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Notch missense mutations in Drosophila reveal functions of specific EGF-like repeats 

in Notch folding, trafficking, and signaling 

 

ショウジョウバエ Notch 遺伝子のミスセンス突然変異を用いた EGF-様リピート

の Notch 折りたたみ、輸送、シグナルにおける特異的機能の研究 

Hilman Nurmahdi  

 

Summary 

Notch signaling plays various roles in regulating a wide range of cell-fate specifications 

through direct cell-cell interactions. The Notch signaling pathway is evolutionarily 

conserved, and aberrant Notch signaling causes various diseases in human. Currently, 

major processes of Notch signal transduction are well understood. Starting from when 

Notch ligands binds to Notch receptor, the intracellular domain of Notch is released from 

the plasma membrane by a proteolytic cleavage at its transmembrane domain and 

translocated into the nucleus where it forms a complex with transcription factors and 

induces the transcription of target genes. However, complex regulatory processes lie 

behind and are involved in the precise regulation of Notch signaling. Especially, the 

extracellular domain of Notch is known to play multiple roles. The Notch extracellular 
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domain consists of 36 Epidermal growth factor (EGF)-like repeats that play specific roles 

in the functions of Notch. Among them, EGF-like repeats 11-12 have been known to serve 

as the binding site for the Notch ligands, and the EGF-like repeats 24-29 are known as 

Abruptex domain that negatively regulates Notch activity. However, specific functions of 

each of the 36 EGF-like repeats remain unclear.  

In this study, I attempted to reveal the specificities of each EGF-like repeat and 

cluster of them in the activity and folding of Notch. These issues were addressed by using 

18 Notch mutant alleles carrying missense mutations that introduce single amino acid 

substitution in different EGF-like repeats, as well as a Notch mutant allele causing an 

amino acid substitution in the transmembrane domain of Notch. These Notch alleles were 

isolated based on loss of bristle phenotypes that suggest the loss-of-function of Notch in 

the processes of asymmetric cell division occurred during the bristle formation. It is 

known that Notch signaling has functions in three categories of biological processes; 

asymmetric cell division, lateral inhibition, and inductive signaling. Therefore, to observe 

the potential specificities of the defects associated with these various Notch mutations, I 

checked the phenotypes of the embryonic central nervous system and the boundary cells 

of the embryonic hindgut, which imply potential defects in lateral inhibition and inductive 

signaling, respectively. I found that only 10 out of 19 Notch mutants showed defects in 
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lateral inhibition and inductive signaling, demonstrating that these Notch mutants show 

the depletion of Notch signaling in a context-dependent manner. However, defects in 

lateral inhibition and inductive signaling were observed concomitantly in all cases, 

suggesting that the EGF-like repeats mutated in these alleles may have similar functions 

between these two categories of Notch signaling. From these analyses, I also found that 

the EGF-like repeats sensitive to the perturbation induced by amino acid substitutions 

appeared to cluster in a regions encompassing EGF-like repeats 8-10. Interestingly, the 

EGF-like repeats 8-10 include the EGF-like repeat 8 that was previously identified as a 

region that controls the preference of ligands binding to Notch. Additionally, I found that 

the EGF-like repeat 25 is also sensitive to the amino acid substitution. The EGF-like 

repeat 25 locates in the Abruptex domain that is known to negatively regulate Notch 

activity based on genetic analyses. Taking together, I revealed that the sensitive regions 

of the EGF-like repeats to the amino acid substitutions coincide with the EGF-like repeats 

known to have specific roles in Notch functions. 

One potential cause disrupting the Notch activity in these Notch alleles is 

misfolding of Notch protein. It is known that misfolding of Notch leads to the depletion 

of Notch activity. Misfolding of Notch results in the abnormal intracellular distribution 

of Notch in epithelial cells. In wild-type epithelium, Notch localizes to the adherens 
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junctions (AJs). However, misfolding of Notch leads to its accumulation in the 

endoplasmic reticulum (ER) and absence from the AJs. In this study, subcellular 

distribution of Notch was examined in the epithelium of the embryonic hindgut in the 

Notch mutant alleles. Among 10 Notch mutant alleles that showed depletion of Notch 

signaling in lateral inhibition and inductive signaling, 6 alleles demonstrated the 

accumulation of Notch in the ER, which was coupled with the absence of Notch from the 

AJs. These results suggest that misfolding of Notch may account for the depletion of 

Notch activity in these 6 alleles. Moreover, I also found 3 Notch mutant alleles which 

showed normal subcellular localization of Notch, although Notch activity was abolished 

in them. Thus, I speculate that these mutations may disrupt some other functions of the 

EGF-like repeats essential for Notch activity, such as ligand binding and proteolytic 

cleavages of Notch.  

Although the EGF-like repeats susceptible to induce misfolding of Notch upon 

the amino acid substitution were identified in this study, variety of amino acids substituted 

in each Notch mutant allele may affect the interpretation of the results. To exclude this 

possibility, I compared the results among 4 Notch mutant alleles that introduce an amino 

acid substitutions in the second cysteine to serine of the different EGF-like repeats. Such 

mutations are likely to reduce the stability of these EGF-like repeats by disrupting the 
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disulfide bridges. Profiles of all 4 alleles accord with the clusters of sensitive EGF-like 

repeats which were revealed here by the analyses including 19 alleles. Therefore, in 

despite of the limitation in the number of Notch alleles used in this study, the conclusions 

regarding the specificity of EGF-like repeats in the activity and folding of Notch were 

drawn with enough resolution.  

In conclusion, this study provided evidences that the EGF-like repeats 8-10 and 

EGF-like repeat 25 may play crucial roles in the folding of whole Notch protein. This 

model should provide valuable insights into the future studies to understand the 

correlation between the structure and function of Notch.  

 

Introduction 

 Cell signaling plays important roles in the regulation of various biological 

processes. In the last few decades, various cell signaling pathways were identified, and 

molecular mechanisms of these signal transductions were revealed. Among them, Notch 

signaling pathway has crucial roles in development and homeostasis across phylums 

(Artavanis-Tsakonas, et al., 1999, Gazave, et al., 2009). Through direct cell-cell 

interaction, Notch signaling regulates cell-fate specifications, cell physiology, apoptosis, 

and pattern formation (Bray, 2016). In addition, components of the Notch signaling 
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pathway are evolutionarily conserved (Artavanis-Tsakonas, et al., 1999, Gazave, et al., 

2009). In accordance with the pivotal roles of Notch signaling in development and 

homeostasis in human, it is known that aberrant Notch signaling causes various diseases 

(Guruharsha, et al., 2012). 

Major steps of Notch signaling cascade have been revealed (Bray, 2016). Notch 

receptor and its ligands, designated as DSL (Delta/Serrate/Lag-2) ligands, are single-pass 

transmembrane proteins (Baron, 2003). Upon the binding of DSL ligands to the 

extracellular domain of Notch, Notch undergoes two successive proteolytic cleavages by 

ADAM-family metalloproteases and g-secretase (Bray, 2006). Consequently, Notch 

intracellular domain (NICD) is liberated from the plasma membrane and translocated into 

the nucleus where NICD forms a complex with CSL (CBF1/Suppresor of Hairless/Lag-

1) transcription factors and promotes transcription from the target genes of Notch 

signaling (Figure 1) (Schweisguth, 2004, Bray, 2006, Hori, et al., 2013). However, in 

addition to these major steps in the activation of Notch signaling, there are complex 

regulatory processes lie behind this signaling cascade, which are also essential for Notch 

signaling transduction or involved in its finer tuning (Bray, 2016). For example, it has 

been shown that maturation of Notch involving folding and glycosylation in the 

endoplasmic reticulum (ER) and Golgi and endocytic trafficking of Notch are important 
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in the activation of Notch signaling (Yamamoto, et al, 2010, Rana, et al., 2011). 

Notch has evolutionarily conserved domains, including Epidermal Growth 

Factor-like repeats (EGF-like repeats), NRR (negative regulatory region), Ankyrin-

repeats, and PEST domain (Artavanis-Tsakonas, et al., 1999, Gazave, et al., 2009). In the 

extracellular domains of Drosophila Notch and mammalian Notch-1, there are 36 EGF-

like repeats that serve as sites for cis- and trans-interactions with ligands (Figure 2) 

(Chillakuri, et al., 2012). The EGF-like repeats widely exist in the extracellular domains 

of various membrane proteins and play roles in extracellular events, such as cell adhesion, 

coagulation, and receptor-ligand interactions (Campbell & Bork, 1993, Downing, et al., 

1996). They can be found in singular or in tandem units that are folded independently as 

individual folding modules (Wouters, et al, 2006). Additionally, the EGF-like repeats are 

also found in secretory factors, such as human epidermal growth factor receptor (EGFR) 

ligands family, including heparin-binding EGF-like growth factor (HBEGF), and human 

blood coagulation factors VII, IX, X, protein C, and thrombomoulin, in which the EGF-

like repeats have adhesive functions (Figure 3, 4) (Wouters, et al., 2006, Tombling, et al., 

2020). 

A unit of EGF-like repeats generally consist of 30-40 amino acid residues that 

mostly form B-sheets structure including 6 conserved cysteines forming 3 disulfide bonds 
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in the following interactions: C1-C3, C2-C4, and C5-C6 (Figure 3,4,5,6) (Kelley, et al., 

1987, Rand, et al., 1997, Wouters, et al, 2006, Haltom & Jafar Nejad, 2015, Tombling, et 

al., 2020, Mehboob & Lang, 2021). This disulfide bonds are found to give structural 

stability toward EGF-like repeats. Calcium ion (Ca2+) binding also plays role in 

maintaining correct functions of Notch by stabilizing EGF-like repeats structure, and 

calcium binding EGF-like repeats are dispersed in 20 of 36 EGF-like repeats (Knott, et 

al., 1996, Feige, et al., 1998, Hambleton, et al., 2004). Such uneven distribution of the 

Ca2+-binding EGF-like suggests some regional difference in the functions of Notch EGF-

like repeats.  

