2012). In this system, lateral
inhibition pattern controls neurogenesis. The area
of active neurogenesis spreads through non-
neurogenic regions in response to external morpho-
gens (Sonic hedgehog), giving rise to a spreading
wave front behavior. Formosa-Jordan and col-
leagues modeled the process by introducing a
secreted morphogen from the already differenti-
ated neurons. The morphogens spread and expand
the region in which lateral inhibition is permitted,
hence leading to the observed neurogenic wave-
front. The authors also show that in order to get a
robust propagating front, they have to assume that
cells outside the neurogenic region express DELTA,
which impose inhibiting boundary conditions and
prevent random spreading of the propagating front.
Hence, the combination of lateral inhibition and
secreted morphogens gives rise to a robust pattern
mediated by a propagating front.

Fig. 2 (continued) yellow dashed lines. Two tip cells can
attach to one another as they migrate towards the source,
initiating lateral inhibition at the new boundary. (¢) A
schematic of the zebrafish somitogenesis model. Top — An
intracellular oscillator circuit (dashed blue rectangle) is
coupled to an extracellular NOTCH-mediated lateral inhi-
bition feedback (green and red arrows). Expression of
herl/7 and delta genes are down-regulated by the HER1/7

protein with a time delay. In parallel, DELTA activates
NOTCH signaling in the neighboring cells. Finally,
NOTCH signaling activates its target herl/7 which closes
the feedback loop. Bottom — DELTA levels in cells at the
presomitic mesoderm (PSM) oscillate in synchrony and in
phase. As the embryo elongates, somites (white arrows)
are derived from the posterior end of the PSM, at the time
where the cells are at high DELTA level phase
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3 Modeling Somitogenesis

Although NOTCH signaling is typically involved
in assigning distinct fates to neighboring cells,
this is not always the case. A remarkable example
for a situation where NOTCH is involved in
synchronizing a population of cells occurs dur-
ing somitogenesis in vertebrates. During somito-
genesis, the future somites are sequentially
formed from the anterior side of the presomitic
mesoderm (PSM) in the embryo (Kimmel et al.
1995). The model which have been proposed to
describe this process, is called the ‘clock and
wavefront” model (Cooke and Zeeman 1976).
The basic idea of the model is that the cells in the
PSM exhibit oscillations in gene expression, and
at the same time respond to an FGF and retinoic
acid gradients. During each oscillation period,
cells which are at the right phase of the oscilla-
tion stop oscillating and become the new somite
(Fig. 2c). This whole process repeats itself as the
embryo elongates. Interestingly, this process cru-
cially depends on NOTCH signaling, as both
DELTA and other NOTCH pathway components
exhibit oscillations in their expression levels
(Jiang et al. 2000; Holley et al. 2002) .

The role of NOTCH signaling in this process
was first elucidated in a seminal theoretical paper
by Julien Lewis (Lewis 2003). Lewis proposed a
model for zebrafish somitogenesis where each
cell in the PSM contains an internal oscillator
based on a delayed transactional feedback loop.
He proposed that the NOTCH targets her! and
her7 (homologues of the Hes family), known to
be transcriptional inhibitors, form the delayed
negative feedback loop by transcriptionally
repressing their own production (Fig. 2c). He
then proposed that the role of NOTCH signaling
is to synchronize the single cell oscillators lead-
ing to synchronized oscillations in the whole
PSM.

The mathematical description of the Lewis
model thus involves an internal delayed negative
feedback, and coupling between cells through
NOTCH signaling. The delay in this case is
attributed to the time it takes to transcribe the
herl/7 mRNA and to translate the HER1/7 pro-
tein (we treat the Herl and Her7 as a single entity

in our model). The equations for the Herl/7 pro-
tein (H;) and mRNA (my, ;) in each cell i are there-
fore given by:

dH. (¢t
clit( ):BHmH,i(t—Tp)—yHHi(t) (16)
pl
WH%
dm, () py+H (1-T,)
" (D(t-1,)) )
Py +(D(t-T,)), 17

where S, and 3, are production rates of the pro-
tein and mRNA of Herl/7, respectively, and yy
and y,, are the degradation rates of the protein and
mRNA of Herl/7, respectively. T, and T,, are the
delay times in translation and transcription,
respectively. The production term in the equation
of my ; depends on a sum of two Hill functions
representing the repression by H and the activa-
tion by DELTA (D) in neighboring cells, where
wy and wp, are the relative weights of these two
contributions. We have used here a notation simi-
lar to the one in Egs. (4)—(6) to describe these
Hill functions. For simplicity, NOTCH is not
taken explicitly into account here.

The equations for Delta mRNA, my, ;, and pro-
tein, D;, in each cell i are similarly given by:

dD. (¢t
# = By, (t—Tp)—yDDi (1) (18)
dm,, (t Z
md’ ( )=ﬂm 1 p l_ymmD.i(t)
t py+H, (1-T,)
(19)

where fp and y;, are the production and degrada-
tion rates of the DELTA protein, respectively.
Simulations of these equations show that
under certain conditions on the parameters, a
field of cells can maintain sustainable synchro-
nized oscillations, where all the cells synchronize
in phase. Out of phase oscillation are also possi-
ble for certain delay times. Interestingly, theses
synchronized oscillation are quite robust to vari-
ability in the delay times and to perturbations of
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expression levels between neighboring cells. We
note that without the delayed negative feedback
these equations are reduced to the lateral inhibi-
tion model described above. More recent models
of somitogenesis expanded the analysis to explain
loss of global synchrony in the PSM (Riedel-
Kruse et al. 2007) and the role of spatial gradients
of expression within the PSM (Ay et al. 2014) on
segmentation waves during somitogenesis.

4 NOTCH Signaling and Cell
Morphology

4.1 Morphology Affects NOTCH

Signaling and NOTCH

Mediated Patterning

Despite the fact that changes in cellular and tis-
sue morphology occur throughout development,
their role during cell fate decision processes is
usually neglected. In fact, changes in cell mor-
phology are often considered as a downstream
consequence of cell fate decisions rather than an
integral part of these processes. In the context of
NOTCH signaling, cell morphology can affect
the magnitude of signaling between cells and
thereby affecting cell fate decisions. Several
recent papers address this issue and highlight the
role of cell morphology on NOTCH mediated
processes both experimentally and theoretically
(Khait et al. 2015; Akanuma et al. 2016; Guisoni
et al. 2017; Shaya et al. 2017).

One way in which cell morphology can influ-
ence NOTCH signaling is by affecting the con-
tact area between cells. The question of how
different contact geometries affect NOTCH sig-
naling and NOTCH mediated patterning was
recently addressed both theoretically and experi-
mentally by Khait and colleagues (Khait et al.
2015) and Shaya and colleagues (Shaya et al.
2017). In the first work (Khait et al. 2015), the
authors analyzed the interplay between mem-
brane dynamics of NOTCH receptors and ligands
and contact geometry. The authors developed a
theoretical framework for analyzing how NOTCH
signaling should depend on contact area, taking
into account also membrane diffusion and endo-
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cytosis. The authors considered a simplified
model of two cells, one expressing only NOTCH
receptors and the other one expressing only
DELTA ligands and analyzed how the membrane
distribution of NOTCH and DELTA, as well as
the magnitude of signaling, depend on the differ-
ent parameters of the model. To take into account
membrane diffusion and endocytosis, the authors
used a reaction-diffusion model whose variables
are the membrane concentrations of NOTCH
(denoted by n), DELTA (denoted by d), NOTCH-
DELTA complex (denoted by [nd]) and the total
signal (denoted by S) (Fig. 3a). The equations for
the two-cells case are given by:

dn

E = Dnvzn +k ny =k . n+1 (x)

(K’ [nd] - K+nd) 20)
% =D,V*d+kl dy—ki,d+1 (x)

(K’ [nd]—l( nd) 21

d[nd] [D[ndlvz[nd]ﬂc*nd]
dt (%) —x [nd]-x’[nd] (22)

% =1 (x)x’ [[nd]d’r-yS

(23)
where D,, D, and D,, are the diffusion rates for
NOTCH, DELTA and the NOTCH-DELTA com-
plex, respectively. n, and d,, are the concentra-
tions of the cytoplasmic pools of NOTCH and
DELTA (assumed to be constant), respectively.
The rates k', k" ., k! and k! denote endo-
cytosis and exocytosis rates for NOTCH and
DELTA, respectively. k" and x~ are the associa-
tion and dissociation rates of NOTCH and
DELTA, respectively. &5 and y are the rate associ-
ated with conversion of the NOTCH-DELTA
complex into a signal and the signal degradation,
respectively. /,(x) is a function that describes the
spatial extent of the contact area where /,(x) = 1
for x < 7.pmae: and zero elsewhere.

