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Abstract: The evolutionary conserved Notch signaling pathway functions as a mediator of direct cell—cell
communication between neighboring cells during development. Notch plays a crucial role in various
fundamental biological processes in a wide range of tissues. Accordingly, the aberrant signaling of this
pathway underlies multiple genetic pathologies such as developmental syndromes, congenital disorders,
neurodegenerative diseases, and cancer. Over the last two decades, significant data have shown
that the Notch signaling pathway displays a significant function in the mature brains of vertebrates
and invertebrates beyond neuronal development and specification during embryonic development.
Neuronal connection, synaptic plasticity, learning, and memory appear to be regulated by this pathway.
Specific mutations in human Notch family proteins have been linked to several neurodegenerative
diseases including Alzheimer’s disease, CADASIL, and ischemic injury. Neurodegenerative diseases
are incurable disorders of the central nervous system that cause the progressive degeneration and/or
death of brain nerve cells, affecting both mental function and movement (ataxia). There is currently a
lot of study being conducted to better understand the molecular mechanisms by which Notch plays an
essential role in the mature brain. In this study, an in silico analysis of polymorphisms and mutations
in human Notch family members that lead to neurodegenerative diseases was performed in order to
investigate the correlations among Notch family proteins and neurodegenerative diseases. Particular
emphasis was placed on the study of mutations in the Notch3 protein and the structure analysis of
the mutant Notch3 protein that leads to the manifestation of the CADASIL syndrome in order to spot
possible conserved mutations and interpret the effect of these mutations in the Notch3 protein structure.
Conserved mutations of cysteine residues may be candidate pharmacological targets for the potential
therapy of CADASIL syndrome.

Keywords: Notch family members; neurodegenerative diseases; CADASIL; genetics; polymorphism
analysis; mutation analysis; EGF; cysteine; protein structure analysis
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1. Introduction

Research on Drosophila melanogaster with notched wings led to the discovery of the
Notch gene in 1914 [1]. To date, it seems that the evolutionary history of the Notch
family is closely related to the biological tree of life. The Notch protein and its homologs,
Notch1, Notch2, Notch3, Notch4, LIN-12, and GPL-1, have been detected in the genomes
of all kingdoms, demonstrating the evolutionary development of the Notch family [2].
Members of the Notch family were discovered to have a comparable structure across several
kingdoms, extending from bacteria to chordates [3]. Only one Notch receptor is found
in D. melanogaster. The Notch receptors LIN-12 and GLP-14 in Caenorhabditis elegans are
redundant [4]. Mammals have four Notch paralogs, Notch1l, Notch2, Notch3, and Notch4,
displaying both redundant and distinct activities [5].

The Notch receptors (Notch1-Notch4), found in mammalian cells, are four different
transmembrane proteins expressed on the cell’s surface as heterodimers not covalently
bonded [6]. Notch proteins have an extracellular domain (NECD) that operates as the
signal receiver and a transmembrane—intracellular domain (NICD) that operates as the
signal transducer. The Notch1-Notch4 ECDs contain 36, 35, 34, and 29 epidermal growth
factor-like repeats (EGF-like domain), respectively. Also, the ECD of Notch receptors has
three cysteine-rich Lin12-Notch repeats (LNRs) and a heterodimerization domain (HD).
The Notch ICD has an RBPJk-associated molecule domain (RAM) and nuclear localization
sequences (NLSs) on both sides of the ANK domains. Also, Notch ICD consists of five to
six ankyrin repeats (ANK), a transcriptional activation domain (TAD), and a C-terminal
domain (PEST) rich in proline, glutamic acid, serine, and threonine. Notch family proteins
function as cell surface receptors and direct regulators of gene transcription, constituting
a particular signal transduction pathway that enables cells to affect the gene expression
of their neighboring cells [7]. Notch signaling is activated upon cell-to-cell contact due to
interactions between four transmembrane receptors encoded by Notch genes (Notch1-4)
and five Notch ligands encoded by JAG1, JAG2, and DLL1, DLL3, and DLL4 [8]. Notch
ECD contains EGF-like repeats that condense ligand-receptor binding [9].