 Protein glycosylation adds another layer of specificity to EGF-like repeats in 

Notch signaling because of specific glycan modifications present in various EGF-like 

repeats, including O-fucosylation, O-glucosylation, and N-glycosylation (Stanley & 

Okajima, 2010). These glycan modifications have unique and redundant roles in Notch 

signaling. For example, O-fucose glycan added to EGF-like repeats in the Notch ligand-

binding site (EGF-like repeats 11–12) directly contributes to ligand–receptor interactions, 

as it lies within the binding pocket and modulates the specificity of the interaction 

between Notch and the two types of ligands, Delta and Serrate/Jagged (Luca, et al., 2015, 

Luca, et al.,2016). Although about two thirds of EGF-like repeats have some of these O-
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fucose glycan modifications, the modifications are important only for specific EGF-like 

repeats, such as EGF-like 6, 8, 9, 12, and 36, in regulating Notch–ligand interactions 

(Kakuda & Haltiwanger, 2017, Pandey, et al., 2019). Thus, individual EGF-like repeats 

with O-fucose glycan modifications play specific roles. In addition, we previously 

reported that O-fucose and O-glucose glycans have redundant functions in folding Notch 

in vivo (Matsumoto, et al., 2016). In our previous study of Drosophila missense mutations 

in Notch EGF-like repeats, we revealed that Notch accumulates in the ER when O-fucose 

and O-glucose glycans are simultaneously removed, but not when either glycan alone is 

depleted (Matsumoto, et al., 2016). Since some of the EGF-like repeats lack the 

modification sites for these O-glycans, each EGF-like repeat likely differs in its response 

to the structural perturbation induced by depleting these glycans.   

The uneven distributions of the EGF-like repeats with Ca2+-binding and O-

glycosylation sites in the tandem array of the 36 EGF-like repeats suggest that each EGF-

like repeat and/or clusters of them may have specific functions in Notch signaling. 

Additionally, arrangement of the EGF-like repeats in Drosophila Notch and mammalian 

Notch-1 provided further evidence to support this idea. In the 36 EGF-like repeats of these 

two Notch proteins, an EGF-like repeat of any number from the N-terminal is most similar 

to the same number of the EGF-like repeats of another Notch paralog, compared with any 
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other EGF-like repeat in these two Notch proteins (Gazave, et al., 2009). This observation 

suggests that the alignment sequence of the EGF-like repeats is also important (Figure 

3,6), suggesting that the EGF-like repeats have position-specific roles. However, specific 

roles of each EGF-like repeat and/or the clusters of them, for example in the proper 

folding and trafficking of Notch, remain unclear. 

In previous studies, a collection of Notch mutants carrying amino acid 

substitution mutations were obtained by a genetic screen based on the bristle phenotypes 

of adult flies, which were observed in somatic clones generated by FLP-FRT system 

(Yamamoto et al., 2012). 18 Notch mutant alleles that have a single amino acid 

substitution in the different EGF-like repeats gave us an opportunity to study potential 

specificity of each EGF-like repeat in the activity, folding, and trafficking of Notch 

(Figure 7). Notch signaling is known to contribute to the three classes of signaling events: 

lateral inhibition, inductive signaling, and asymmetric cell division (Bray, 2016). The 

phenotypes of balding bristle, which were used to screen these Notch mutant alleles, are 

associated with the disruption of Notch signaling in asymmetric cell division and lateral 

inhibition of the peripheral nervous system (Figure 8) (Yamamoto, et al., 2012, Yamamoto 

et al., 2014, Haelterman et al., 2014). Thus, to reveal the distinct defects found in these 

Notch mutant alleles, analyses of the other classes of the Notch signaling events, such as 
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inductive signaling and lateral inhibition of central nervous system, may be informative. 

Neural hyperplasia of the embryonic central nervous system, designated as neurogenic 

phenotype, is a marker to evaluate the reduction of Notch signaling activity in lateral 

inhibition, because wild-type Notch signaling restricts the number of neuroblasts through 

lateral inhibition (Figure 9) (Sjopqvist & Andersson, 2017). In addition, Notch signaling 

also plays roles in inductive signaling, which can be analyzed by observing the boundary 

cells formed between the dorsal and ventral compartments of the hindgut epithelium in 

embryos (Figure 10) (Takashima, et al., 2002). Beside the advantage of the hindgut 

epithelium to analyze the inductive signaling, this tissue is also suitable for analyzing the 

intracellular localization of Notch (Takashima, et al, 2002). Wild-type Notch mostly 

localizes to the adherens junctions (AJs) in the epithelium, such as the epithelium of the 

embryonic hindgut (Sasaki, et al., 2007). It is known that defective folding of Notch 

results in the accumulation of Notch in the ER and the absence from the AJs (Okajima, et 

al., 2005). Furthermore, aberrant endocytosis of Notch can be revealed by the 

accumulation of Notch in endocytic compartments in epithelium (Okajima, et al., 2005, 

Yamamoto, et al., 2010, Hounjet & Vooij, 2021). Therefore, I presumed that the 

epithelium of embryonic hindgut is appropriate to study the defective folding and 

trafficking of Notch in the Notch mutant alleles.  



12 
 

Here, I systematically analyzed the collection of Notch mutant alleles to reveal 

their distinct defects of Notch signaling activity in lateral inhibition of the central nervous 

system and inductive signaling in the embryonic hindgut. Although these Notch mutant 

alleles were isolated based on the bristle phenotypes, which are associated with defective 

Notch signaling in asymmetric cell division, about half of them did not show the 

neurogenic phenotype and the failure in the induction of the boundary cells. These results 

suggested that these mutations of Notch affect Notch signaling in context-dependent 

manners, as reported in many Notch mutations in various contexts (Poellinger & Lendahl, 

2008, Schwanbeck, et al., 2011). However, absent or normal activity of Notch signaling 

evaluated by these two phenotypes accorded with each other in all Notch mutant alleles 

examined. Upon amino acid substitution mutations, the EGF-like repeats that showed 

defects on folding and trafficking of Notch were found to form a cluster. Thus, these 

results suggest that each EGF-like repeat or clusters of them have specificity in their 

contributions to the folding and trafficking of Notch.   

 

2. Materials and methods 

2.1 Drosophila stocks and crosses 

 All experiments were performed at 25°C using a Drosophila standard culture 
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media. Canton-S was used as a wild-type control line. The collection of Notch mutants 

carrying missense mutations were provided by Dr. Shinya Yamamoto (Baylor College of 

Medicine, USA) (Yamamoto, et al., 2012, Haelterman, et al., 2014, Yamamoto, et al., 

2014). The molecular lesions of these Notch mutants were revealed by previous genomic 

sequencing (Yamamoto, et al., 2012, Haelterman, et al., 2014, Yamamoto, et al., 2014). 

These Notch mutants were balanced with a balancer, FM7c Kr>GFP (Yamamoto, et al., 

2012, Haelterman, et al., 2014, Yamamoto, et al., 2014).  

The lines used for this experiment are NX (DGRC 116669), NOmicron (DGRC 

116715), NM (DGRC 116748), NJigsaw (DGRC 116622), NGamma (DGRC 116750), NS 

(DGRC 116605), NIota (DGRC 116608), NG (DGRC 116671), NSpl-1 (BDSC 182), NI 

(DGRC 116689), NZeta (DGRC 116597), NH (DGRC 116684), NAx-16 (BDSC 52014), NJ 

(DGRC 116700), NB (DGRC 116625), NQ (DGRC 116732), NPi (DGRC 116764), NDelta 

(DGRC 116573), and NLambda, originally generated by Dr. Shinya Yamamoto. Each of 

these Notch mutants carries one amino acid substitution in the Notch protein (Yamamoto, 

et al., 2012, Haelterman, et al., 2014, Yamamoto, et al., 2014). N55e11 (BDSC 28813) was 

used as a null allele of Notch. Pdi-GFP (;;Pdi-GFP/Pdi-GFP) protein trap line was used 

to detect Protein disulfide isomerase, a typical marker of the ER (Roth & Pierce, 1987). 

To observe the Pdi-GFP in the epithelium of the embryonic hindgut, females 
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heterozygous for each Notch mutant (Nmutant/FM7c Kr>GFP) were crossed with males of 

+/Y; ; Pdi-GFP/Pdi-GFP. Male embryos hemizygous for each Notch mutant (Nmutant/Y) 

was selected based on their neurogenic phenotype and the absence of FM7c Kr>GFP.  

2.2 Immunostaining 

Embryos were observed by using antibody staining as previously described 

(Rhyu, et al., 1994). Confocal laser microscopy analysis was performed using LSM 700 

(Zeiss) or LSM 810 (Zeiss) for obtaining high quality images, and the results were 

analyzed using LSM image browser and ImageJ software. Illustrative figures in this thesis 

were made using BioRender application. The following primary antibodies were used: rat 

anti-Elav (7E8A10, 1:500) (O’neill, et al., 1994), mouse anti-NICD (C17.9C6, 1:250) 

(Fehon, et al., 1990), mouse anti-Crumbs (Cq4, 1:250) (Tepass & Knust, 1993), rat anti-

E-Cadherin (DCAD2 1:500) (Oda, et al., 1994), guinea pig anti-FL-Hrs (GP30, 1:1000) 

(Llyoid, et al., 2002), rabbit anti-Rab7 (1:5000) (Tanaka & Nakamura, 2008), rabbit anti-

Rab11 (1:8000) (Tanaka & Nakamura, 2008), rabbit anti-GM130 (1:50, Abcam) 

(O’sullivan, et al., 2012), rabbit anti-GFP (1:250, 598 MBL) (Suzuki, et al., 2010), and 

rat anti-GFP (1:250, Nacalai Tesque)  

 The following secondary antibodies were used: Cy3-conjugated donkey anti-

mouse (Jackson Immunoresearch), Cy5-conjugated anti-rabbit (Jackson 
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Immunoresearch), Cy-5 conjugated anti-rat (Jackson Immunoresearch), Cy5-conjugated 

anti-guinea pig (Jackson Immunoresearch), Alexa488-conjugated donkey anti-rat 

(Jackson Immunoresearch), and Alexa488-conjugated donkey anti-rabbit (Jackson 

Immunoresearch). 