Analysis of these equations identified two
possible scenarios. For relatively large contact
areas and/or slow diffusion (e.g. in epithelial con-
tacts), signaling strength is expected to be pro-
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Fig. 3 NOTCH signaling and cell morphology. (a)
Contact area and membrane diffusion affect signal
strength. Schematic representation of a two-cell reaction-
diffusion model that takes into account contact area and
membrane dynamics. The model identified two distinct
regimes depending on the ratio between the contact area,
A, and the area defined by the diffusion length scale, A%,

The diffusion length scale is definedby A = /D /k, , .

where D and k,,,, correspond to the diffusion coefficient
and endocytosis rate of DELTA, respectively. While in one
regime (A* < A), signaling depends on the contact area, in
the second regime (4% > A), signaling is independent of the
contact area. (b) Contact area dependent signaling can bias
cell fate. Left - A schematic representation of a lateral inhi-
bition model that takes into account the dependence of sig-
naling on contact area. The model assumes that NOTCH
signaling in each cell depends on the number of NOTCH-
DELTA pairs formed on the boundaries with its neighbors,
which is proportional to the length of the boundaries.
Right — Simulations of the model over disordered cell lat-

* Mitotic rounding
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* differentiation

Cell division
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tices showed that smaller cells are more likely to become
high DELTA cells (red). (¢) Contact area can influence dif-
ferentiation of cell pairs in the fly intestine. In the fly intes-
tine, intestinal stem cells (ISC) divide and differentiate into
either self-renewing ISC (red, high DELTA) or to entero-
blasts (EB, green, low DELTA). The fates of the two
daughter cells is determined by the lateral inhibition pro-
cess and depends on the contact area between the two cells.
The three possible final states are: ISC-ISC, in case of
small contact area; EB-EB, in the case of large contact
area; and ISC-EB, in the case of intermediate contact area.
(d) Cell shape biases differentiation of daughter cells after
mitosis in zebrafish neurogenesis. A schematic of a model
for a lateral inhibition process which is biased by cell
shape. Before mitosis, the concentration of DELTA is
higher on the elongated side of the cell and lower on the
round side of the cell. The asymmetry in DELTA concen-
tration is maintained during mitosis and biases the lateral
inhibition process so that the progenitor from the elon-
gated side adopts the V2a fate (red) and the progenitor
from the round side adopts the V2b fate (green)
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portional to the contact area. By contrast, for
relatively small contact areas and/or a fast
diffusion regime (e.g. filopodia), signaling
strength should be independent of contact area
but dependent on the diffusion length scale of
NOTCH receptors and ligands, defined by

A=

P Based on measurements of DELTA-

endo

LIKE-1 (DII1) diffusion and endocytosis rates,
the authors showed that the transition between
the two regimes should occur for contact diame-
ters on the order of 1-2 pm. An interesting possi-
bility occurs in situations where signaling is
proportional to the diffusion length scale (second
scenario described above). In this case, the level
of signaling can actually be regulated by control-
ling the effective diffusion properties of NOTCH
ligands or receptors. Hence, both contact geom-
etry and membrane dynamics of NOTCH recep-
tors and ligands can play an important role in
NOTCH-dependent processes.

But does signaling indeed correlates with con-
tact area? This question was experimentally
addressed by the work of Shaya and colleagues
(Shaya et al. 2017) who used micropatterned
devices to measure how NOTCH signaling
depends on contact area. Consistent with the pre-
diction of the Khait model, the authors found that
NOTCH signaling indeed correlates with the
contact width for contact diameters ranging from
1-40 pm.

Shaya and colleagues took this problem a step
further and asked whether the dependence of
NOTCH signaling on contact area can influence
cell fate determination during lateral inhibition
patterning. This was performed by expanding the
lateral inhibition model to take into account the
contact area and cell geometry (Fig. 3b). Instead
of total NOTCH and DELTA levels at each cell,
the expanded model followed the concentrations
of NOTCH and DELTA on the cell boundaries
(as in the Khait model above). For each boundary
between cell i and cell j, we denote n; and dj; as
the concentrations of NOTCH and DELTA pre-
sented on the i-th cell, respectively. Similarly n;
and d;; denote the concentrations of NOTCH and
DELTA presented on the j-th cell. The repressor

level in each cell i, R;, is then determined by the
total signal received by cell 7, from all its bound-
aries. Hence, the equations in this case are given
by (Shaya et al. 2017):

dn.
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Here, I; is the length of the i-j boundary and L, is
the perimeter of cell i. Cell size is also taken into
account by normalizing the production rate of
NOTCH and DELTA by the perimeter of the
cell, L;, meaning that the proteins distribute uni-
formly on the cell’s membrane once produced.
Overall, the number of Egs. (24)-(26) is two
times the number of boundaries plus one time the
number of cells.

A major consequence derived from this model
is how cell geometry affects cell fate. Simulating
the model over a disordered lattice of cells
revealed that smaller cells are more likely to
become the high DELTA cells. This bias arises
from an initial bias in inhibitory NOTCH signal-
ing due to the differences in cell sizes across the
lattice. Consistent with this prediction, Shaya and
colleagues found that hair cell precursors in the
developing chick inner ear are indeed smaller on
average than non-hair cells (Shaya et al. 2017).

Contact Area Affects
Differentiation of Cell Pairs

4.2

Another interesting example for the effect of con-
tact area on cell fate was recently reported by
Guisoni and colleagues (Guisoni et al. 2017). The
authors described the differentiation dynamics of
intestinal stem cells in the adult Drosophila using
a two-cell lateral inhibition model. In this system,
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the intestinal stem cells (ISCs) divide and the
daughter cells can adopt one of two different cell
fates — either remain in ISC fate or differentiate
into enteroblasts (EBs, precursors of enterocytes).
The model taken in this work is the original
Collier model (Collier et al. 1996). The depen-
dence of the contact area on NOTCH signaling is
introduced by assuming that the effective K, in
the Hill function, that describes activated
NOTCH, is inversely proportional to the contact

1

area [equivalent to assuming p, ~ ————
contact area

in Eq.(6)]. By defining a threshold activity level
and analyzing the parameter space, the authors
identified three distinct differentiation states: (i)
both cells are high DELTA cells (ISCs); (ii) one
cell is a high DELTA cell (ISC) and the other is a
low DELTA cell (EB); and (iii) both cells are low
DELTA cells (EBs). By setting the range of
parameters to fit the experimental results from
the fly’s intestine development, the authors
showed that the outcome of differentiation cru-
cially depends on the contact area between the
cells (Fig. 3c). As contact area increases, there is
a transition from ISC:ISC pairs [state (i)] to
EB:EB pairs [state (iii)]. Consistent with their
prediction, the author showed that the observed
differentiation states in Drosophila intestine
indeed correlate with contact areas.

4.3 Cell Shape Biases Asymmetric
Cell Division despite Mitotic

Rounding

Another example for the effect of cell morphol-
ogy on cell fate processes was recently reported
in the context of asymmetric cell division in
zebrafish neurogenesis (Akanuma et al. 2016). In
this work, the authors showed that the asymmet-
ric division of neural progenitor cells, termed V2
cells, in the developing zebrafish nervous system
is affected by asymmetric cell elongation. They
suggest that the DELTAC ligand is asymmetri-
cally enriched to the more elongated side of the
V2 cell, creating a bias in ligand concentration
that is maintained during mitosis (Fig. 3d). This

bias in local DELTAC concentration is translated
to a bias in NOTCH signaling which is sufficient
to define distinct cell fates for the two daughter
cells. In order to model this process the authors
coupled a lateral inhibition model to a cellular
Potts model which simulates DELTAC ligands on
a discrete grid representing the cell membrane
[similar to the work described by Bentley and
colleagues (Bentley et al. 2008)]. By running
simulations in which cortical tension affects
membrane dynamics of DELTAC, they show that
sufficiently asymmetric cell shapes lead to asym-
metry in DELTAC distributions that are sufficient
to bias cell fates.