The human (Homo sapiens) Notchl gene is found at locus 9q34.3 on chromosome 9.
Loss of function of the Notchl protein is linked to abnormalities in angiogenesis, cardio-
genesis, and somitogenesis, which could lead to the death of an embryo. This gene is
involved in forming the first definitive adult hematopoietic stem cells (HSCs) [10]. More-
over, the development of B and T cells is regulated by Notch1 signaling. Mutations in the
signaling and transcriptional regulator Notch1 result in various developmental aortic valve
abnormalities, severe valve calcification, and T-cell acute lymphoblastic leukemia [10,11].
The Notch2 gene is located on chromosome 1p12. Notch2 has specific functional activity
in determining cell fate and in the development of kidney, ovary, smooth muscle, T, and
B cells [12]. Postnatal signaling regulates homeostasis, bone regeneration, and immune
system function [13,14]. Mutations resulting in excessive Notch2 activity may lead in sys-
temic issues typical of Alagille and Hajdu—Cheney syndromes such as heart abnormalities,
chronic cholestasis, osteoporosis, polycystic kidneys, skeletal deformities, and neurological
disorders [15,16]. The Notch3 gene is found between locations 13.2 and 13.1 on the short
arm (p) of chromosome 19. This large type I transmembrane receptor, mostly expressed in
pericytes and vascular smooth muscle cells adjacent to the local blood arteries, takes part in
maintaining and renewing tissues as well as in important developmental functions [17].
Overexpression and aberrant activation of the Notch3 gene are linked to cancer, particularly
breast and ovarian cancer. Mutations in Notch3 have been directly linked to the CADASIL
syndrome [18]. The Notch4 gene is found at locus 6p21.32 on chromosome 6. It has been
observed that both the overexpression and mutations of the Notch4 gene are related to
cancer [19]. Notch4 is considered a new biomarker of cancer stem cells (CSCs) [20].

Notch genes are involved in various critical biological processes including somito-
genesis, angiogenesis, vasculogenesis, cardiac development and function, neuronal de-
velopment, and the specification and maintenance of neural stem cells (NSCs) [21]. All
four mammalian Notch receptor paralogs and several pathway components (ligands and
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targets) are expressed with different cell type specificities in both the adult mouse and
human brain [22]. There is evidence of Notch receptor expression in neurons (Notchl
and Notch2), neural stem cells (Notch1l and Notch2), vascular smooth muscle cells and
pericytes (Notch3), endothelial cells (Notchl and Notch4), and astrocytes (Notchl and
Notch2) [22]. Notch has been linked to maintaining NSCs in an undifferentiated state,
preventing neuronal development, and even causing terminal differentiation inside the
astrocyte lineage [23,24]. Notch signaling is essential for neural stem cell maintenance and
neurogenesis in both the embryonic and adult brains [6]. The elderly’s brain function, cell
differentiation, and neurite formation are all impacted by Notch signaling, which is crucial
for the nervous system’s regular operation [5,25]. Accordingly, multiple mutations in Notch
proteins have been linked to neurodegenerative conditions [21].

Quantitative data on this pathway’s structural, biochemical, and biophysical features
have emerged during the last few years [26]. Various loss-of-function mutations in the
embryo and adult highlight the critical role of Notch signaling. Numerous studies on
neurogenesis have used Drosophila melanogaster, zebrafish, and mice as model species [6].
The conditional loss of Notch signaling in the embryo causes the precocious differentiation
of NSCs and neurodevelopmental defects such as impaired survival and the aberrant
migration of progenitor cells [6]. In the adult brain, NSCs are predominantly quiescent and
rarely divide. However, it is likely that quiescent NSCs enter the cell cycle and transform
into active NSCs before quitting the cell cycle again and reentering the quiescent state [27].
In adults, Notch signaling pathway mutations are involved in many neurodegenerative
diseases and brain disorders [6].

Neurodegenerative diseases are incurable disorders of the central nervous system
that present clinically and pathologically in various ways and damage particular neuronal
subsets and anatomical functioning systems [28]. There are currently no therapies that
target the underlying cause of neurodegenerative diseases. Therefore, it is not feasible
to prevent or stop the progression of these disorders [29]. The involvement of Notch
receptor genes and proteins in aging, cerebrovascular disorder, and Alzheimer’s disease is
significant. Notch signaling may be a fundamental overlap between age-related vascular
and Alzheimer’s pathogenesis that contributes to their comorbidity and combined impact
on cognitive decline and dementia. Numerous results from genetics, cell culture model
studies, and neuropathology all point to a connection between aberrant Notch signaling
and the pathogenesis of Alzheimer’s disease [21]. In addition, it is generally established
that the Notch3 protein plays a significant role in the development of CADASIL [30-32].