 

3. Results 

3.1 Missense mutations introducing a single amino acid substitution in EGF-like 

repeats of Notch may be useful to understand the specificity of EGF-like repeats 

Notch receptor is a type I single-pass transmembrane protein that consists of a 

large extracellular domain (about 200 kDa), a transmembrane domain, and an intracellular 

domain (about 100 kDa). The extracellular domain of Drosophila Notch consists of 36 

EGF-like repeats and three lin-12/Notch repeats (LNR) (Bray, 2016). While, in the 

intracellular domain of Drosophila Notch, a RBPJ-associated module (RAM) domain, six 

Ankyrin repeats (ANK), a TAD/OPA domain, and a PEST domain reside (Figure 2) (Bray, 

2016). These domains are conserved from Drosophila to human, and their specific 

functions were revealed in the regulations of Notch signaling (Bray, 2006). 

 Among these domains, the EGF-like repeats occupy the largest region in the 

Notch protein (Figure 2). Although these EGF-like repeats have a conserved structure 
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including 6 cysteines forming three definite disulfide bonds (Figure 3,4,5,6), previous 

studies suggested that each of EGF-like repeat and/or clusters of them may has functional 

specificities in the functions of Notch. However, such possibility has not been addressed 

by systematic approaches. 

In order to examine the specific roles of each EGF-like repeat, I decided to utilize 

a collection of missense mutations of Notch that was established recently (Yamamoto, et 

al., 2012, Haelterman, et al., 2014, Yamamoto, et al., 2014). These Notch mutants carry a 

single missense mutation in the regions of genomic Notch locus corresponding to the 

EGF-like repeats and the transmembrane domain, which were previously confirmed by 

DNA sequencing (Yamamoto, et al., 2012, Haelterman, et al., 2014, Yamamoto, et al., 

2014). Therefore, it becomes an advantage for me to reveal specific EGF-like repeats 

responsible for the phenotypes of these 19 Notch alleles (Yamamoto, et al., 2012). The 

numbers of EGF-like repeats and the amino acid substitution in each EGF-like repeat are 

summarized (Table 1, Figure 7). Furthermore, this collection includes 4 Notch mutants in 

which the second cysteine is replaced with serine in the different EGF-like repeats. 

Therefore, comparison of the phenotypes among these Notch mutations may allow us to 

detect some differences that imply functional specificities of these EGF-like repeats. 

The missense mutations of Notch were isolated by genetic screen based on the 
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defects of bristles in somatic clone cells homozygous for each of Notch allele. Notch 

signaling controls the bristle formation at two major steps. First, the number of sensory 

organ precursors, each of which eventually form a single bristle, is restricted by Notch 

signaling through lateral inhibition. Second, cell-fates of cells constituting a bristle are 

determined by Notch signaling through the mechanisms of asymmetric cell division 

(Figure 8) (Schweisguth, 2015). Thus, this genetic screen covers Notch mutations that 

affect the lateral inhibition of the peripheral nervous system and asymmetric cell division. 

However, in addition to these functions, Notch signaling also plays crucial roles in lateral 

inhibition of the central nervous system and in inductive signaling in epithelial tissues 

(Bray, 2016). Thus, to reveal the distinct effects of these missense mutations of Notch, I 

thought that Notch signaling in these two processes should be analyzed in these Notch 

mutants. To analyze them in the collection of 19 missense mutants of Notch, the central 

nervous system and the hindgut of embryos were suitable (Cabrera, 1990 & Takashima, 

et al., 2002). 

3.2 Only subset of the Notch missense mutations affects the development of 

embryonic nervous system 

 In Drosophila embryo, the central nervous system is formed from the 

neuroectoderm (Cau & Blader, 2009, Arefin, et al., 2019, Arefin, et al., 2020). In the 
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neuroectoderm, proneural clusters where all cells can differentiate into neuroblasts are 

formed. Once a cell chooses its cell-fate to become neuroblast, it starts to express high 

level of Delta, encoding a ligand for Notch, and activates Notch signaling in the 

neighboring cells, which leads to the suppression of their differentiation as neuroblasts. 

This process is referred to as lateral inhibition that restricts the number of neuroblasts as 

one third of cells in the neuroectoderm. The cells that fail to differentiate into neuroblasts 

in proneural clusters become epidermoblasts. Thus, in the absence of Notch signaling in 

the neuroectoderm, all cells in proneural clusters become neuroblasts at the expense of 

the epidermoblasts. This results in neural hyperplasia, designated as neurogenic 

phenotype (Figure 9).   

 In the embryonic central nervous system, depleted Notch signaling causes neural 

hyperplasia, designated as a neurogenic phenotype (Lehmann, et al., 1983). In this study, 

I observed neuronal cells by immunostaining with an antibody against the neuron-specific 

nuclear protein Elav (embryonic lethal abnormal vision) (Berger, et al., 2007). In wild-

type embryos, anti-Elav stained the neuronal nuclei of the ladder-like nervous system 

(Figure 9); in contrast, the classic Notch amorphic (null) allele Notch55e11 produced a 

severe neurogenic phenotype, with nearly the entire embryo stained by anti-Elav (Figure 

9) (Lehmann, et al., 1983). Of the 19 Notch alleles tested, each carrying a different 
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missense mutation (Table 1), 10 had a neurogenic or brain deformation phenotype (Figure 

9). Although the nature of brain deformation phenotype remained unclear, intensity of 

anti-Elav staining increased in these deformed brains, suggesting their neural hyperplasia 

that implies region-specific reduction of Notch signaling (Figure 9; Table 1). The 

remaining nine mutants exhibited a wild-type nervous system, even though the same 

alleles produced a Notch signaling-related phenotype in other contexts (Figure 9; Table 

1) (Yamamoto, et al., 2012). Considering that the role of Notch signaling is context-

dependent in various tissues and organs (Yamamoto, et al., 2012, Schweisguth, 2015), 

these missense mutations likely disrupt Notch signaling in a context-dependent manner. 

3.3 Only the subset of missense mutations of Notch affects the formation of boundary 

cells in the hindgut 

 Next, I examined these Notch mutants for defects in boundary cells in the 

embryonic digestive system, since boundary cell formation is a typical example of 

inductive Notch signaling (Takashima, et al., 2002, Iwaki & Lengyel, 2002). The 

expression of the ligand Delta is limited to the ventral compartment of the hindgut 

because engrailed, which suppresses Delta expression, is expressed in the dorsal 

compartment (Takashima, et al., 2002). In the ventral cells where Delta is expressed, 

Notch signaling is suppressed in most cells by cis-inhibition of Notch via Delta 
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(Takashima, et al., 2002). However, since Delta presented from the ventral cells can signal 

Notch receptors expressed in the dorsal cells, where cis-inhibition does not take place, 

Notch signaling is activated in the single row of dorsal cells that subsequently 

differentiates into boundary cells (Takashima, et al., 2002). 

Thus, I analyzed boundary cell formation to determine whether Notch signaling 

was disrupted in the Notch missense mutants during the development of the digestive 

system. The boundary cells highly express crumbs, which is required to establish apical-

basal cell polarity and contributes to the organization of zonula adherens (Kumichel & 

Knust, 2014). When stained with an anti-Crumbs antibody, boundary cells were observed 

as two narrow bands, each composed of a single row of boundary cells (Figure 10) 

(Kumichel & Knust, 2014). I confirmed that crumbs expression is lost in embryos 

hemizygous for Notch55e11 as previously described (Figure 10), demonstrating that my 

assay has sufficient sensitivity for my purposes (Takashima, et al., 2002). I assessed the 

presence or absence of boundary cells in embryos hemizygous for each Notch missense 

mutation and found that crumbs expression was depleted or showed abnormal gaps in 10 

of the 19 Notch missense mutants (Figure 11; Table 1). However, the remaining nine 

missense mutations did not affect crumbs expression, indicating that inductive signaling 

was normal in this context (Figure 11; Table 1) (Yamamoto, et al., 2012). The 10 mutants 
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with defective inductive signaling were the same 10 mutants with neurogenic or brain 

deformation phenotype (Table 1). Therefore, I speculate that these 10 missense mutations 

are relatively severe loss-of-function alleles of Notch, whereas the other alleles are 

hypomorphic or context-dependent. I noticed that seven of these 10 mutations affect 

cysteine residues that form disulfide bonds and most of them are clustered in EGF-like 

repeats 8–10 (Table 1). Thus, Notch may be particularly sensitive to disruption of the 

basic structure of EGF-like repeats 8–10. 

3.4 The EGF-like repeats of Notch have distinctive sensitivity to the structural 

perturbations induced by amino acid substitutions. 

 To compare the effect of these Notch mutations on inductive Notch signaling and 

lateral inhibition, I summarized the phenotypes of the boundary cells and central nervous 

system found in each Notch mutation (Table 1). I found that 10 out of 19 Notch alleles 

showed both the neurogenic or brain deformation phenotypes of the central nervous 

system and the depletion or abnormal gaps of crumbs expression in the embryonic hindgut. 