5 Boundary Formation
and Multiple Ligands

5.1 Defining Sharp Boundaries

with NOTCH Signaling

Another prototypical process known to be medi-
ated by NOTCH signaling is that of boundary
formation. Two examples where NOTCH signal-
ing regulates boundaries are the wing margins
(de Celis and Bray 1997; Klein et al. 1997;
Micchelli et al. 1997) and wing veins in
Drosophila (de Celis and Garcia-Bellido 1994,
de Celis 1997). Although the role of NOTCH sig-
naling in these two scenarios is to define bound-
ary cells, the mechanism by which it operates is
quite different. During vein boundary formation,
NOTCH reads out a morphogen gradient to
define the vein boundary. In the wing margin case
on the other hand, NOTCH is used to specify
boundary cells between two predefined compart-
ments. Three recent works used mathematical
models to understand the role of cis-inhibition in
defining sharp boundaries and to elucidate the
role of multiple NOTCH ligands in defining
boundary cells (Sprinzak et al. 2010; Sprinzak
et al. 2011; LeBon et al. 2014).

Wing vein boundaries are known to form in
the wing imaginal disk through the interaction
between epidermal growth factor (EGF) gradi-
ents and the NOTCH signaling. While the EGF
gradients define the position of the veins, NOTCH
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(A) Cis-inhibition defines boundaries

Drosophila wing veins
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Fig.4 NOTCH signaling in boundary formation. (a) Cis-
inhibition defines boundaries. A schematic overview of
the cis-inhibition model for the wing vein boundary in
Drosophila. In this model, wing vein boundaries are
defined by the interactions between “sender” cells and
“receiver” cells. The cells in the vein region (red) express
more DELTA than NOTCH while the cells in the inter-
vein region (green) express more NOTCH than
DELTA. Due to cis-interactions between NOTCH recep-
tors and ligands, vein cells can send but not receive sig-
nals, while inter-vein cells can receive but not send
signals. (b) Multiple ligands enable hybrid sender/receiver
states. A schematic model for wing margin cells in
Drosophila taking into account multiple ligands and mod-

signaling is involved in setting up the boundary
between vein and inter-vein regions (de Celis
1997). One of the main questions in this process
is how a graded concentration of a morphogen
can be converted into a sharp all-or-none signal
that defines the vein boundary. Sprinzak and
colleagues used mathematical modeling to show
that cis-inhibition between receptors and ligands
plays a crucial role in generating the sharp
response required for defining the boundary
(Sprinzak et al. 2010; Sprinzak et al. 2011). The

(B) Multiple ligands enable hybrid

sender/receiver state

Drosophila wing margin

@NOTCH is activated
in cells on both sides
of the boundary
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ulation by FRINGE. The cells on the dorsal side (blue)
express both DELTA, SERRATE and FRINGE. The
FRINGE glycosyltransferase modulates the cis- and
trans-interactions between NOTCH receptors and ligands.
Expression of FRINGE promotes NOTCH-DELTA inter-
actions and suppresses NOTCH-SERRATE interactions
(both in cis and in trans). The model predicts that the dor-
sal boundary cells (blue) can simultaneously receive sig-
nals from DELTA expressing cells and send signals to the
ventral boundary cells (gray) using the SERRATE ligands.
At a later stage, the ventral boundary cells activate DELTA
leading to NOTCH activation in the dorsal boundary cells.
This situation leads to activation of cells only on the wing
margin (green dots in bottom image)

key insight obtained from the model was that cis-
inhibition creates a situation where cells that
express both receptors and ligands can either be
in a “sender only” state or “receiver only” state,
depending on the relative levels of NOTCH and
DELTA that they express (Fig. 4a). The authors
modeled the vein by assuming that DELTA pro-
duction was graded (controlled by graded EGF
signaling), while NOTCH production was con-
stant (at least initially). The simulations showed
that the resulting signaling profile exhibited two
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sharp stripes defining the vein boundaries that
occurred at the positions in which the transition
from sender to receiver states occurs (Fig. 4a).
This pattern was consistent with the observed
expression pattern of NOTCH transcriptional
reporters [E(sp)] in the wing.

The model also provided an insight into a
long-standing unintuitive observation of the sys-
tem. It has been shown, that while heterozygous
mutants of both NOTCH and DELTA exhibited
mutant wing phenotypes (albeit different ones),
the double heterozygous mutant restored the
wildtype scenario (de Celis 2000). This observa-
tion is readily explained by the model, since in
the double heterozygous mutant the relative lev-
els of NOTCH and DELTA are maintained and so
are the transition points between sender cells and
receiver cells.

5.2 Combination of NOTCH
Ligands Expand
the Repertoire of Signaling

States

More recently, LeBon and colleagues (LeBon
et al. 2014) expanded the analysis to include mul-
tiple NOTCH ligands as well as the modulation of
the receptor-ligand interactions by FRINGE gly-
cosyltranferases. Experimental analysis in both
mammalian cell culture and Drosophila showed
that while glycosylation by FRINGE upregulates
both cis- and trans-interactions between NOTCH1
and DII1, it had an opposite effect on cis- and
trans-interactions between NOTCHI1 and JAGI.
The combined effect of these interactions revealed
that cells can be in different cellular states depend-
ing on the combination of ligands and FRINGE
modulators they express. For example, cells that
express both DELTA, SERRATE (JAG1 homolog
in Drosophila), and FRINGE can receive signals
from DELTA expressing cells (e.g. they are
“DELTA receivers”) while at the same time they
can send out signals with their SERRATE ligands
(e.g. “SERRATE senders”) (Fig. 4b). This dual
SERRATE sender/DELTA receiver cellular state
can explain the bidirectional signaling observed
in the wing margin cells (Fig. 4b). More gener-

ally, the model provided a framework for defining
the possible sender/receiver states (based on the
combination and levels of Notch receptors, Notch
ligands, and FRINGES) as well as their ability to
activate or get activated by other cellular states.

The effect of combination of multiple Notch
ligands was also discussed in two other recent
works by Petrovic and colleagues (Petrovic et al.
2014) and by Boreato and colleagues (Boareto
et al. 2015). Petrovic and colleagues (Petrovic
et al. 2014) showed that a circuit in which
NOTCH signaling downregulates DIl1 but acti-
vates JAGI can explain the transition from a lat-
eral induction process (e.g. NOTCH signal
induced higher ligand expression in the neigh-
boring cell) that defines the chick inner ear sen-
sory epithelium, to a lateral inhibition process
that establish the alternating patterns of hair cells
and supporting cells. A theoretical work by
Boareto and colleagues (Boareto et al. 2015)
showed that under certain conditions, when
NOTCH signaling oppositely regulates DELTA
and JAGGED, it is possible to obtain a three sta-
ble state solution corresponding to a full sender, a
full receiver and a hybrid sender/receiver state. It
remains to be seen whether such hybrid states are
indeed observed experimentally. Overall, it is
clear that the combinatorial action of multiple
NOTCH receptors and ligands introduces another
level of complexity which calls for additional
theoretical and experimental works.

6 Future Perspectives

Despite the significant progress in modeling
NOTCH mediated developmental processes as
described here, it is clear that many questions still
remain open. Some of the topics that still need be
elucidated include the integration of morphologi-
cal, regulatory and cell division processes, the
role of multiple NOTCH receptors and ligands
and the combined interaction between NOTCH
and other signaling pathways. As more quantita-
tive experimental data becomes available, it is
expected that novel modeling approaches and
deeper refinement of existing models will
follow.
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Abstract

The endosomal pathway plays an important
role in several aspects of Notch signalling
ranging from ligand-dependent to indepen-
dent activation and also degradation of the
Notch receptor. Here, we will focus on its role
during receptor degradation and describe the
endosomal pathway with the components that
are important for Notch degradation and the
molecular machinery that orchestrates these
events. Subsequently, we will describe the
journey of Notch through the endosomal sys-
tem and discuss the role of the genes involved.
Mechanisms of the recently discovered ligand-
independent activation of the Notch receptor
in the endosomal pathway will be described
and its contribution in physiologically Notch-
dependent processes will be discussed. Last
but not least, we will summarize the evidence
for endosomal ligand-independent activation
of the Notch pathway in vertebrates.
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AAA-ATPase  ATPase Associated with diverse
cellular Activities

ADAMI10 A Disintegrin and metalloprote-
ase 10

Akil Akt Kinase-Interacting Protein 1

ANK Ankyrin

AP Adaptor Protein

CADASIL Cerebral Autosomal Dominant
Artheriopathy with Subcortical
Infarcts and
Leukoencephalopathy