Cerebral Autosomal Dominant Arteriopathy with Subcortical Infarcts and Leukoen-
cephalopathy is a hereditary dominant rare disease caused by mutations in the Notch3
protein, affecting adults beyond middle age and resulting in dementia and disability [33].
CADASIL is a fatal late-onset disease that primarily appears as a degenerative disorder
of the central nervous system, and it is defined by specific clinical, neuroradiological, and
pathological characteristics [30,34]. Over the last two decades, extensive efforts have been
directed toward research on Notch3, identifying more than 280 mutations [35]. Some of
these mutations cause a phenotype whereas others remain silent. Extensive analysis for
categorizing, organizing, and mapping these mutations is required for a simple genotype—
phenotype linkage [33]. Numerous pathogenic mutations in the Notch3 gene change the
number of cysteine residues in the receptor’s extracellular domain, leading to protein mis-
folding and receptor aggregation [33]. Each EGF-like repeat contains six cysteines, which
combine to create three disulfide bonds and provide the EGF repeat its three-dimensional
structure [36]. However, non-Cys mutations have also been reported in recent years. These
mutations do not match the disease’s typical pattern and pathology [30]. Even though most
of the mutations in Notch3 are point mutations, it has been established that each one has a
major impact on the three-dimensional structure of the Notch3 protein [30].

The study of the Notch family has increased, significantly, the availability of bio-
logical data on polymorphisms and mutations that are related with neurodegenerative
diseases [15,21,37-39]. The initial purpose of this work was to gather all the cases and
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link them between nucleotides and protein sequences. Today, the scientific research seems
to be focused on understanding the way the EGF region functions due to the significant
mutagenesis it presents through a series of scientific publications [39-43]. The ultimate goal
of this study is the holistic study of all mutations occurring in Notch3, with an emphasis
on the EGF region and the CADASIL syndrome, in order to identify specific patterns of
mutagenesis in the EGF-repeats that may be related to the clinical phenotype, sex, and
age data of the various patients [38,39,44-46]. The study and analysis of all mutations
can additionally open new horizons thus contributing to the identification of new phar-
macological targets as well as contributing to the identification of a candidate treatment
against CADASIL syndrome and, generally, neurodegenerative diseases. The outline of the
integrated bioinformatic method is presented in Figure 1.

Gene and Protein Mapping Mutation Analysis

Mapping of human Analysis of mutations
NOTCH family members in EGF-like repeats 5
3 of NOTCHS protein

Dataset Collection and Filtering 2 Data Integration 4 Structural Analysis
Collection of SNPs (GWAS Integration and annotation Structural analysis of
Catalog and publications) of SNPs and mutations mutant EGF-like repeats

and mutations (HGMD®)

Figure 1. Flow chart presentation of the bioinformatic method, presented in five steps.

2. Materials and Methods
2.1. Dataset Collection and Filtering

Data were collected from polymorphism databases, disease-specific mutation databases,
and publications. Specifically, single-nucleotide polymorphisms (SNPs) on Notch1-Notch4
genes associated with neurodegenerative diseases were extracted from available online
databases such as GWAS-Catalog, dbSNP, LitVar, and ClinVar. Likewise, a second search
was carried out in the online database PubMed (https://pubmed.ncbi.nlm.nih.gov/, ac-
cessed on 18 March 2024) for publications that contained the key terms “Neurodegenerative
diseases”, “Cognitive Disorders”, “Alzheimer’s disease”, “CADASIL” AND “NOTCH1”,
“NOTCH?2”, “NOTCHS3”, and “NOTCH4"” with no date restriction. The collected SNPs from
all databases were extracted, filtered, and annotated using Matlab bioinformatics toolbox
for data mining and semantic techniques. All SNPs causing mutations on the protein
level and directly related to neurodegenerative diseases were stored the final dataset. The
Human Gene Mutation Database (HGMD®) (https:/ /www.hgmd.cf.ac.uk/ac/index.php,
accessed on 18 March 2024) was searched for missense mutations on Notch1-Notch4 pro-
teins. HGMD®® attempts to aggregate all known (published) human gene mutations
responsible for human diseases. The mutations associated with neurodegenerative dis-
eases have been collected. For each mutation, the access number, codon change, mutation
position, and the phenotype it induces were recorded.
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2.2. Gene and Protein Mapping