Thus, strikingly, defects on the lateral inhibition and inductive signaling coincided in all 

Notch alleles examined. Therefore, any of these Notch alleles did not show context-

dependency in their phenotypes of the boundary cells and central nervous system in 

embryos. In contrast, although these Notch alleles were isolated based on bristle 
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phenotypes, which likely reflect abnormality of Notch signaling, 9 out of 19 Notch alleles 

did not show defects in the boundary cells or central nervous system in embryos. Since, 

Notch signaling is involved in the bristle formation through the control of asymmetric 

cell division, amino acid substitutions that occurred in these 9 Notch alleles may 

specifically affects the roles of Notch in asymmetric cell division, but not inductive 

signaling nor lateral inhibition.  

My comparative analyses of phenotypes in the boundary cells and central 

nervous system in embryos also demonstrated a tendency that Notch mutant alleles 

introducing amino acid substitutions to the EGF-like repeats 8-10 and 25 showed loss-of-

function phenotypes of Notch in the central nervous system and boundary cells in 

embryos. Thus, the EGF-like repeats 8-10 and 25 may be particularly sensitive to the 

perturbations introduced by these missense mutations. 

3.5 Notch mutations carrying various amino acid substitutions in EGF-like repeats 

showed context dependent phenotypes 

Notch mutations may disrupt Notch signaling by introducing defects in its 

folding or trafficking, which consequently results in the accumulation of Notch in the ER 

and/or endosomes (Okajima, et al., 2005). An accumulation of Notch in the ER can, in 

turn, lead to the loss of Notch from AJs in epithelial cells (Okajima, et al., 2005). This 
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loss is easily detected in the hindgut epithelium (Fuß & Hoch, 2002). Thus, I analyzed 

the subcellular localization of Notch in the hindgut epithelium of embryo hemizygous for 

each of the 19 Notch missense mutations, and found abnormal intracellular distribution 

of Notch in 8 of the 19 mutants (Figure 12 D–F,J–L,R,S; Table 2). 

I compared signaling defects found in the central nervous system and boundary 

cells, assessed through Notch mutant phenotypes, with cellular defects related to Notch 

trafficking. I divided the Notch mutants accordingly into four classes based on the types 

of defects observed (Table 3), as follows: Class I comprised eight Notch mutants with 

normal Notch trafficking and normal Notch activity in the boundary cells and central 

nervous system. Class II comprised one Notch mutant that disrupted Notch trafficking but 

did not affect Notch activity in the boundary cells or nervous system. Class III comprised 

three Notch mutants that disrupted Notch activity in both the boundary cells and nervous 

system, but did not affect Notch trafficking. Class IV comprised seven Notch mutants that 

disrupted Notch trafficking and Notch activity in the boundary cells and nervous system. 

Based on these results, I conclude that a change in the amino acids in an EGF-like repeat 

can differ in its effect on Notch trafficking and activity, and that signaling defects and 

trafficking defects are not necessarily linked. Considering that amino acid substitutions 

in EGF-like repeats induced a range of defects in Notch trafficking and activities, the 
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specific amino acid sequences within certain EGF-like repeats are likely crucial for 

normal Notch activity and/or trafficking (Brennan, et al., 1997). 

Typical examples of the defects in Notch trafficking found in Classes I to IV 

Notch mutant alleles are shown (Figure 13-16). Class I alleles include NJigsaw (EGF-8, 

V361M), NPi (EGF-9, D374G), NAlpha (EGF-11, E452K), NSpl-1 (EGF-14, I578T), NLambda 

(EGF-16, G668R), NI (EGF-16, G671D), NAx-16 (EGF-29, G1174A), and NJ (EGF-34, 

C1567S) (Figure 13). In these parentheses, the left shows the numbers of the EGF-like 

repeats from the N-terminus (EGF-number), and the right shows the substituted amino 

acid at the position shown in number from the N-terminus. Class I alleles were isolated 

based on their balding or reduced bristle phenotype, suggesting the disruption of Notch 

signaling in asymmetric cell division. Nevertheless, class I alleles did not show defects 

in the embryonic neurogenesis or boundary cell formation. These results suggest that 

amino acid substitutions found in class I mutants affect asymmetric cell division but not 

lateral inhibition nor inductive Notch signaling. Previous studies may explain this 

observation. For example, it was previously shown that Njigsaw mutant affects preferences 

of binding between Notch and either one of two ligands (Yamamoto, et al., 2012). In this 

mutation, Notch preferentially binds to Delta rather than Serrate, leading to the defect of 

inductive Notch signaling in the wing imaginal disc (Yamamoto, et al., 2012). Thus, it is 
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speculated that the EGF-like repeat 8 may function to facilitate the binding to Serrate 

(Yamamoto, et al., 2012). However, in the embryonic nervous system and the boundary 

cells, it is known that Serrate ligand is dispensable, and Delta acts as primary ligand to 

activate Notch (Takashima, et al, 2002, Moore & Alexandre, 2020). This may explain that 

Njigsaw mutant did not show phenotypes in the embryonic nervous system and the 

boundary cells. Furthermore, NSpl-1 mutant that has an amino acid substitution in the EGF-

14 was known to have a rough eye phenotype and abnormal bristle formation (Brennan, 

et al., 1997). It was previously suggested that the rough eye phenotype is caused by an 

impaired cell-adhesion mediated by Notch. Therefore, NSpl-1 mutant may affect a different 

aspect of Notch function from its roles in lateral inhibition and inductive signaling. In 

addition, NSpl-1 mutant showed increased Notch activity in some tissues, although in the 

eye and bristle it is thought to be a loss-of-function mutation (Lieber, et al., 1992, Brennan, 

et al., 1997, Nagel & Preiss, 1999). Thus, behavior of NSpl-1 shows complex context-

dependencies, which is also found in my study.   

3.6 A trafficking defect of Notch was not always coupled with a loss of Notch activity 

The only Class II mutant in this study, NH, carries an amino acid substitution in 

the 29th EGF-like repeat with a cysteine (C) to serine (S) amino acid substitution at the 

1155th amino acid residue (EGF-29, C1155S); this mutation affected the intracellular 



26 
 

trafficking of Notch but not Notch function in lateral inhibition or inductive signaling in 

embryogenesis (Figures 14). Notch was not detected in AJs in the hindgut of NH 

hemizygote embryos, where Notch is highly enriched in wild-type flies, but was instead 

found in punctate structures in the cytoplasm. To reveal the nature of such punctae, I 

analyzed the potential colocalization of Notch with markers of various intracellular 

compartments. I found that Notch colocalized with the early endosome marker Hrs 

(Hepatocyte growth factor regulated tyrosine kinase substrate) in the hindgut epithelium 

of NH hemizygote embryos (Figure 18) but not wild-type embryos (Figure 18; Table 2). 

On the other hand, Notch did not colocalize with markers for the ER (PDI-GFP) (Figure 

18), cis-Golgi, recycling endosomes, or late endosomes under the same conditions (Figure 

22-26). Therefore, in NH hemizygotes, Notch is absent from AJs and accumulates in early 

endosomes in the hindgut epithelium, although such mislocalization of Notch does not 

appear to affect Notch signaling activity in this context. Under this condition, Notch 

presented at the plasma membrane appeared to be severely reduced, whereas the activity 

of Notch signaling was maintained normally. I speculated that this phenomenon can be 

explained by the nature of the NH mutation, which introduces an amino acid substitution 

in EGF-like repeat 29, included in the Abruptex domain (Yamamoto, 2020). Since 

mutations in the Abruptex domain often result in gain-of-function Notch alleles 
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(Yamamoto, 2020), it is possible that NH encodes a gain-of-function Notch while 

simultaneously reducing Notch presentation at the plasma membrane, which should 

reduce Notch signaling activity. Therefore, I speculate that a balance of these opposing 

effects on Notch activity belonging to the NH mutation may account for my observation 

that Notch signaling activity was normal in this mutant. 

3.7 Some amino acid substitutions disrupt Notch signaling without affecting the 

trafficking of Notch 

Conversely, my analyses revealed that the Class III alleles NDelta (EGF-9, 

D389N), NG (EGF-13, C535S), and NB (TMD, I1751K) showed attenuation in Notch 

activity in lateral inhibition, as predicted from brain deformation phenotype, and in 

inductive signaling (Figure 15) during embryogenesis, whereas Notch trafficking was 

normal in the hindgut epithelium (Figure 15). These results suggest that the disruption of 

Notch activity is not always coupled with Notch trafficking defects. Considering the many 

factors that regulate Notch signaling at various layers within a cell, I speculate that these 

Notch missense mutations might disrupt some processes other than normal Notch 

trafficking. For example, NDelta and NG might disrupt ligand-receptor binding, since these 

mutations introduce amino acid substitutions into EGF-like repeats 9 and 13, respectively. 

Meanwhile, NB allele carries a mutation introducing an amino acid substitution 
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into the transmembrane domain (TMD) in Notch. I speculated that the mutation may 

affect the S3 cleavage, which occurs at the proximal of TMD and is essential for the 

activation of Notch.  

3.8 In various Notch missense mutations, trafficking defects of Notch couple with 

loss of Notch activity 

 In total, 7 of the 19 Notch mutant alleles tested were Class IV, which exhibit 

trafficking defects and loss of Notch activity in both neural development and the 

formation of hindgut border cells (Figure 16; Table 3). The Class IV mutants include NX 

(EGF-8, C343S), NOmicron (EGF-8, C343Y), NQ (EGF-8, D331N), NGamma (EGF-9, 

C398Y), NS (EGF-9, C407S), NIota (EGF-10, C413S), and NZeta (EGF-25, C993S). Notch 

was absent from AJs in all Class IV alleles (Figure 17). Six of the seven Class IV mutants 

produced Notch proteins that accumulated in the ER, as shown by colocalization studies 

with Pdi-GFP (Figure 17), whereas hardly any Notch was detected in this organella in 

wild-type embryos (Figure 17). On the other hand, Notch proteins derived from these six 

mutants did not colocalize with markers of other intracellular compartments, such as cis-

Golgi, early endosomes, recycling endosomes, late endosomes, or AJs (Figure 22-26). 