Cbl Casistas B-lineage lymphoma

CC2DIA Coiled-Coil and C2 domain-
containing protein 1A

CC2D1B Coiled-Coil and C2 domain-
containing protein 1B

CCZ1 Calcium-Caffeine-zinc sensiti-
tivity protein
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COMMD9 COMM (Copper metabolism)
domain containing protein 9
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tethering

Crb Crumbs

CSL CBF-1, Suppressor of Hairless,
LAG-1

DI Delta

D13 Delta-like 3

DM14 Drosophila melanogaster 14

© Springer International Publishing AG, part of Springer Nature 2018
T. Borggrefe, B. D. Giaimo (eds.), Molecular Mechanisms of Notch Signaling, Advances in
Experimental Medicine and Biology 1066, https://doi.org/10.1007/978-3-319-89512-3_6

99


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-89512-3_6&domain=pdf
mailto:thomas.klein@uni-duesseldorf.de

100 B.Schnute et al.
dNedd4 Neural precursor cell expressed PI(3,5)P2 Phosphatidylinositol 3,5-
developmentally downregulated bisphoshphate
protein 4 PI3P Phosphatidylinositol 3-phosphate
DSL (Delta/Serrate/LAG-2) Rab ras-related in brain
Dx Deltex RAM RBPJ-associated molecule
EE Early Endosome RBPJ recombination signal binding pro-
EE2A early endosomal antigene 2 tein for immunoglobulin kappa J
EEVs Early Endosomal Vesicles region
EGF Epidermal growth factor RE Recycling Endosome
ESCRT Endosomal sorting complex RMES Receptor mediated Endocytosis 8
required for transport Ser Serrate
FGF Fibroblast growth factor Shrb Shrub
Freud-1 FRE wunder Dual Repression- SNARE soluble N-ethylmaleimide-sensitive-
Binding-Protein 1 factor attachment receptor
Freud-2 FRE wunder Dual Repression- SNX Sorting nexin
Binding-Protein 2 Stam Signal transducing adaptor
FYVE Fabl YOTB VAC1 EEA1 molecule
GAP GTPase activating protein Su(Dx) Suppressor of Deltex
GDF GTPase dissociation factor Su(H) Suppressor of Hairless
GDI GDP-dissociation inhibitor TAPE TBK1-associated Protein in
GDP Guanosine diphosphate Endolysosomes
GEF Guanine  nucleotide  exchange TMPs Transmembrane proteins
factor Tsgl01 tumor susceptibility gene 101
GFP Green fluorescent protein Ub Ubiquitin
GPI Glycosylphosphatidylinositol UIM ubiquitin interacting motif
GTP Guanosine triphosphate Vps Vacoular protein sorting
HOPS homotypic fusion and protein
sorting
Hrs Hepatocyte growth factor-regulated
tyrosine kinase substrate 1 Introduction
Hsc70 Heat shock cognate70
ICD intracellular domain The Notch signalling pathway is a fundamental
ILV intraluminal vesicle pathway that mediates short-range communica-
Kuz Kuzbanian tion between directly neighboured cells (Aster
Lamp Lysosome-associated membrane et al. 2017; Kovall et al. 2017). It is present in the
glycoprotein genomes of all metazoans and involved in an
Lgd Lethal giant discs uncountable number of developmental and
LNR Lin-12 / Notch repeat homeostatic processes. Changes in the activity of
ME Maturing Endosome the pathway during homeostasis results in vari-
Monl Monensin sensitivity protein 1 ous diseases ranging from inherited ones such as
MVB Multivesicular body CADASIL (Cerebral Autosomal Dominant
NECD Notch extracellular domain Artheriopathy with Subcortical Infarcts and
NEXT Notch extracellular truncation Leukoencephalopathy) to various cancers in
NICD Notch intracellular domain humans (Aster et al. 2017; Masek and Andersson
NRR Negative Regulatory Region 2017). The pathway is activated by binding of a
PEST Proline (P), Glutamic acid (E), DSL (Delta/Serrate/LLAG-2)ligand,in Drosophila

Serine (S), Threonin(T)

melanogaster Delta (DI) or Serrate (Ser), to the
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Notch receptor. DI and Ser are type I transmem-
brane proteins that can activate Notch only on
adjacent cells. The result of this interaction is a
sequence of two proteolytic cleavages that release
the Notch intracellular domain (NICD) into the
cytosol from which it translocates into the
nucleus. In the nucleus, it associates with the
CSL transcription factor Su(H) (Suppressor of
Hairless; in mammals RBPJ (recombination sig-
nal binding protein for immunoglobulin kappa J
region), also known as CSL (CBF-1, Suppressor
of Hairless, LAG-1) and various co-factors to
activate the target genes of the pathway.

The first ligand-dependent cleavage is per-
formed by the metalloprotease ADAMIO (A
Disintegrin and metalloprotease 10), encoded by
kuzbanian (kuz) in Drosophila. This S2 cleavage
removes the Notch extracellular domain (NECD)
in a process of ecto-domain shedding. The freed
NECD is endocytosed with the bound ligand into
the signal-sending cell. The membrane-inserted
truncated remnant, termed NEXT (Notch extra-
cellular truncation), is cleaved by the y-secretase
complex in the transmembrane domain to release
NICD (S3 cleavage). It appears that the
y-secretase is located in all intracellular mem-
brane compartments, including endosomes and
lysosomes (Schroder and Saftig 2016).

Whereas Drosophila has only one Notch
receptor, mammals have four orthologs, termed
Notch1-4 (Aster et al. 2017). All Notch receptors
are type I transmembrane proteins that share the
same general organisation with 29-36 EGF
(Epidermal Growth Factor) repeats followed by 3
LNR (Lin-12 / Notch repeat) repeats and a
hetero-dimerisation domain, together termed
NRR (Negative Regulatory Region), in their
extracellular domain. In Notch 1 and Notch 2 the
EGF 11 and 12 are central for their interaction
with the DSL domains of the ligands. In their
ICDs, they share a RAM (RBPJ-associated mol-
ecule) domain followed by six Ankyrin (ANK)
repeats and a PEST (enriched in proline (P), glu-
tamic acid (E), serine (S), threonin(T)) domain.

Notch is a heterodimer consisting of the
NECD and a membrane inserted intracellular
domain (N™). Both parts are connected via non-
covalent Ca’* salt bridges located in the extracel-

lular NRR close to the plasma membrane. The
Notch heterodimer can be dissolved by depletion
of Ca* from the culture medium of cell culture
cells (Rand et al. 2000). The shedding of NECD
results in a NEXT-like fragment that is subse-
quently cleaved by the y-secretase-containing
complex. Hence, depletion of Ca’* can result in
ligand-independent activation of the Notch path-
way. In agreement with this finding it has been
shown that y-secretase cleaves many variants of
Notch with a small extracellular domain in
Drosophila (Struhl and Adachi 2000). Thus, also
variants similar to NEXT that have been created
by different mechanisms, e. g. by Ca** depletion,
will be cleaved and will activate the pathway.

Work in the last decade revealed that the fun-
damental signalling pathways including the
Notch pathway are tightly interwoven with the
endosomal pathway (Dobrowolski and De
Robertis 2012). It further revealed that the Notch
pathway can be activated in a ligand-independent
manner in some endosomal compartments.

In this chapter, we summarise recent findings
of how Notch traffics through the endosomal
pathway and how it is activated in particular
endosomal compartments. We discuss whether
and how this activation contributes to Notch sig-
nalling during development. We will focus on the
analysis with the model Drosophila where most
of the results are obtained. The endosomal path-
way also plays an important but different role in
generating a directed Notch signal during asym-
metric cell division that is not discussed here.
The reader is referred to some excellent recent
reviews (Kandachar and Roegiers 2012;
Schweisguth 2015) and “Notch and T Cell
Function — A Complex Tale” within this book
(Bigas and Porcheri).