In this step, mapping of human Notch family genes and proteins was accomplished.
The terms “Notchl”, “Notch2”, “Notch3”, and “Notch4” were searched on the NCBI
database (https://www.ncbinlm.nih.gov, accessed on 18 March 2024) while the filter
“Gene” was previously selected for extracting the nucleotide sequences of these genes.
Furthermore, additional information like gene location, chromosome, nucleotide sequence
length, access number, and alternative gene names was extracted from the NCBI database.
A second search was carried out on NCBI database with the “protein” filter for extracting
the amino acid sequences of human Notch family proteins. These terms were also searched
on available online protein databases such as UniProt and InterPro. Information on the
amino acid sequence lengths of proteins and disease involvement was obtained. Domains of
each protein were also recorded. Protein domain data were also extracted from publications
in the PubMed database.

2.3. Data Integration

The data collected from polymorphism databases and mutation databases were
merged and annotated. SNPs and the mutations in the human Notch family associated with
neurodegenerative diseases were integrated to correlate polymorphisms and mutations.
The integrated data are presented in a table, providing information for SNP ID, nucleotide
change, codon change, mutation position, domain in which the mutation is located, and
the phenotype it causes. The finding of correlations among polymorphisms and mutations
on Notch1-Notch4 was necessary to find out which ones and how many mutations are
associated with a known polymorphism, which neurodegenerative disease is most often
caused by Notch3 mutations, which Notch3 domain contains the majority of these muta-
tions, and which amino acid appears to be most frequently mutated. To comment on these
queries, specific diagrams have been created where the data analysis is presented.

2.4. Mutation Analysis

The majority of polymorphisms/mutations associated with neurodegeneration were
located in Notch3 and specifically in the EGF region. For this reason, our work then focused
on this domain (Table 7). In order to analyze the mutations identified in the EGF-like repeats
of the Notch3 protein, a FASTA file with the amino acid sequences of 34 EGF-like repeats
was created. This file was analyzed using the Jalview platform (https://www.jalview.org/,
accessed on 18 March 2024). JalView computes and visualizes a large number of sequences
with high performance. The main advantage of this method is that it allows for the
identification of conserved motifs with a quick overview of alignment. In this step, a
multiple alignment of 34 EGF-like amino acid sequences was performed in order to find
the conserved amino acids in the EGF-like repeats. Jalview’s comments section, which
displays amino acid conservation with logos and histograms, was also examined to discover
novel motifs. The sequencing results were further elaborated. A histogram was created,
showing the percentage of mutations at each amino acid position in the EGF-like sequences
according to multiple-sequence alignment numbering. Finally, mutations in conserved
amino acids in the EGF-like repeats were studied to identify conserved amino acid changes.
A chart presenting the results of this analysis was also constructed.

2.5. Structural Analysis

Using the MOE (Molecular Operating Environment) platform, the mutant EGF-like
repeat structure was analyzed to figure out the consequences for the Notch3 protein when
including amino acid changes. MOE 2019.01 is an integrated life sciences software that
supports drug design through molecular simulation, protein structure analysis, small
molecule processing data, protein binding, and small molecule design. A homology
modeling of the Notch3 approach was used for the structural analysis since no structure
has been determined for this protein. The homology modeling of Notch3 protein structure
was extracted from the AlphaFold Protein structure Database (https://alphafold.ebi.ac.uk/,
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accessed on 18 March 2024). Structural analysis of the EGF-like 2 repeat was performed
while introducing conserved mutations associated with CADASIL syndrome.