Previous studies show that misfolded Notch protein was not transported to AJs because it 

was trapped in the ER (Matsumoto, et al., 2016, Okajima, et al., 2005). These six mutants 
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may also produce misfolded Notch that is not exported from the ER. 

 Importantly, I found that six of the seven Class IV mutants have amino acid 

substitutions in EGF-like repeats 8–10. Thus, the EGF-like repeats in this region may be 

especially sensitive to structural perturbations (Figure 19). I speculate that these three 

EGF-like repeats may be particularly important in folding the whole extracellular domain 

of Notch. 

The Class IV mutant NZeta, which has an amino acid substitution in EGF-like 

repeat 25, accumulates Notch in the ER, suggesting that the mutation induces a severely 

misfolded product. EGF-like repeat 25 is a part of the Abruptex domain (EGF-like repeats 

24–29) (De Celis & Bray, 2000). Amino acid substitutions within the Abruptex domain 

are known to induce gain-of-function mutations of Notch, suggesting that the Abruptex 

domain is involved in suppressing Notch activation (De Celis & Bray, 2000). It has also 

been suggested that the Abruptex domain contributes to forming Notch dimer proteins 

(Pei & Baker, 2008). Given the apparent sensitivity of EGF-like repeat 25 to structural 

perturbation (Figure 19), the Abruptex domain may also be involved in the high-order 

organization of EGF-like repeats. 
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3.9 Disruptions of conserved disulfide bonds in different EGF-like repeats induce 

distinctive defects in Notch activity and trafficking  

Although I observed different phenotypes associated with amino acid 

substitutions in individual EGF-like repeats, some differences may depend on the specific 

amino acids that replace the original residue rather than the position of the repeat. Four 

of the Notch missense mutants tested here, NX (EGF-8, C343S), NG (EGF-13, C535S), 

NZeta (EGF-25, C993S), and NH (EGF-29, C1155S), have the same amino acid substitution 

at the conserved second cysteine though occurring in different EGF-like repeats, and these 

cysteines were replaced with serine residues. Considering the differences in the behavior 

of these variants in my assay system, my data argue that, at least among the mutants I 

tested, the matter of which EGF-like repeat contains the mutation has important biological 

consequences (Figure 20). These results also suggest that my analysis of the defects 

induced in the various mutants also indicate, at least to some degree, a specific function 

of the EGF-like repeats containing the amino acid substitutions. On the other hand, my 

analyses also revealed that the NG (EGF-13, C535S) and NJ (EGF-34, C1341Y) mutants, 

which have amino acid substitutions at conserved cysteines, did not accumulate Notch in 

the ER (Figure 12). This observation suggests that these EGF-like repeats are tolerant to 
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structural perturbation with consequent misfolding. This also supports my idea that each 

EGF-like repeat plays specific roles in Notch folding. 

 

Discussion 

Notch has 36 EGF-like repeats in its extracellular domain (Artavanis-Tsakonas, 

et al., 1999). Although these EGF-like repeats share a conserved structure, they play 

diverse roles as individual repeats and as clusters (Bray, 2016). For example, EGF-like 

repeats 11–12 form the core ligand-binding site (Rebay, et al., 1991). EGF-like repeats 

10–12, 11–12, and 8 specifically contribute to cis-inhibition (Becam, et al., 210), trans-

activation (Chillakuri, et al., 2012), and ligand selection (Yamamoto, et al., 2012), 

respectively. Genetic evidence suggests that EGF-like repeats 24–29, designated as the 

Abruptex domain, negatively regulate the Notch receptor (De Celis & Bray, 2000, Baron, 

2017, Yamamoto, 2020). However, relatively little is known about the specific roles of 

individual EGF-like repeats, and a complete high-order structure of Notch and its 36 

EGF-like repeats in action has not been solved through structural analysis. In this study, 

I attempted to reveal the specific contributions of each EGF-like repeat to the activity, 

folding, and intracellular trafficking of Notch by studying the effect of missense 

mutations. 
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I analyzed 19 Notch mutants carrying missense mutations that were identified 

through a recent forward genetic screen (Yamamoto, et al., 2012) or as classic alleles. 

These mutations introduce unique amino acid substitutions into EGF-like repeats in 18 

cases, and into the transmembrane domain in one case (Yamamoto, et al., 2012). The 

mutants collected through genetic screening were isolated by clinical observation of 

Notch-related phenotypes in the bristles (Yamamoto, et al., 2012). To further characterize 

these mutants, I examined two other well-studied Notch-related phenotypes in embryonic 

tissues: lateral inhibition during central nervous system development and inductive 

signaling during boundary cell formation in the hindgut (Table 1). My comparative 

analyses revealed that 10 out of 19 alleles exhibited either a neurogenic or brain 

deformation phenotype and boundary cells abnormalities (Table 1). In all cases, these two 

defects were observed coincidently. Therefore, the behavior of each of these 10 missense 

mutations was the same for lateral inhibition and for inductive signaling during 

embryogenesis. Although context dependency in Notch signaling has been studied 

extensively, it is still difficult to explain how it operates differently in various tissues 

(Siebel & Lendahl, 2017). Clear differences and similarities in the behaviors of the Notch 

missense mutants observed in this study provide an excellent opportunity to understand 

the molecular mechanisms of context-dependent Notch signaling. 
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As summarized in Figure 19, my analysis revealed that the EGF-like repeats 

sensitive to the amino acid substitutions with respect to the depletion of Notch activity 

are found in two regions within the 36 EGF-like repeats. One of these regions is EGF-

like repeats 8–10, as revealed in the Notch missense mutants NX, NOmicron, NQ, NGamma, NS, 

and NIota. Intriguingly, the importance of EGF-like repeats 8-10 agrees with previous 

findings. For example, O-fucose modifications on EGF-like repeats 8 and 12 in Notch1 

engage the EGF-like repeat 3 and the C2 domain, respectively, of the Jagged1 ligand 

(Luca, et al., 2017). Moreover, EGF-like repeat 8 modulates ligand binding selectivity in 

Drosophila (Yamamoto, et al., 2012). EGF-like repeats 8-10 of Notch1 are required for 

DLL1- and DLL4-induced Notch signaling (Andrawes, et al., 2013). The importance of 

EGF-like repeats 8-10 has also been shown by analyzing O-fucose glycan modifications. 

O-fucose glycan modifications in EGF-like repeats 8, 9, and 12 of Drosophila Notch and 

in EGF-like repeats 8 and 12 of Notch1 specifically play important roles in modulating 

Notch-ligand binding (Pandey, et al., 2019, Kakuda & Haltiwanger, 2017). Collectively, 

these results highlight the importance of EGF-like repeats 8-10 in Notch functions. 

Another sensitive region was found in the EGF-like repeat 25, although this 

region was identified based on only one Notch mutant, Nzeta. This region overlaps with 

the Abruptex domain (EGF-like repeats 24-29), which is known to negatively regulate 
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Notch activity (De Celis & Bray, 2000). Genetic interaction analysis suggests that the 

Abruptex domain can be divided into two different clusters, EGF-like repeats 24-25, 

known as “suppressor of Notch”, and EGF-like repeats 27-29, known as “enhancer of 

Notch” (Yamamoto, 2020). The precise molecular function of Abruptex domain is 

unknown, and it is not clear why the Nzeta mutation found in this region leads to a loss-of-

function rather than a gain-of-function Notch phenotype. A more detailed study of this 

mutation along with other Abruptex alleles of Notch will likely provide insights into this 

mysterious domain. In summary, these two missense-sensitive clusters of EGF-like 

repeats correspond well to the EGF-like repeats that have been shown to play specific 

roles in Notch functions. 

My results also revealed that of seven Notch mutants with an amino acid 

substitution in one of the sensitive clusters, six accumulated Notch abnormally in the ER 

of the hindgut epithelium. I found seven Class IV Notch mutations in this study— NX, 

NOmicron, NQ, NGamma, NS, NIota, and NZeta, which disrupted Notch trafficking and Notch 

activity (Table 3). Notch misfolding is known to cause Notch to accumulate in the ER 

(Okajima, et al, 2005). Therefore, I speculated that amino acid substitutions in the EGF-

like repeats of the sensitive clusters may induce global misfolding of Notch, which 

prevents the export of Notch from the ER by quality control mechanisms (Matsumoto, et 
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al., 2016, Okajima, et al., 2005). On the other hand, in Class III mutants, including NDelta, 

NG, and NB, Notch trafficking was normal, although Notch activity was reduced. However, 

in Class III mutants, defects in neural development were observed only in the brain, but 

not in the other part of the central nervous system. Considering that all Class IV mutants 

showed neurogenic phenotype in the entire central nervous system, underlying defects in 

Notch signaling may be different between Class III and Class IV, although all of them 

showed defects in inductive Notch signaling, as judged by the disruption of boundary cell 

formation. It is known that the activation of Notch signaling requires several steps in 

addition to proper Notch folding, such as ligand binding and Notch processing. Therefore, 

I speculate that some of these other steps might be disrupted in the Class III mutants, 

which may also explain the difference of neuronal phenotypes between Class III and Class 

IV. 

As a potential limitation of this study, one could argue that the type of amino 

acid substitution found in the Notch mutants might be more important than which EGF-

like repeat is affected. However, my analysis of the missense mutations in the Notch 

mutants NX, NG, NZeta, and NH, which introduce the same amino acid substitution in the 

conserved second cysteine to serine, but in different EGF-like repeats, argues that 

identical amino acid changes introduced into different EGF-like repeats can differ in 
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effect. Therefore, despite the limitation in the number of Notch alleles used here, my 

analyses successfully demonstrate, at least to some extent, the specificity of individual 

EGF-like repeats in Notch folding and activity. 