2 The Endosomal Pathway

Transmembrane proteins (TMPs) like the Notch
receptor are generally degraded in the lumen of
the lysosome, which is located close to the
nucleus in most cells (Fig. 1). To be degraded, a
TMP has to be transported to and transferred into
the lumen of the lysosome. These requirements
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Fig. 1 Trafficking of Notch through the endosomal
pathway to the lysosome. The journey is initiated by
endocytosis which, depending on the temperature, can
be clathrin-dependent or -independent. Endocytosis
incorporates Notch into EEVs (early endocytic vesicles)
that fuse together to form the EE (early endosome). EEVs
can also fuse with already existing EEs. The fusion
involves the CORVET tethering complex. The events in
the early phase are organised by Rab5. Notch in the EE
can be recycled back to the plasma membrane via a Rab4/
Rme8-dependent pathway or via the slow Rabll-
dependent pathway. The majority of Notch remains in the
EE which matures and fuses with the lysosome where
Notch and other cargo are degraded in the lumen of the
endolysosome. Maturation includes the incorporation of
Notch into ILVs, acidification by V-ATPase and replace-
ment of Rab5 by Rab7 (Rab conversion). The Rab7 GEF
Mon1/CCz1 is involved in Rab conversion. Rab7 organ-

ises the HOPS-mediated fusion with the lysosome.
Insert: Formation of ILVs by the ESCRT machinery.
ESCRT-O is recruited by the Rab5-induced production of
PI(3)P on the cytosolic surface of the endosomal mem-
brane. ESCRT-0 concentrates ubiquitylated cargo,
including Notch. It also recruits ESCRT-I, which in turn
includes ESCRT-II. The assembled super-complex
induces a pit in the limiting membrane of the ME and
also the polymerisation of the ESCRT-III core compo-
nent Shrub/Chmp4/Snf7 into a filament. ESCRT-III,
together with the Vps4 complex, pinches off the mem-
brane in a so far not understood manner. In this way also
the ICDs of Notch and other TMPs are translocated into
the lumen of the endosome and separated from the cyto-
sol. Vps4 also disassembles the ESCRT-III complex. In
the cytosol, monomeric Shrub appears to bind to Lgd.
This interaction might prevent uncontrolled polymerisa-
tion in the cytosol
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are fulfilled upon trafficking of the TMPs through
the endosomal pathway (Huotari and Helenius
2011). Entry into the pathway occurs through
endocytosis, which is the pinching-off of a small
part of the plasma membrane into the cytosol as
early endosomal vesicles (EEVs, Fig.1). All
TMPs that reside in the endocytosed membrane
patch are cargo of the EEVs which subsequently
fuse to form the early endosome (EE).
Alternatively, EEVs fuse with already existing
EEs. In these ways, cargo reaches the
EE. Endocytosis can be dependent or indepen-
dent of the formation of a clathrin coat that
encases the initial membrane deformation and
also the emerging indentation, termed clathrin
coated pit. Clathrin-independent endocytosis
occurs at lipid raft domains which are rich in cho-
lesterol, GPI (glycosylphosphatidylinositol)
-linked proteins and dependent on other coat pro-
teins such as caveolin or flotillin (Huotari and
Helenius 2011). The clathrin-dependent mecha-
nism is the best-understood way of endocytosis

Shibire

| AP2
(Dynamin)

Fig. 2 A hypothetical model for Notch endocytosis by
Dx/Krz. Dx binds to the Ankyrin repeats of NICD
(depicted in purple) and also to Krz. Krz has binding sites
for AP-2 and also Clathrin and might attach Notch to
clathrin and AP-2 assembled in clathrin-coated pits.
Su(dx) might have a similar role as an adaptor to a so far

(Actin

and is involved in the endocytosis of a large spec-
trum of TMPs, including Notch (Windler and
Bilder 2010). The basic unit of the clathrin coat is
a triskelion made up of clathrin light and heavy
chains (Fig. 2A). Many triskelions assemble a
coat around the nascent clathrin-coated pit to sta-
bilise it. The clathrin coat is anchored in the
plasma membrane via adaptor proteins (APs).
These APs not only bind to clathrin and the
plasma membrane but also to different cargo pro-
teins and thereby concentrate them at coated pits.
Binding to cargo by APs occurs either via spe-
cific sorting sequences in the intracellular domain
(ICD) of cargo proteins or via an ubiquitin label
that is attached to lysine side chains of their
ICDs. Examples for APs are AP-2 which directly
binds to conserved sorting signals, or Epsin
which binds to ubiquitin via two Ubiquitin inter-
acting motifs (UIMs).

The EE is a central sorting station in the cell
that sorts membrane and protein cargo to various
destinations. Some of the TMPs, such as the

Clathrin

(.heaw chain
e o —

t
4.

unidentified machinery that conduct the clathrin-
independent endocytosis at higher temperature. The
clathrin-coated pit elongates into the cytosol with involve-
ment of an assembling actin network. The neck of the
elongated pit is then severed through the activity of Shi,
the Dynamin of Drosophila
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mammalian transferrin receptor, are recycled
back to the plasma membrane using either the
slow or fast recycling pathway. In both ways,
cargo is transported from the EE in vesicles that
bud off from tubular extensions of the EE. In the
fast way, cargo migrates from the EE directly to
the plasma membrane whereas, in the slow way,
it is first transported to the RE (recycling endo-
some) before reaching the plasma membrane.
Another less prominent recycling pathway is
mediated by the Retromer complex and takes the
route via the Golgi apparatus to the plasma mem-
brane. Recent work indicates that the TMP
Crumbs (Crb) is recycled via this unusual route
(Pocha et al. 2011; Zhou et al. 2011).

Cargo destined for degradation within the
lysosomal lumen remains in the EE, which
matures and eventually fuses with the lysosome
where the luminal content is degraded by the
hydrolases.

Maturation includes the acidification of the
endosomal lumen and formation of intraluminal
vesicles (ILVs) that transport TMPs from the lim-
iting membrane into the lumen of the maturing
endosome (ME) (Fig.1). During ILV formation,
TMPs are concentrated at distinct spots of the
limiting membrane that subsequently pinch off as
vesicles into the endosomal lumen. The pinching
off occurs in the opposite direction as during
endocytosis and requires a different machinery.
ILV formation is initiated already in EEs and
continues during endosomal maturation. As a
result, mature endosomes contain many ILVs and
are recognisable at the electron microscope as
multi-vesicular bodies (MVBs). ILV formation
transports the ICD of TMPs into the endosomal
lumen to enable their complete degradation upon
fusion with the lysosome. The separation of the
ICD from the cytosol also terminates signalling
by activated signalling receptors and constitutes
an important regulatory step during cell signal-
ling (Wegner et al. 2011). In Drosophila, this step
also prevents uncontrolled activation of the Notch
pathway (see below).

The acidification of the endosomal lumen is a
continuous process. The pH of the extracellular
fluid is around 7 and drops to 6.8-6.1 in the
lumen of the EE, to 6.4-4.8 of MEs and 4.5 of

lysosomes (Huotari and Helenius 2011; Maxfield
and Yamashiro 1987). In the lumen of the lyso-
some, hydrolases degrade the delivered cargo.
These hydrolases are transported from the Golgi
apparatus via carrier vesicles to the ME and from
there, together with the cargo, to the lysosomal
lumen. The dependency of their activity on low
pH is a fail-safe mechanism that ensures that they
become active only in mature endosomes and
lysosomes which have a comparable pH. The
acidification of the endosomal lumen is accom-
panied by a loss of luminal Ca** (Gerasimenko
et al. 1998).

During maturation, the endosome also
migrates from the periphery of the cell towards
the perinuclear region where the lysosomes are
located. This migration involves the recruitment
of motor proteins and uses the microtubule cyto-
skeleton (Wang et al. 2011).

3 The Molecular Machinery
of the Endosomal Pathway

Endocytosis requires the interplay of coat pro-
teins, adaptors and cargo at specific sites of the
plasma membrane (Huotari and Helenius 2011).
Cargo binds either through sorting signals
directly to AP-2, e.g. the di-leucine motif, or need
to be ubiquitylated to be recognised by specific
adaptors, such as Epsin (Nakatsu and Ohno 2003;
Sen et al. 2012). Ubiquitin conjugation (or ubiq-
uitylation) depends on an enzymatic cascade
involving E1 Ubiquitin-activating enzymes, E2
Ubiquitin-conjugating enzymes and E3 ubiquitin
ligases. The ubiquitin is attached by substrate-
specific E3 ligases to the side chain of lysine
located in the ICD of substrate TMPs (Moretti
and Brou 2013).