3. Results
3.1. Dataset

As a consequence of systematic data mining, SNPs of human Notch family members
correlated with neurodegenerative diseases were identified (Table 1). These polymorphisms
have been derived both from the data mined from the biological database GWAS CATALOG
as well as from the publications that contained the ontologies of interest based on PubMed
searches. In total, 1887 relevant publications were extracted, of which 188 described poly-
morphisms. Only single-nucleotide polymorphisms that cause mutations at the protein
level and are directly related to neurodegenerative diseases were used. In the Notchl
gene, 57 polymorphisms were collected from online polymorphism databases and pub-
lications, of which 41 missense variants were screened. Only one variant was identified
in this gene related to Alzheimer’s disease (Table 4). Twenty-six polymorphisms in the
Notch2 gene were retrieved. Among these, 15 missense SNPs were examined, and only
one was found to be associated with autism multiplex disorder (Table 5). A total of
59 polymorphisms in the Notch3 gene were extracted from online databases and publica-
tions. Twenty-eight missense SNPs were screened, and all were found to be involved in
the manifestation of neurodegenerative diseases (Table 7). Most SNPs are associated with
CADASIL disease. Finally, from the Notch4 gene were extracted only two SNPs (missense
variants), and neither was found to be associated with neurodegenerative disease (Table 6).
Unlike SNPs in Notch1, Notch2, and Notch4, missense SNPs in the Notch3 gene seem more
strongly related to neurodegenerative disorders. Additionally, through filtering the results
of the HGMD database, all mutations in Notch1-Notch4 associated with neurodegenera-
tive diseases were reported and imported. More specifically, 1, 1, 312, and 4 mutations in
Notchl, Notch2, Notch3, and Notch4, respectively, were identified to be correlated with
neurodegenerative diseases.

Table 1. Dataset of collected SNPs and mutations from online databases.

SNPs Mutations Neurodegenerative Diseases
Notchl 1 1 Mental retardation, autosomal dominant, Alzheimer’s disease
Notch2 1 1 Autism multiplex
CADASIL, white matter lesions, Alzheimer’s disease, ischemic
Notch3 28 312 stroke, cerebral small-vessel disease, arteriopathy and
cavitating leukoencephalopathy, autism, migraine
Notch4 0 4 Schizophrenia, multiple sclerosis, migraine

3.2. Gene and Protein Mapping

Data on Notch1-Notch4 genes and proteins were retrieved from the National Center
for Biotechnology Information (NCBI), UniProt, and InterPro. NCBI-Gene results for
Notch1-Notch4 are shown in Table 2. The search results for Notch1-Notch4 proteins
are shown in Table 3. Notchl has the greatest amino acid sequence length of the four
Notch proteins (2555 aa), followed by Notch2 (2471 aa), Notch3 (2321 aa), and Notch4
(2003 aa). Mutations in these genes are linked to the manifestation of several diseases.
Mutations in the Notchl gene are associated with diseases such as aortic valve disease, type
1 (AOVD1), Adams-Oliver syndrome type 5 (AOS5), T-cell acute lymphoblastic leukemia
(T-ALL), chronic lymphocytic leukemia, and squamous cell carcinoma of the head and
neck. Mutations in Notch2 are linked to Hajdu—Cheney syndrome, Alagille syndrome 2
(ALGS2), and cancer. Mutations in Notch3 have been identified as the cause of diseases
such as CADASIL, infantile myofibromatosis, early-onset arteriopathy with cavitating
leukodystrophy, lateral meningocele syndrome, and cancer. Finally, mutations in the
Notch4 gene may be associated with schizophrenia.
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Table 2. NCBI data for Notchl—4 genes.

Gene Notch1l Notch2 Notch3 Notch4
Locus 9q34.3 1p12 19p13.12 6p21.32
DNA linear 58343 bp 165110 bp 48349 bp 36225 bp
Exon count 34 34 33 31
Accession number NG_007458 NG_008163 NG_009819 NG_028190
Organism Homo sapiens Homo sapiens Homo sapiens Homo sapiens
hN1; AOS5; TAN1; ) ) IMF2; LMNS; CASIL;
Also known as AOVDI hN2; AGS2; HJCYS CADASIL; CADASIL1 INT3
Table 3. NCBI data for Notch1-Notch4 proteins.
Gene Notch1l Notch2 Notch3 Notch4
Protein length 2555 aa 2471 aa 2321 aa 2003 aa
NP_077719
Accession number NP_060087 XP_946791 NP_000426 NP_004548
XP_950472