Based on the results of my study, I propose that the EGF-like repeats 8-10 and 

25 are particularly susceptible to structural perturbation with consequent misfolding and 

inactivation of Notch. I speculate that the ER may monitor the folding of these particular 

EGF-like repeats more strictly than other repeats because of their critical roles in Notch 

receptor functions. This idea should provide insights for further studies of correlations 

between Notch structure and function, and may provide molecular handles to assist in the 

functional interpretation of the missense variants that are found in human Notch receptors 

and are linked to diverse genetic disorders or cancers. 
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Figures and tables 

 

Figure 1. Notch signaling pathway. 

Notch is a type 1 transmembrane receptor and needs to bind to the ligand (Delta or 

Serrate) to initiate the activation of the Notch signaling pathway. Major steps of the Notch 

pathway have been understood. Starting from Notch synthesized in the ER, it is cleaved 

at the S1 site (S1 cleavage) in the Golgi. Upon binding to the ligand, Notch undergoes 

two subsequent cleavages (S2 and S3 cleavages), leading to the release of Notch 

intracellular domain (NICD) from the plasma membrane. Consequently, NICD is 

translocated into the nucleus where it initiates transcription of Notch signaling target 

genes. 
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Figure 2. The Notch receptor 

Notch consists of a large extracellular domain (about 200 kDa), a transmembrane domain, 

and an intracellular domain (about 100 kDa). In the extracellular domain of Drosophila 

Notch, 36 EGF-like repeats and three lin-12/Notch repeats (LNR) are present. In the 

intracellular domain, a RBPJ-associated module (RAM) domain, six Ankyrin repeats 

(ANK), a TAD/OPA domain, and a PEST domain resides. Subset of these EGF-like 

repeats has consensus sequences of O-fucosylation (red triangle) and/or O-glucosylation 

(blue circle), and about one third of the EGF-like repeats do not have these O-glycan 

modifications. 
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Figure 3. Amino acid sequence homology found in various EGF-like repeats 

Sequence alignment of various EGF-like repeats. 6 conserved cysteines (C1-C6) in each 

EGF-like repeat are indicated by black boxes. Amino acid sequences of Drosophila Notch 

EGF-1 (the first EGF-like repeat from the N-terminal), Human Notch1 EGF-1, Human 

Thrombomodulin EGF-1, Human Coagulation Factor 9 EGF-1, and Xenopus Notch 

homolog, Xotch1 EGF-1 are shown.  
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X-ray structure from Human coagulation factor IX EGF-1 (a.a. 92-130) 

 
 
 
 
 
 
 
 
 
 

Figure 4. Structure of Human coagulation factor IX EGF-1 

X-ray structure of Human coagulation factor IX EGF-like repeat 1 (the first EGF-like 

repeat from the N-terminal). It has 6 conserved cysteines as mentioned in Figure 3. The 

tertiary structure of this EGF-like repeat is conserved in other EGF-like repeats, in which 

two stranded B-sheet structure known as major (N-terminal) and minor (C-terminal) is 

observed (Wouters, e al., 2005) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Rao, et al., 1996 
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 Illustration drawing of a typical EGF-like repeat in Drosophila Notch 

 
 
 
 
 
 
 

X-ray structure of the EGF-like repeats 11-13 from Drosophila Notch  

Figure 5. Structure of Drosophila Notch EGF-repeats in the ligand-binding region  

Upper: 

An EGF-like repeat consists of 30-40 amino acids including 6 cysteines (indicated by C 

in brown circles) that form three definite disulfide bonds that define its three-dimensional 

structure. Red circle is the site for O-fucosylation with the consensus sequence (C2-X-X-

X-X-(S/T)-C3), and blue circle is the site for O-glucosylation with the consensus sequence 

(C1-X-S-X-(P/A)-C2).  

Below: 

Suckling, et al., 2020 

EGF 11 

(a.a. 449-486) 

EGF 12 

(a.a. 488-524) 

EGF 13 

(a.a. 526-562) 
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X-ray structure of the EGF-like repeats 11-13 from Drosophila Notch encompassing the 

EGF-like repeats 11 (a.a. 449-486), 12 (a.a. 488-524), and 13 (a.a. 526-562). These 

regions cover the ligand binding site in EGF 11 and 12, which are important for binding 

between Notch and ligands. EGF-like repeats share a common tertiary structure as two 

stranded B-sheets. This structure appears in each of EGF-like repeat. 

 

 
 

Figure 6. Amino acid sequence of Drosophila Notch EGF-like repeats 

Amino acid alignment of sequences from Drosophila Notch EGF-like repeats 1-36 

(Kelley, et al., 1987, Adams, et al., 2000). The 6 conserved cysteines in each of the EGF-
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like repeat are shown as C in black boxes. Red circles show the positions of amino acids 

changed in the Notch mutant alelles  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 7. Position of the EGF-like repeats with amino acid substitutions in Notch 

mutant alleles analyzed in this study 

Position of the EGF-like repeats with a missense mutation in 18 Notch mutants are shown. 

NB has a missence mutation in the sequence corresponding to the transmembrane domain 

(Yamamoto, et al., 2012). In parentheses, the positions of the EGF repeats are showed in 

left, and amino acid numbers and substituted amino acids are showed in right)  



44 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8. Bristle formation and asymmetric cell division in Drosophila 

Notch signaling controls the bristle formation at two major steps. First, the number of 

sensory organ precursors (SOP), which eventually forms a single bristle, is restricted by 

Notch signaling through lateral inhibition. Second, the cell-fates of cells constituting a 

bristle are determined by Notch signaling through the mechanisms of asymmetric cell 

division (Schweisguth, 2015). A sensory organ precursor will differentiate into four 

different cells, a shaft, socket, sheath, and neuron, which depends on the activity level of 

Notch during asymmetric cell division. However, in loss-of-function mutations of Notch, 

a sensory organ precursor produced in four neurons, which results in loss of the bristle, 

called balding phenotype.  

 

SOP 
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No Name EGF-like  
Repeat  

Mutation Position 
Notch Activity 

Bristle Formation Lateral Inhibition Inductive 
Signaling 

1 N
X
 EGF 8 C343S (C2S) Absent Neurogenic Depletion 

2 N
Omicron

 EGF 8 C343Y (C2Y) Absent Neurogenic Depletion 

3 N
Q
 EGF 8 D331N Absent Neurogenic Depletion 

4 N
Jigsaw

 EGF 8 V361M Normal Normal Normal 

5 N
Pi

 EGF 9 D374G Absent Normal Normal 

6 N
Delta

 EGF 9 D389N Absent Brain deformation Depletion 

7 N
Gamma

 EGF 9 C398Y (C5Y) Absent Neurogenic Depletion 

8 N
S
 EGF 9 C407S (C6S) Absent Neurogenic Depletion 

9 N
Iota

 EGF 10 C413S (C1S) Absent Neurogenic Depletion 

10 N
Alpha

 EGF 11 E452K Absent Normal Normal 

11 N
G
 EGF 13 C535S (C2S) Absent Brain deformation Depletion 

12 N
Spl−1

 EGF 14 I578T Reduced Normal Normal 

13 N
Lambda

 EGF 16 G668R Absent Normal Normal 

14 N
I
 EGF 16 G671D Absent Normal Normal 

15 N
Zeta

 EGF 25 C993S (C2S) Absent Neurogenic Depletion 

16 N
H
 EGF 29 C1155S (C2S) Absent Normal Normal 

17 N
Ax−16

 EGF 29 G1174A Reduced Normal Normal 

18 N
J
 EGF 34 C1341Y(C1Y) Absent Normal Normal 

19 N
B
 TMD I1751K Normal Brain deformation Abnormal Gaps 

 
 
Table 1. List of Notch mutant alleles examined in this study 

19 Notch mutant alleles examined in this study are listed. All mutants carry single 

missense mutations that introduce amino acid substitutions in the EGF-like repeats (1-18) 

or the transmembrane domain (19) are listed in the column of “Name” (Yamamoto, et al., 

2012). The positions of EGF-like repeats with amino acid substitutions are shown as the 



46 
 

numbers of the EGF-like repeats from the N-terminal in the column of “EGF-like repeat”. 

The nature of amino acid substitutions is shown in the column of “Mutation Position”. 

Notch activity analyzed based on “Bristle Formation”, “Lateral inhibition”, and 

“Inductive Signaling” are shown. “Absent” indicates the missing of bristles. “Reduced” 

indicates the reduced number of bristles. “Neurogenic” indicates the neural hyperplasia 

in the embryonic nervous system. “Brain deformation” indicates abnormal brain 

development. “Depletion” indicates the missing of the boundary cells in the embryonic 

hindgut. “Abnormal gaps” indicates the partial missing of the boundary cells in the 

embryonic hindgut  
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Scale: 100 μm 
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Figure 9. 10 out of 19 Notch mutant alleles showed neurogenic phenotype that 

indicates the failure in lateral inhibition 

Top: 

Drosophila central nervous system is formed from the neuroectoderm in which proneural 

clusters are formed. All cells in a proneural cluster are capable of differentiating into 

neuroblasts. However, once a cell chooses its cell-fate to neuroblast (magenta), it starts to 

express high level of Delta, encoding a ligand for Notch, and activates Notch signaling in 

the neighboring cells, leading to the suppression of their differentiation as neuroblasts 

(cream color). However, in the absence of Notch signaling, all cells in proneural clusters 

become neuroblasts, which results in neural hyperplasia, designated as neurogenic 

phenotype.  

Bottom: 

To observe the nervous system, embryos were stained with an anti-Elav antibody 

(white). The names of Notch mutant alleles are shown in the upper left. numbers shows 

the numbers of embryos analyzed. NX, Nomicron, NQ, NGamma, NS, NIota, and Nzeta showed 

neurogenic phenotype. NDelta, NG and NB showed brain deformation (shown with white 

white brackets). 10 out of 19 mutants showed either neurogenic or brain deformation 

phenotype, while the rest of them have wild-type nerve system (as examples in NJigsaw and 
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NH mutants).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10. Notch inductive signaling induces the boundary cells in the embryonic 

hindgut  

Top: 

A schematic diagram showing the architecture of embryonic hindgut. The embryonic 

hindgut is composed of several distinct regions, including the small intestine, large 

Scale : 50 μm 
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intestine, and rectum. The large intestine consists of the ventral (green color) and dorsal 

(cream color) compartments where Delta and engrailed are expressed, respectively. Delta 

activates Notch signaling is activated within the single row of dorsal cells that 

consequently differentiate into the boundary cells (magenta color).  