The coated pit in which the TMPs are concen-
trated is subsequently pinched off by a polymer of
the ATPase Dynamin that binds to the neck of the
nascent EEV (Fig. 2). The abscission generates an
EEV whose coat is immediately removed by the
activities of the ATPase Hsc70 (Heat shock cog-
nate 70) and auxillin (a Co-chaperone with ATPase
activity). The removal of the coat allows EEVs to
fuse with other EEVs or already existing EEs. The



Endocytic Trafficking of the Notch Receptor

105

actual fusion is mediated by SNARE (soluble
N-ethylmaleimide-sensitive-factor ~ attachment
receptor) proteins. However, the specificity of the
fusion is guaranteed by tethering factors that
assure fusion of the correct membranes. Two of
these tethering complexes are the CORVET (class
C core vacuole/endosome tethering) and HOPS
(homotypic fusion and protein sorting) complexes
(Balderhaar and Ungermann 2013). CORVET
mediates the fusion of EEVs with themselves or
with existing EEs, while HOPS connects MEs
with the lysosome (Fig. 1). Both complexes have
the same core made up of the same four core com-
ponents, Vps11 (Vacoular protein sorting), Vps16,
Vps18 and Vps33. The CORVET complex addi-
tional includes VPS3 and VPSS, while the HOPS
complex Vps39 and Vps41.

The events of the endosomal pathway are
orchestrated by small GTPases of the Rab (Ras-
related in brain) protein family (Zerial and
McBride 2001). They are master regulators whose
activity is determined by its cycle between the
GDP (Guanosine diphosphate)- (inactive) and
GTP (Guanosine triphosphate)-bound (active)
states. Hence, they act as molecular switches.
Rabs are poor enzymes that require additional
factors to hydrolyse the y-phosphate of GTP.
These factors are termed GAPs (GTPase activat-
ing proteins). In addition, the exchange of the
nucleotide requires factors of the GEF (guanine
nucleotide exchange factor) family. Inactivated
GDP bound Rabs are cytosolic and associated
with proteins of the GDI (GDP-dissociation inhib-
itor) class. They are recruited to specific endo-
somal compartment in a not fully understood
manner that is thought to require the activity of a
GDF (GTPase dissociation factor) protein. Recent
data show that also GEFs can take over this func-
tion (Cabrera and Ungermann 2013).

Each compartment has its characteristic set of
Rabs which recruit effectors that ensures correct
fusion of membrane compartments and matura-
tion of the endosome. Most important for endo-
somal biogenesis and maturation are Rab5 and
Rab7 which act in a sequence that is initiated at
the plasma membrane by Rab5 and ends with the
Rab7 mediated fusion of the ME with the lyso-
some (Fig. 1). Rab5 may be recruited to the

plasma membrane at clathrin-coated pits through
its GEF Rabex5 which possesses two ubiquitin-
binding domains and can bind to ubiquitylated
cargos (Raiborg et al. 2006). After EEV forma-
tion, activated Rab5 recruits tethering factors
such as CORVET that assures correct SNARE
mediated fusion. CORVET directly binds to
Rab5 located at the donor and acceptor mem-
brane thereby providing a bridge between both
membranes. In the EE, Rab5 recruits the PI(3)
kinase Vps34 to generate phosphatidylinositol
3-phosphate [PI(3)P], a characteristic and spe-
cific phospholipid of the EE. PI(3)P is a docking
site for several Rab5 effectors such as the tether-
ing factor EEA2 (early endosomal antigene 2).
Moreover, it is the binding site for the ESCRT-0
(endosomal sorting complex required for trans-
port) complex that initiates formation of the
ILVs. The two Rab5 effectors bind to PI(3)P via a
FYVE (Fabl YOTB VAC1 EEA1) domain. PI(3)
P is either hydrolysed or converted to PI(3,5)P2
(Phosphatidylinositol ~ 3,5-bisphoshphate) by
Fabl during maturation of the endosome (Rusten
et al. 2006). This may antagonise the activity of
Rabs.

The EE also extends tubular structures from
which recycling vesicles bud off to recycle to the
plasma membrane via the Rab4 controlled fast
pathway or, alternatively, to be transported to the
recycling endosome and then to the plasma mem-
brane in a Rabll-dependent manner (Fig. 1).
After the recycling process is terminated, the EE
prepares the fusion with the lysosome. During
this maturation, Rab5 is gradually replaced by
Rab7 in the process of Rab conversion (Rink et al.
2005). Rab conversion involves the recruitment of
the GEF for Rab7 which is a dimer consisting of
Monl and Ccz1 (Cabrera et al. 2014). The Mon1/
Ccz1 GEF recruits Rab7 and might also interrupt
a positive feedback loop that interrupts the activ-
ity of Rab5 (Kinchen and Ravichandran 2010;
Nordmann et al. 2010; Poteryaev et al. 2010). The
loss of activity of Monl or Cczl in Drosophila
causes a phenotype that is very similar to the loss
of Rab7 activity (Yousefian et al. 2013). It is
caused by a failure of recruitment of Rab7 to the
endosome. The defect in Rab7 recruitment causes
the accumulation of enlarged MEs with a high
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number of ILVs. This phenotype is caused by the
lack of Rab7-mediated fusion of the ME with the
lysosome. Consequently, the lifetime of the endo-
somes is infinitely increased and the endosomes
continuously enlarge by Rab5 mediated homo-
topic fusions with EEVs or other EEs. The high
number of ILVs in the mutant MEs indicates that
their formation is not affected by a failure of Rab
conversion. Thus, Rab conversion is not coupled
with ILV formation and both processes run in par-
allel during endosomal maturation. However, a
coordination between the activation of Rab7 and
ILV formation must occur in order to prevent
uncontrolled signalling by the transported recep-
tors (see below).

ILV formation continually occurs throughout
maturation of the endosome and is mediated by
four in sequence acting ESCRT (endosomal sort-
ing complex required for transport) complexes:
ESCRT-0, -I, -II, -III; and the Vps4-complex
(Hurley 2015). All individual complexes cycle
between the cytosol and the endosomal mem-
brane either already in a complex (ESCRT-0, -I,
-II) or as monomers (ESCRT-III). With the excep-
tion of ESCRT-0, each complex is recruited by
the earlier acting one. ILV formation is initiated
by the recruitment of ESCRT-0, consisting of Hrs
(hepatocyte growth factor-regulated tyrosine
kinase substrate) and STAM (Signal-transducing
adaptor molecule), to a spot of the endosomal
membrane in a Rab5/Vps34/PI(3)P-dependent
manner. ESCRT-0 recruits ESCRT-I which in
turn recruits ESCRT-II. The recruitment results
in the assembly of a large super complex that
concentrates cargo (Schmidt and Teis 2012). The
label for incorporation of the cargo into this com-
plex is represented by ubiquitin, often attached
already at the plasma membrane by cargo-
specific E3 ligases. The ESCRT-0, -I and -II con-
tain 12 ubiquitin binding domains that concentrate
ubiquitylated cargo at sites of ILV formation. In
vitro data suggest that this super complex also
induces inward membrane curvature (Wollert and
Hurley 2010). However, the abscission occurs
through ESCRT-III. It consists of four core fac-
tors which all belong to the CHMP (charged
multi-vesicular body protein) protein family
(Hurley 2015). Depending on the species they

have different names (Table 1). In contrast to the
previous acting ESCRT complexes, ESCRT-III is
assembled only at the membrane. Assembly
starts with the activation of Vps20 (Yeast and
Drosophila))CHMP6 (mammals) through bind-
ing to ESCRT-IL. The binding induces a confor-
mational change that causes the recruitment and
polymerisation of Snf7/CHMP4 at the mem-
brane. The polymerisation is terminated through
capping by Vps24 followed by Vps2. In vitro and
over-expression experiments suggest that the
polymer forms a spiral around the cargo
(Schoneberg et al. 2017). The spiral may act as a
spring whose tension is released through mem-
brane deformation. This deformation eventually
results in the abscission of the ILVs into the
endosomal lumen. ESCRT-III also recruits deu-
biquitinases that remove the ubiquitin label from
the cargo before ILV incorporation (Fig. 1). The
disassembly of the ESCRT-III occurs via the
activity of the AAA-ATPase Vps4, which
removes individual monomers in a sequential and
ATP-consuming manner. In this way (manner),
the ESCRT components are released into the
cytosol for the next round of ILV formation and
are not incorporated into the ILVs (Fig. 1, insert).
Note that the loss of activity of each ESCRT
complex results in a failure of ILV formation.
Hence, the cargo is not transferred into the endo-
somal lumen but remains at the limiting mem-
brane. In the case of the signalling receptors,
their ICDs remain for a longer time in contact
with the cytosol. This can result in uncontrolled
cell signalling. The ESCRT machinery requires
the ubiquitin label for incorporation of TMPs into
ILVs (Ren and Hurley 2010).