Organism

Disease

Homo sapiens

Homo sapiens

Homo sapiens
CADASIL, infantile

Homo sapiens

T-cell acute myofibromatosis,
Yok, HaduCheney ST,
Adams—Oliver syndrome, Alagille cavitating Schizophrenia

syndrome, aortic valve
disease, cancer

syndrome, cancer

leukodystrophy, lateral
meningocele syndrome,

cancer

By mining information from databases and publications, Notch1-Notch4 proteins
were mapped. The Notchl—4 proteins consist of EGF, LNR, NOD, NODP, TM, RAM,
NLS, ANK, TAD, and PEST domains [47]. In mammals, the TAD region is present in
Notchl and 2 but not in Notch3 and 4 [48]. The EGF domain is made up of EGF-like
repeats. In human Notchl, Notch2, Notch3, and Notch4, the EGF domains consist of 36
EGF-like, 35 EGF-like, 34 EGF-like, and 29 EGF-like repeats, respectively. Each EGF-like
repeat comprises 3040 amino acids and contains six cysteine residues (C). The LNR sector
consists of three micro-domains, LNR1, LNR2, and LNR3. The ANK domain in Notch1-2
proteins is made of six ankyrin repeats while in Notch3-4, proteins are made of five ankyrin
repeats. Notch1l-Notch4 protein domains are demonstrated with specific colors in protein
sequences in Figures 2-5.

3.3. Data Integration

The integrations of polymorphism and mutation datasets of Notch1-Notch4 are shown
in Tables 4-7. Since Notch3 is associated with the manifestation of neurodegenerative dis-
eases to a considerably more significant degree than other human Notch family members,
the annotation of Notch3 data followed. In Table 6, the consolidated data from the recording
of Notch3 polymorphisms and mutations are presented in order to correlate them. Infor-
mation on nucleotide change, amino acid change, protein domain on which the mutation is
located, and the phenotype it induces were obtained for the recorded SNPs. According to
the association between polymorphisms and mutations reported, 23 polymorphisms are
related to mutations not identified in the HGMD data source. A blank cell in the “Accession
number” column of the table indicates the particular polymorphisms. Although there
are 43 mutations associated with known SNPs, there are 292 mutations unrelated to any
identified SNP (Figure 6).
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ETNINECSSQ PCRHGGTCQD RDNAYLCFCL KGITGENCEI NLDDCASSPC e o R
EGF-like 17 I EGF-like 18 - ANK 2 T
660 670 680 690 700 1960 1970 1980 1990 2000
DSGTCLDKID GYECACEPGY TGSMCNINID ECAGNPCHNG GTCEDGINGF SADANI.. .M GRTPLHAAVS ADAQGVEQIL IRNRATDLDA -~ DGITPLI
|| EGF-like 19 ANK 3 | | ANK 4
710 720 730 740 750 2010 2020 2030 2040 2050
TCRCPEGYHD PTCLSEVNEC NSNPCVHGAC RDSLNGYKCD CDPGWSGINC DD)
I EGF-like 20 | Il ANK 5 |
760 770 780 790 800 2060 2070 2080 2090 2100
DINNNECESN PCUNGGTCKD MTSGYVCTCR EGFSGPNCQT NINECASNEC O el |
EGF-like 21 || EGF-like 22 ANK 6 | NLS |
810 820 830 840 850 2110 2120 2130 2140 2150
LNQGTCIDDV AGYKCNCLLP YTGATCEVVL APCAPSPCRN GGECRQSEDY LHIGAP LG
Il EGE-1ike| 23 2160 2170 2180 2190 2200
860 870 880 890 900 e
ESFSCVCPTG WQGQTCEVDI NECVLSPCRH GASCONTHGG YRCHCQAGYS
Il EGF-like 24 2210 2220 2230 2240 2250
910 920 930 940 950
GRNCETDIDD CRPNPCHNGG SCTDGINTAF CDCLPGFRGT FCEEDINECA TAD
EGF-like 25 | | EGF-like 26 2260 2270 2280 2290 2300
960 970 980 990 1000 AKPEMAALGG GGRLAFETGP PRLSHLPVAS GTSTVLGSSS GGALNFTVGG
SDPCRNGANC TDCVDSYTCT CPAGFSGIHC ENNTPDCTES SCENGGTCVD
| EGF-like 27 2310 2320 2330 2340 2350
1010 1020 1030 1040 1050 STSLNGQCEW LSRLQSGMVP NQYNPLRGSV APGPLSTQAP SLQHGMVGPL
GINSFTCLCP PGFTGSYCQH DVNECDSQPC LHGGTCQDGC GSYRCTCPQG | |
L EGF-like 28 L 2360 2370 2380 2390 2400
1060 1070 1080 1090 1100 PS TRLATQPHLV QTOQVQPON
YTGENCQNLV HWCDSSPCKN GGKCWQTHTQ YRCECPSGWT GLYCDVPSVS w
EGF-like 29 I —
1110 1120 1130 1140 1150 2460 2470 2480 2490 2500
CEVAAQRQGV DVARLCOHGG LCVDAGNTHH CRCQAGYTGS YCEDLVDECS LAVHTILEQE SPALPTSLPS SLVPPVIAAQ ELTPPSQHSY SSBVONTESH
EGF-like 30 | |  EGF-like 31
1160 1170 1180 1190 1200 2510 2520 2530 2540 2550
PSPCONGATC TDYLGGYSCK CVAGYHGVNC SEEIDECLSH PCONGGTCLD DEQVPEHPFL TPSPESPDON SSSSPASNVS DWSEGVSSPE TSMOSOTARTE
1 EGF-like 32 ]
1210 1220 1230 1240 1250 -