Bottom: 

Delta-expressing cells are shown in green. The formation of the boundary cells (magenta) 

is a typical example of inductive Notch signaling (black arrows). In wild type (upper 

right), the boundary cells highly express crumbs and can be detected by an anti-Crumbs 

antibody staining (white color). However, in loss-of-function mutant of Notch (Nnull, 

lower right), crumbs expression was depleted (shown in white arrowheads), indicating 

the boundary cells were diminished.  
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Figure 11. 10 out of 19 Notch mutant alleles showed defects in the formation of the 

boundary cells  

The boundary cells in the embryonic hindgut were detected by an anti-Crumbs antibody 

staining (white). In 10 out of 19 Notch mutant alleles, NX, Nomicron, NQ, NDelta, NGamma, NS, 

NIota, NG, Nzeta and NB the expression of crumbs was depleted or showing abnormal gaps 

(indicated by filled white arrowheads for depleted, and outlined white arrowheads for 

abnormal gaps). However, the rest of Notch mutant alleles showed wild-type boundary 

Scale : 50 μm 
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cells, for example, as found in Njigsaw and NH mutants. The names of Notch mutant alleles 

are shown in the upper left. Number shows the numbers of embryos analyzed. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Cross section of the Drosophila hindgut epithelium (left), and the localization of Notch protein in the 

adherens junction of epithelial tissues (right) 
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Scale : 10 μm 
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Figure 12. 8 out of 19 Notch mutant alleles showed abnormal localization of Notch 
in the hindgut epithelium 

Top: 

A schematic diagram showing a cross section of the embryonic hindgut is showed.  

Bottom: 

Notch alleles that disrupted intracellular Notch trafficking. (A, A’’ and B, B’’) Notch and 

E-cadherin, a marker of adherens junctions (AJs), were detected in wild-type hindgut 

epithelium by anti-Notch (magenta in A, B) and anti-E-cadherin (turquoise in A’, B’) 

antibody staining. (B, B’, B’’) show high-magnification views of the regions outlined in 

(A, A’, A’’), respectively. Panels (A’’, B’’) are merged images of panels (A, A’, B, B’), 

respectively. (C-V) Notch was detected by anti-Notch antibody staining (white) in the 

hindgut epithelium of (C) N55e11, an amorphic allele of Notch; (D) NX, (E) NOmicron, (F) NQ, 

(G) NJigsaw, (H) NPi, (I) NDelta, (J) NGamma, (K) NS, (L) NIota, (M) NAlpha, (N) NG, (O) NSpl−1, 

(P) NLambda, (Q) NI, (R) NZeta, (S) NH, (T) NAx−16, (U) NJ, and (V) NB hemizygotes. Insets 

are highly magnified images of regions outlined by white rectangles. The number of 

hindgut samples analyzed is shown in parentheses. Scale bars: 10 μm. 
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No Name EGF-like 
Repeat  

Mutation 
Position 

Notch 
Trafficking 

Notch 
Localization  

1 N
X
 EGF 8 C343S (C2S) Abnormal Loss 

2 N
Omicron

 EGF 8 C343Y (C2Y) Abnormal ER 

3 N
Q
 EGF 8 D331N Abnormal ER 

4 N
Jigsaw

 EGF 8 V361M Normal AJs 

5 N
Pi

 EGF 9 D374G Normal AJs 

6 N
Delta

 EGF 9 D389N Normal AJs 

7 N
Gamma

 EGF 9 C398Y (C5Y) Abnormal ER 

8 N
S
 EGF 9 C407S (C6S) Abnormal ER 

9 N
Iota

 EGF 10 C413S (C1S) Abnormal ER 

10 N
Alpha

 EGF 11 E452K Normal AJs 

11 N
G
 EGF 13 C535S (C2S) Normal AJs 

12 N
Spl−1

 EGF 14 I578T Normal AJs 

13 N
Lambda

 EGF 16 G668R Normal AJs 

14 N
I
 EGF 16 G671D Normal AJs 

15 N
Zeta

 EGF 25 C993S (C2S) Abnormal ER 

16 N
H
 EGF 29 C1155S (C2S) Abnormal Early endosomes 

17 N
Ax−16

 EGF 29 G1174A Normal AJs 

18 N
J
 EGF 34 C1341Y(C1Y) Normal AJs 

19 N
B
 TMD I1751K Normal AJs 

 
 
 
 
Table 2. Results from Notch trafficking analyses and localization are summarized 

19 Notch mutant alleles examined for the Notch trafficking analyses. All mutants which 

carry single amino acid mutations in the EGF-like repeats (1-18) or the transmembrane 

domain (19) are listed in the column of “Name” (Yamamoto, et al., 2012). The positions 

of EGF-like repeats with amino acid substitutions are shown as the numbers of the EGF-
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like repeats from the N-terminal in the column of “EGF like repeat”. The nature of amino 

acid substitutions is shown in the column of “Mutation position”. Notch trafficking 

analyzed based on Notch localization are shown. “Normal” indicates Notch located at the 

AJs, “Abnormal” indicates Notch expression were missing from AJs. Notch localization 

analyzed were based on the co-localization between Notch and cell compartment markers. 

“Loss” indicates the missing of Notch expression, “ER” indicates endoplasmic reticulum, 

and “AJs” indicates adherens junction.    
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Classes Notch Activity in Neuron & 
Boundary Cell Notch Trafficking Notch Alleles 

I Normal Normal NJigsaw, NPi, NAlpha, NSpl−1, NLambda, NI, NAx−16, NJ 
II Normal Abnormal NH 

III Abnormal Normal NDelta, NG, NB  

IV Abnormal Abnormal NX, NOmicron, NQ, NS, NGamma, NIota, NZeta 

 

Table 3. 19 Notch mutant alleles were classified into 4 classes based on the Notch 

activity and trafficking 

From the experiment results, I divided mutants into four clusters, each of which based on 

the phenotypes of the Notch activities in lateral inhibition (Neuron development) and 

inductive signaling (Boundary cell formation), combined by the data from Notch 

trafficking. Class I mutant comprises of 8 Notch alleles which did not have abnormalities 

in the Notch activities and Notch trafficking. Class II mutant comprises of one Notch 

allele which showed normal Notch activities and abnormal Notch trafficking. Class III 

mutants comprises of 3 Notch alleles which showed abnormal Notch activities and normal 

Notch trafficking. Class IV comprises of 7 Notch alleles which showed abnormal Notch 

activities and also abnormal Notch trafficking 
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Figure 13. Class I mutants showed normal Notch activity and trafficking 

These are eight mutants which clustered into the class I. This class consist of NJigsaw, NPi , 

NAlpha, NSpl-1, NLambda, NI, NAx-16, and NJ, All of which showed to have normal Notch 

activities (lateral inhibition and inducive signaling) and normal Notch trafficking. The 

mutants are shown in two rows, each of which consist of 4 mutants and showed in 3 

parameters. The first parameter (top panel) is Notch activity in lateral inhibition showed 

by the nervous system, shown in white. Second parameter (center panel) is Notch activity 

in inductive signaling showed by boundary cells in white. Third parameter (lower panel) 

is Notch trafficking shown in white. Insets are highly magnified images of regions 

outlined by white rectangles. The names of Notch mutant alleles are shown in the upper 

left. Number shows the numbers of embryos analyzed. The same rules also apply in the 

second row of the mutants 
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Figure 14. Class II mutant showed normal Notch activity, but its trafficking was 
abnormal 

Class II mutant consist of one Notch mutant, NH. This mutant showed to have normal 

Notch activities in both of lateral inhibition (top panel, nervous system shown in white) 

and inductive signaling (center panel, boundary cells shown in white). However, this 

mutant showed to have abnormal Notch trafficking (lower panel, Notch showed in white). 

Inset are highly magnified image of region outlined by white rectangle. The name of 

Notch mutant allele is shown in the upper left. Number shows the numbers of embryos 

analyzed.  
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Figure 15. Class III mutants showed abnormal Notch activity, but its trafficking was 

normal 

Class III mutants consist of NDelta, NG and NB, and showed to have loss or reduced of 

Notch activities in the lateral inhibition (top panel, brain defromation showen by white 

brackets) and inductive signaling (center panel boundary cells showed in white). However, 

normal or insignificant disruption were observed in the Notch trafficking (lower panel, 

Notch showed in white). The names of Notch mutant alleles are shown in the upper left. 

Number shows the numbers of embryos analyzed. White brackets in the top panel showed 

brain deformation. Filled white arrowheads in central panels showed depletion in 
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boundary cells, while outlined white arrowheads showed abnormal gaps in boundary cells, 

respectively. Insets in the lower panel are highly magnified images of regions outlined by 

white rectangles. 
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Figure 16. Class IV mutants showed loss of Notch activity and abnormal Notch 

trafficking 

Class IV mutants consist of 7 mutants which showed to have abnormal Notch activity and 

trafficking. The mutants are NX, NOmicron, NQ, NGamma, NS, NIota and NZeta , all of which 

showed loss of Notch activity in the central nervous system and boundary cells, as well 

as in Notch trafficking. The mutants showed in two rows, each of which consist of 4 

mutants and 3 mutants, respectively. Each row showed in 3 different parameters. The first 

parameter (top panel) is Notch activity in lateral inhibition showed by the nervous system 
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in white. Second parameter (center panel) is the Notch activity in inductive signaling 

showed by boundary cells in white. Third parameter (lower panel) is Notch trafficking, 

showed in white. The names of Notch mutant alleles are shown in the upper left. Number 

shows the numbers of embryos analyzed. White arrowhead showed abnormal boundary 

cell formation in the center panel. Insets in the lower panel are highly magnified images 

of regions outlined by white rectangles. The same rules also apply in the second row of 

the mutants.  
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Scale: 10 μm 
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Figure 17. Schema showing cross sections of Drosophila hindgut, and most of Class 
IV mutants showed colocalization between Notch and ER marker 
 
Top: 

A schematic diagram to show cross sections of the hindgut. This observations were taken 

from half section of the hindgut to observe apical side, followed by mid-basal section.  