While ubiquitylation is commonly accepted as
a label for endocytosis, recent data cast some
doubt that it is absolutely required. It has been
shown that the lysine free ICD of mouse DII3
(Delta-like 3) can induce endocytosis of a DIl1-
DI13 hybrid ligand (Heuss et al. 2008). Moreover,
the EGF-receptor (EGF-R) variants that lack a
binding site for the E3 ligase Cbl (Casitas
B-lineage lymphoma) and therefore are not ubiq-
uitylated are endocytosed but are not degraded
(Huang et al. 2007). Instead, they are recycled to
the plasma membrane. In case of the FGF
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Table 1 Endocytic factors involved in trafficking of notch

Drosophila

Yeast & human/mammals

Protein complex / function

Hrs (Hepatocyte growth factor-
regulated tyrosine kinase substrate)

Vps27p (Vacuolar protein sorting 27)

(yeast)
HGS (mammals)

Escrt 0

Stam (Signal- transducing adaptor Hselp (yeast) Escrt 0

molecule) STAM1,2

Tsgl01 (tumor susceptibility gene Vps23p (yeast) Escrt I

101)/Erupted hVPS23/TSG101

Vps28 (Vacuolar protein sorting 28) Vps28p (yeast) Escrt I
hVPS28

Vps37 Vps37p Escrt I
hVPS37A,B,C.D

Mvb12 (Multivesicular body sorting Mvb12p (yeast) Escrt 1

factor of 12 kilodaltons) MVBI12a

Vps22 Vps22p (yeast) Escrt 11
hVPS22 (EAP30)

Vps25 Vps25p (yeast) Escrt II
hVPS25 (EAP20)

Vps36 Vps36p (yeast) Escrt II
hVPS36 (EAP45)

Shrb (Shrub) Vps32p/Snf7p (yeast) Escrt I11
CHMP (chromatin modifying protein,
later renamed charged multivesicular body
protein)4A,B,C

Vps2 Vps2p (yeast) Escrt 111
hVPS2A,B/CHMP2A,B

Vps20 Vps20p (yeast) Escrt I1I
hVPS20/CHMP6

Vps24 Vps24p (yeast) Escrt I1I
hVPS24/CHMP3

Vps4 Vpsdp (yeast) Vps4 Complex
hVPS4A,B (SKD1) (AAA-ATPase)

Chmp5 Vps60p (yeast) Accessory ESCRT
hVPS60/CHMP5S
(metazoan)

Lgd (Lethal No yeast homologues, Regulator of Chmp4 activity

giant discs)

CC2D1A,B/hLGD2,1

Dx (Deltex)

No yeast homologues
DTX1,2,3,4,DTX3L

E3 Ubiquitin Ligase

Su(Dx) (Suppressor of Deltex) Rsp5p (yeast) E3 Ubiquitin Ligase
AIP4/Itch
hNEDD4
hWWP1,2

dNedd4 (Neural precursor cell Rsp5 (yeast) E3 Ubiquitin Ligase

expressed developmentally AIP4/Itch

downregulated protein 4) hNEDD4
hWWP1,2

Vps11(CG32350) Vpsllp HOPS/CORVET core
hVPS11

dVps16A (dVpsl6A) Vpslép HOPS/CORVET core
hVPS16

Vps18/Deep orange (Dor) Vps18p HOPS/CORVET core
hVPS18

(continued)
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Table 1 (continued)

Drosophila Yeast & human/mammals Protein complex / function

Vps33 (dVps33A, Carnation (Car)) Vps33p HOPS/CORVET core
hVPS33A

Vps39/CG7146 Vps39p HOPS - late endosomal
hVPS39-1 fusion

Vps41/light(lt) Vps4lp HOPS - late endosomomal
hVPS41 fusion

Vps3(missing in Drosophila?) Vps3p CORVET - early endosomal
hVPS39-2 (missing homolog?) fusion

Vps8 Vps8p CORVET - early endosomal
hVPS8 fusion

Dmonl1/Dcczl Monl/ Ccezl (yeast) Mon1/Cczl complex - Rab7

Vacuolar fusion protein MONI1 A /
Vacuolar fusion protein CCZ1 homolog

GEF

Lgl (Lethal giant larvae)

Sro7p (yeast)
LLGL1,2,34

Scribble cell polarity
complex component

Crb (Crumbs)

No yeast homologue CRB1,2,3

Cell polarity complex
component

Rab4 (Ras related protein 4)

None in yeast

Fast recycling

RAB4A

Rab5 Vps21 (yeast) Early endosomal fusion
RABSA

Rab7 Ypt7 (yeast) Late endosomal fusion
RAB7A

Rabl1 Ypt31p (yeast) Slow recycling
RABI11A

Shibire / Dynamin Vpslp (yeast) Membrane fission
DNM1,2,3

Hsc70 Ssalp (yeast) Clathrin coat disassembly

(Heat shock cognate 71kDa protein) HSC70 / HSPAS

Auxilin Swa2p (yeast)

DNAJC6 (human)

Clathrin coat disassembly

(Fibroblast Growth Factor) -receptor 1, it has
been shown that the recycling of the ubiquity-
lation deficient variant is caused by failure of
incorporation into ILVs (Haugsten et al. 2008).
These results suggest that the major function of
ubiquitylation of TMPs at the plasma membrane
may be their recognition by the ESCRT machin-
ery to include them into ILVs.

The Drosophila ortholog of the central ESCRT-
1T component CHMP4 is Shrb (Shrub) (Sweeney
et al. 2006). Recent work gave insight into the
structural basis of its polymerisation at the endo-
somal membrane. Shrub has two complementary
charged surfaces that allow the electrostatic inter-
action of each monomer with other monomers in
a staggered arrangement via complementary
charged surfaces (McMillan et al. 2016).

Experiments in Drosophila identified the
tumor suppressor Lethal (2) giant discs (Lgd) as

a vital positive regulator of the activity of Shrub
(Troost et al. 2012). Lgd is a member of the Lgd
family which is present in all metazoans but is
absent from the genomes of unicellular organ-
isms (Childress et al. 2006; Gallagher and
Knoblich 2006; Jaekel and Klein 2006). Lgd and
its mammalian orthologs CC2D1A and CC2DI1B
bind to Shrub/CHMP4 via their unique DM 14
(Drosophila melanogaster 14) domain (McMillan
et al. 2017; Troost et al. 2012). Members of the
Lgd family usually possesses four repeats of the
DM14 domain. Recent work shows that the odd-
numbered DM14 domains mediate the interac-
tion in a functionally redundant manner
(McMillan et al. 2017; Troost et al. 2012). It also
revealed the structural basis for the binding of the
DM14 domain to Shrub. The DM 14 domain is a
helical hairpin with a positively charged lip that
binds to the negatively charged surface of Shrub
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also required for its homo-polymerisation. This
suggests that the interaction of Lgd and Shrub
and polymerisation of Shrub are mutually exclu-
sive. Hence, it is likely that Lgd and Shrub inter-
act in the cytosol where Shrub is in its monomeric
form and that Lgd might be necessary to prevent
uncontrolled and inappropriate polymerisation of
Shrub (Fig. 1 insert).

The membrane of the EE is subdivided into
several domains that organise recycling or degra-
dation of cargo. These subdomains are kept sepa-
rate through the activity of the DNAJ domain
protein Rme8 (Receptor mediated endocytosis 8)
and the sorting nexins (SNX) proteins (Norrisa
et al. 2017).

During maturation, the lumen of the ME acid-
ifies through the activity of the multi-protein
complex V-ATPase (Cotter et al. 2015). This
acidification is required for the activation of the
hydrolases in late endosomes and lysosomes.

Another important process during maturation
is the preparation of fusion of the mature endo-
some with the lysosome, which is initiated by the
replacement of Rab5 through Rab7 on the
ME. Activated Rab7 recruits the machinery
required for fusion. Most important is the recruit-
ment of the HOPS tethering complex (Balderhaar
and Ungermann 2013). Rab7 is also present on
the membrane of lysosomes and HOPS can bind
to Rab7 on both membranes to connect the two
organelles. The actual fusion is mediated by
SNARE proteins and ends the lifetime of the
endosome. The fusion also delivers the cargo to
the lumen of the lysosome. The fusion must be
coordinated with the ILV formation. It must be
assured that the TMPs are incorporated before
fusion of the ME in order to achieve their com-
plete degradation.