TCIDLVNHFK CSCPPGTRGL LCEENIDDCA RGPHCLNGGQ CMDRIGGYSC

Figure 3. Notch2 protein domains. Colors represent protein domains.
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| EGF-like 1 | EGF-like 33
10 20 30 40 50 1260 1270 1280 1290 1300
MPALRPALLW ALLALWLCCA APAHALQCRD GYEPCVNEGM CVTYHNGTGY RCLPGFAGER CEGDINECLS NPCSSEGSLD CIQLTNDYLC VCRSAFTGRH
I EGF-like 2 Il EGF-like 34 |
60 70 80 90 100 1310 1320 1330 1340 1350
CKCPEGFLGE YCQHRDPCEK NRCONGGTCV AQAMLGKATC RCASGFTGED CETEVDVCPQ MPCLNGGTCA VASNMPDGFI CRCPPGFSGA RCQSSCGQUVK
(| EGF-like 3 I | EGF-like 35
110 120 130 140 150 1360 1370 1380 1390 1400
CQYSTSHPCF VSRPCLNGGT CHMLSRDTYE CTCQVGFTGK ECQWTDACLS CRKGEQCVHT ASGPRCFCPS PRDCESGCAS SPCQHGGSCH PQRQPPYYSC
EGF-like 4 (| EGF-like 5 | | LNR 1
160 170 180 190 200 1410 1420 1430 1440 1450
HPCANGSTCT TVANQFSCKC LTGFTGQKCE TDVNECDIPG HCQHGGTCLN QCAPPFSGSR CELYTAPPST PPATCLSQYC ADKARDGVCD EACNSHACOW
[ EGF-like 6 I INR 2
210 220 230 240 250 1460 1470 1480 1490 1500
LPGSYQCQCP QGFTGQYCDS LYVPCAPSPC VNGGTCRQTG DFTFECNCLP
[ EGF-like 7 [l I LNR 3 I
260 270 280 290 300 1510 1520 1530 1540 1550
GFEGSTCERN IDDCPNHRCQ NGGVCVDGVN TYNCRCPEQW TGQFCTEDVD
EGF-like 8 (| NOD |
310 320 330 340 350 1560 1570 1580 1590 1600
ECLLQPNACQ NGGTCANRNG GYGCVCVNGW SGDDCSENID DCAFASCTEG KSARM
EGF-like 9 I EGF-like 10 NODP
360 370 380 390 400 1610 1620 1630 1640 1650
STCIDRVASF SCMCPEGKAG LLCHLDDACI SNPCHKGALC DTNPLNGQYI KKQRMTRRSL PGEQEQE
|1 EGF-like 11 |
410 420 430 440 450 1660 1670 1680 1690 1700
CTCPQGYKGA DCTEDVDECA MANSNPCEHA GKCVNTDGAF HCECLKGYAG ASHAIQGTLS YPLVSVVSES LTP:x70L L IEAVAVVITL FITLLGVIMA
| EGF-like 12 | ™ |1
460 470 480 490 500 1710 1720 1730 1740 1750
PRCEMDINEC HSDPCQNDAT CLDKIGGFTC LCMPGFKGVH CELEINECQS
EGF-like 13 | | EGF-like 14 RAM
510 520 530 540 550 1760 1770 1780 1790 1800
NPCVNNGQCV DKVNRFQCLC PPGETGPVCQ IDIDDCSSTP CLNGAKCIDH
1 EGF-like 15 I NLS | | ANK 1
560 570 580 590 600 1810 1820 1830 1840 1850
PNGYECQCAT GFTGVLCEEN IDNCDPDPCH HGQCQDGIDS YTCICNPGYM VNVRGP