Bottom: 

Notch accumulated abnormally in the ER of the hindgut epithelium in Class IV Notch 

mutants. (A-I’’’’’) Apical and mid-basal images corresponding to the diagrams of apical 

and mid-basal planes. (A-B’’’’’) Wild-type hindgut epithelium stained for Notch (magenta 

in A, A’’, A’’’, A’’’’’, B, B’’, B’’’, B’’’’’), E-Cadherin (green in A’, A’’, A’’’’, A’’’’’), and the 

ER marker Pdi-GFP (green in B’,B’’,B’’’’,B’’’’’) using anti-Notch, anti-E-Cadherin, and 

anti-GFP antibodies. (C-I’’’’’) Notch (magenta, left panels) and Pdi-GFP (green, middle 

panels) were observed by anti-Notch and anti-GFP antibody staining, respectively, in the 

hindgut epithelium of (C-C’’’’’) NX, (D-D’’’’’) NOmicron, (E-E’’’’’) NQ, (F-F’’’’’) NGamma, (G-

G’’’’’) NS, (H-H’’’’’) Niota, and (I-I’’’’’) NZeta hemizygotes. Right-side panels in apical and 

mid-basal images, indicated by ’’ and ’’’’’, respectively, are merged from the left and 

middle images. Insets in the right panels indicated by ’’ and ’’’’’ are highly magnified 

views of regions in white rectangles. Intracellular punctae where Notch and Pdi-GFP 

colocalized are shown by white arrowheads. 
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Figure 18. In Class II mutants, Notch colocalized with Hrs, marker of early 
endosomes 

Notch accumulated abnormally in early endosomes of the hindgut epithelium in a Class 

II Notch mutant. The apical and mid-basal sections correspond to the previous figure 17 

and shown in microscopic images in (A-C’’) and (A’’’-C’’’’’), respectively, as indicated in 

the top of (A-C’’’’’). (A-A’’’’’) In wild-type hindgut epithelium, Notch (magenta) and Hrs 

(green), a marker of early endosomes, were stained with an anti-Notch (A, A’’, A’’’, A’’’’’) 

and anti-Hrs antibodies (A’, A’’, A’’’’, A’’’’’), respectively. (B-C’’’’’) Hindgut epithelium 

in the NH hemizygote, a Class II Notch mutant, stained for Notch (magenta in B, B’’,B’’’, 

B’’’’’, C, C’’, C’’’, C’’’’’), Hrs (green in B’, B’’, B’’’’, B’’’’’), and Pdi-GFP, an ER marker 

Scale: 10 μm 
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(green in C’, C’’, C’’’’, C’’’’’) were observed by anti-Notch, anti-Hrs, and anti-GFP 

antibody staining, respectively. Insets in (A’’, A’’’’’, B’’, B’’’’’, C’’, C’’’’’) are highly 

magnified images of regions outlined by white rectangles. White arrowheads point 

colocalized expression.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 19. Specific regions of EGF-like repeats which are sensitive to the structural 

perturbations and affect Notch activity and trafficking 

From the experiments, I found that mutations in the particular regions within the EGF-

like repeats were sensitive to induce perturbation in the Notch activity and trafficking. I 

found that mutations form clusters in the EGF 8-10 and EGF 25, showed to alter Notch 

activities which resulted in defects of the lateral inhibition and inductive signaling, as 

well as in Notch trafficking. Blue line shows sensitive region for lateral inhibition, green 
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line shows sensitive region for inductive signaling, and purple line shows sensitive region 

for Notch trafficking. In addition to that, these two regions were corresponding with the 

previously established EGF-8 which plays role in the ligand preference phenomena and 

in the Abruptex domain in EGF 24-29. Therefore, I suggest that those locations were 

sensitive regions for the Notch activity and trafficking and susceptible to the mutation. 

 
 
 
 
  

 
 
 
 
 
 
 
 
 

 

No Name EGF–like 
Repeat Mutation Position Notch activity 

Notch 
Trafficking Notch Localization

1 NX EGF 8 C343S (C2S) Loss Abnormal Loss

2 NG EGF 13 C535S (C2S) Loss Normal Apical/Adherens Junction

3 NZeta EGF 25 C993S (C2S) Loss Abnormal ER
4 NH EGF 29 C1155S (C2S) Normal Abnormal Early Endosome
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Figure 20. Mutations inducing the same amino acid substitution (C2S) in different 

EGF-like repeats give distinct effects on the Notch activity and trafficking 

To exclude the possibility that variety of amino acids substituted in each Notch mutant 

allele may affect the interpretation of the results, I compared four Notch mutants, which 

carry same amino acid substitution in the second cysteine to become serine (C2S) in 

different EGF-like repeats. These four Notch mutants are NX (EGF-8, C343S), NG (EGF-

13, C535S), NZeta (EGF-25, C993S) and NH (EGF-29, C1155S). I found that they 

demonstrated distinct effect on Notch activity and trafficking. More importantly, 

characteristics of the defects in Notch activity and trafficking observed in these four 

mutants accord with the cluster of sensitive regions of EGF-like repeats. Therefore, in 

despite of the limitation in the number of Notch alleles used, these analyses provide 

enough information regarding the specificity of each EGF-like repeats in the activity and 

folding of Notch. 
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Mutations in the sensitive regions 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Mutation in the insensitive regions 
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Figure 21. Models of Notch structure which illustrate EGF 8-10 and EGF 25 as 

sensitive regions, which are susceptible to the mutations inducing misfolding of 

Notch 

Here, I propose an illustrative model of Notch structure, which highlight specific regions 

of EGF-like repeats susceptible to structural perturbation. However, this model has not 

been tested by the approach of structural biology analysis, such as NMR or X-ray. I 

suggest that EGF-like repeats 8-10 and 25 are particularly impotent to maintain high-

order structure of Notch. Therefore, these EGF-like repeats became hotspots which are 

susceptible to the mutations inducing global misfolding of Notch. This model should 

provide valuable insights into the future studies to understand the correlation between the 

structure and function of Notch.   
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Figure 22. Notch localized to AJs in Class II and IV Notch mutants  

(A-I’) Notch (magenta) and adherens junctions (AJs; green) in hindgut epithelia in wild-

type Drosophila (A and A’) and in hemizygotes of NX (B and B’), NOmicron (C and C’), NQ 

(D and D’), NGamma (E and E’), NS (F and F’), NIota (G and G’), NZeta (H and H’), and NH (I 

and I’), stained by anti-Notch and anti-E-cadherin antibodies, respectively. Apical and 

mid-basal images (left side) correspond to the diagram of apical and mid-basal planes in 

Figure 17. Scale bars: 10 μm. 
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Figure 23. Class II and IV Notch mutants did not accumulate Notch in cis-Golgi. 

(A-I’) Notch (magenta) and cis-Golgi (green) of hindgut epithelia in wild type (A and A’) 

and hemizygotes of NX (B and B’), Nomicron (C and C’), NQ (D and D’), NGamma (E and E’), 

NS (F and F’), NIota (G and G’), NZeta (H and H’), and NH (I and I’) were detected by anti-

Notch and anti-GM130 antibody staining, respectively. Apical and mid-basal images (left 
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side) correspond to the diagram of apical and mid-basal planes in Figure 17. Scale bars: 

10 μm. 

 

Figure 24. Class IV Notch mutants did not accumulate Notch in early endosomes 

(A-H’) Notch (magenta) and early endosomes (green) of hindgut epithelia in wild type 

(A and A’) and in hemizygotes of NX (B and B’), Nomicron (C and C’), NQ (D and D’), NGamma 

(E and E’), NS (F and F’), NIota (G and G’), and NZeta (H and H’) were detected by anti-
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Notch and anti-Hrs antibody staining, respectively. Apical and mid-basal images (left 

side) correspond to the diagram of apical and mid-basal planes in Figure 17. Scale bars: 

10 μm 

 

Figure 25. Class II and IV Notch mutants did not accumulate Notch in late 

endosomes 
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(A-I’) Notch (magenta) and late endosomes (green) of hindgut epithelia in wild-type 

embryos (A and A’) and hemizygotes of NX (B and B’), Nomicron (C and C’), NQ (D and D’), 

NGamma (E and E’), NS (F and F’), NIota (G and G’), NZeta (H and H’), and NH (I and I’), 

detected with anti-Notch and anti-Rab7 antibody staining, respectively. Apical and mid-

basal images (left side) correspond to the diagram of apical and mid-basal planes as 

described in Figure 17. Scale bars: 10 μm. 
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Figure 26. Class II and Class IV Notch mutants did not accumulate Notch in 

recycling endosomes  

(A-I’) Notch (magenta) and recycling endosomes (green), detected by anti-Notch and 

anti-Rab11 antibody staining, respectively, in hindgut epithelia in wild-type embryos (A 

and A’) and hemizygotes of NX (B and B’), Nomicron (C and C’), NQ (D and D’), NGamma (E 

and E’), NS (F and F’), NIota (G and G’), NZeta (H and H’), and NH (I and I’). Apical and 

mid-basal images (left side) correspond to the diagram of optical planes in Figure 17. 

Scale bars: 10 μm. 
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