4 The Journey of Notch
Through the Endosomal
Pathway

Past work in Drosophila indicates that full-length
Notch is constitutively travelling through the
pathway in a ligand-independent manner to be
degraded in the lysosome (Jekely and Rorth

2003; Vaccari et al. 2008; Windler and Bilder
2010). This work is largely performed in imagi-
nal discs that are epithelial organised tissues.
Two kinds of experiments have been performed:
the first type of experiment analysed the localisa-
tion of Notch in mutants that interrupt endocyto-
sis at several stages which is based on the
observation that Notch accumulates in the
affected endosomal compartments. The second
type of experiment was represented by uptake/
pulse-chase assays with antibodies directed
against epitopes of the ECD of Notch.

In imaginal discs cells, Notch localizes in EEs
after 5 min chase (post endocytosis) and is com-
pletely degraded after 5 h (Vaccari et al. 2008;
Windler and Bilder 2010). In mammalian cells,
pulse-chase experiments revealed that Notchl
appears in not further specified endosomes after
30 min and is degraded already after 60—90 min
(Chastagner et al. 2008).

4.1 Initiation of Endocytosis by E3

Ligases

Several E3 ligases have been identified that ubiq-
uitylate NICD and trigger its endocytosis. Among
them there are Deltex (Dx), Suppressor of Deltex
[Su(dx), Itch in mouse and AIP4 (atrophin-1-
interacting protein 4) in human] and neural pre-
cursor cell-expressed, developmentally
down-regulated 4 (Nedd4) (Chastagner et al.
2008; Sakata et al. 2004; Wilkin et al. 2004;
Yamada et al. 2011). Dx contains two WW
domains that bind to the ANK repeat region of
NICD and are crucial for its function. The ubiq-
uitylation reaction is conducted by one of the
C-terminal RING (Really interesting new gene)
Fingers (RFs), which bind to the activated E2
conjugating enzyme. Su(dx) and Nedd4 belong
to the Nedd4 family of HECT domain E3 ligases.
They contain an N-terminal phospholipid bind-
ing C2 domain followed by a varying number of
WW domains and specific target selection and a
C-terminal HECT domain that transfers Ub.
Members of the NEDD4 family have been shown
to bind via the WW domains to a proline-rich
motif [e. g. PP(X)Y] within their substrates
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(Dodson et al. 2015). Such a motif is present in
NICD and required for ubiquitylation by NEDD4
(Sakata et al. 2004).

The loss of dx function causes a strong reduc-
tion in the endocytosis of Notch and a corre-
sponding increase in Notch levels at the plasma
membrane (Yamada et al. 2011). As expected,
the over-expression of Dx results in increased
endocytosis of Notch and its removal from the
plasma membrane (Hori et al. 2004). Further
analysis and cell culture assays suggest that the
activity of Dx induces clathrin-dependent endo-
cytosis of Notch (Shimizu et al. 2014). Dx physi-
cally interacts with the non-visual arrestin Kurtz
(Krz) in Drosophila (Mukherjee et al. 2005).
Like in the case of dx, the loss of krz function
results in an increase of Notch at the apical mem-
brane, indicating that it acts in concert with Dx to
induce Notch endocytosis. In this light, it has to
be noted that the structure/function analysis of
Dx indicates that the single RF is required for
dimerization of Dx and can be replaced by other
dimerisation domains, such as GST (Glutathion-
S-Transferase) (Matsuno et al. 2002). This indi-
cates that ubiquitylation is not required for Dx
mediated endocytosis of Notch. Krz contains
motifs at its C-terminus that bind to AP-2 and
Clathrin (Mukherjee et al. 2005). It is recruited to
the ICD of Notch via Dx. Thus, a likely scenario
is that Krz and Dx form a ternary complex with
the ICD of Notch and that the Dx/Krz complex
acts as a specific adaptor for recruitment of Notch
into clathrin-coated pits (Fig. 2).

Recent work shows that Su(dx) also induces
endocytosis of Notch but in contrast to Dx, it
takes place in a clathrin-independent manner
(Shimizu et al. 2014). This endocytosis occurs
from GPI-enriched membrane domains that are
also enriched in cholesterol. Nothing is known
about the machinery that performs this type of
Notch endocytosis. Why Dx and Su(dx) direct
Notch in different routes of endocytosis is puz-
zling at the first glimpse. However, recent find-
ings indicate that, similar to Dx, the activity of
the Ubiquitin transferring HECT domain of
Su(dx) is not required for endocytosis (Shimizu
et al. 2014). A likely possibility is therefore that
also Su(dx) (and probably also Nedd4) acts as an

adapter that specifically connects Notch to the in
this case unknown endocytic machinery.

The emerging picture suggests that ubiquity-
lation of its ICD may not be required for initia-
tion of Notch endocytosis. This is in agreement
with recent studies of endocytosis of other signal-
ling receptors, such as EGF-R and FGF-R1. In
these cases the ubiquitin label appears to be
required for later steps in the endosomal route to
target the EGF-R for degradation (Haugsten et al.
2008; Huang et al. 2007). Su(dx) and Dx are also
required for a later step of Notch trafficking and
recent results indicate that this step requires ubiq-
uitylation (Hori et al. 2011; Shimizu et al. 2014).

It is assumed that Notch is endocytosed at a
constant rate without much regulation. However,
a recent report indicates that Notch endocytosis
can be modified in a tissue-specific manner.
Crumbs (Crb) is a member of the polarity machin-
ery required for the maintenance of polarity in
epithelia (Nemetschke and Knust 2016). Crb and
Notch co-localise at the apical adherens junctions
and can physically interact. This interaction sup-
presses uncontrolled endocytosis of Notch. The
absence of crb function results in a loss of a large
proportion of Notch from the junctions. Thus,
Crb regulates the level of Notch at the apical
membrane in epithelia. Interestingly, the devel-
opmental consequences of this strong loss are
very mild, suggesting that the consequences for
Notch signalling are negligible. These observa-
tions raise the question at which site of the cell
Notch is activated and how much Notch is
required for normal signalling during imaginal
disc development.

4.2 Endocytosis of Notch

A study by the Bilder lab using Drosophila ima-
ginal disc cells revealed that Notch takes several
entry routes into the endosomal pathway (Vaccari
et al. 2009; Windler and Bilder 2010). These
results fit nicely with the more recent analysis of
the function of Dx and Su(dx) (Shimizu et al.
2014). Notch is endocytosed through a clathrin-
dependent and -independent pathway. Most of
the clathrin-dependent endocytosis is also depen-
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dent on AP2 (Adaptor related protein complex 2).
However, a small fraction is independent of it.
Interestingly, it is this AP-2-independent fraction
that appears to be signalling competent in
Drosophila.

It is not known how Notch is incorporated into
clathrin-coated pits upon endocytosis. Two ways
can be envisioned. Either an adapter protein other
than AP-2 binds to ubiquitylated NICD or NICD
contains a sorting motif. No classical adaptor pro-
tein emerged as a good candidate so far. Whether
Epsin is required for Notch endocytosis has not
been investigated and some catching up on this
question should be done. Evidence exists that
suggests that the Epsin-related Eps15 adapter is
involved in endocytosis of NEXT during ligand-
dependent activation of Notch in mammalian
cells but it has not been investigated whether it is
also involved in constitutive ligand-independent
endocytosis (Gupta-Rossi et al. 2004). As sug-
gested above, it is possible that Dx/Krz and
Su(dx) might act as unusual adaptors. Notch con-
tains a classical di-leucine motif (DIVRLL, con-
sensus D/EXXXLL) in its ICD that is conserved
among the ortholog receptors of most metazoans
(Zhenga et al. 2013). It might be therefore possi-
ble that AP-2 binds directly to NICD through this
motif to incorporate Notch into clathrin coated
pits. A di-leucine signal has been shown to medi-
ate EGF pathway induced endocytosis of the
Notch ortholog Lin-12 in Caenorhabditis elegans
during vulva development (Shaye and Greenwald
2005). However, this particular signal is not con-
served in other Notch orthologs. Moreover, a
recent study using mammalian cell culture sug-
gests that the conserved di-leucine motif might be
required for a later step 