(] EGF-like 16 I | ANK 2
610 620 630 640 650 1860 1870 1880 1890 1900
GAICSDQIDE CYSSPCLNDG RCIDLVNGYQ CNCQPGTSGV NCEINFDDCA D
EGF-like 17 |1 EGF-like 18 1| ANK 3 | |
660 670 680 690 700 1910 1920 1930 1940 1950
SNPCIHGICM DGINRYSCVC SPGFTGQRCN IDIDECASNP CRKGATCING MG RCPLHAAVAA DAQGVEQILI RNRVIDLDA: '
|1 EGF-like 19 ANK 4 [ ANK 5
710 720 730 740 750 1960 1970 1980 1990 2000
VNGFRCICPE GPHHPSCYSQ VNECLSNPCI HGNCTGGLSG YKCLCDAGWV DD
|1 EGF-like 20 |1 I ANK 6 1 NLS
760 770 780 790 800 2010 2020 2030 2040 2050
GINCEVDKNE CLSNPCONGG TCDNLVNGYR CTCKKGFKGY NCQUNIDECA ANRDM, 3KE ETPLELAARE GSYEAAKILL DHEANRDI.:
EGF-like 21 | | EGF-like 22 |
810 820 830 840 850 2060 2070 2080 2090 2100
SNPCLNQGTC FDDISGYTCH CVLPYTGKNC QTVLAPCSPN PCENAAVCKE PS PPGTVLTSAL SPVICGPNRS FLSLKHTPMG
| EGF-like 23
860 870 880 890 900 2110 2120 2130 2140 2150
SPNFESYTCL CAPGWQGQRC TIDIDECISK PCMNHGLCHN TQGSYMCECP KKSRRPSAKS 1|
| EGF-like 24 |1
910 920 930 940 950 2160 2170 2180 2190 2200
PGFSGMDCEE DIDDCLANPC QNGGSCMDGV NTFSCLCLPG ETGDKCQTDM
EGF-like 25 [ TAD
960 970 980 990 1000 2210 2220 2230 2240 2250
NECLSEPCKN GGTCSDYVNS YTCKCOAGED GVHCENNINE CTESSCENGG
EGF-like 26 | EGF-like 27
1010 1020 1030 1040 1050 2260 2270 2280 2290 2300
TCVDGINSFS CLCPVGFTGS FCLHEINECS SHPCLNEGTC VDGLGTYRCS PPE GKHITTPREP
|| EGF-like 28 | |
1060 1070 1080 1090 1100 2310 2320 2330 2340 2350
CPLGYTGKNC QTLVNLCSRS PCKNKGTCVQ KKAESQCLCP SGWAGAYCDV LPPIVTFQLI PK|
| EGF-like 29 I PEST
1110 1120 1130 1140 1150 2360 2370 2380 2390 2400
PNVSCDIAAS RRGVLVEHLC QHSGVCINAG NTHYCQCPLG YTGSYCEEQL
EGF-like 30 | | EGF-like 31
1160 1170 1180 1190 1200 2410 2420 2430 2440 2450
DECASNPCQH GATCSDFIGG YRCECVPGYQ GVNCEYEVDE CONQPCONGG
1l EGF-like 32 |
1210 1220 1230 1240 1250 2460 2470
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I EGF-like 32 I
10 20 30 40 50 1260 1270 1280 1290 1300
MGPGARGRRR RRRPMSPPPP PPPVRALPLL LLLAGPGAAA PPCLDGSPCA ESQPCQHGGQ CRPSPGPGGG LTFTCHCAQP FWGPRCERVA RSCRELQCPV
EGF-like 1 I EGF-like 2 EGF-like 33 I | EGF-like 34
L 70 80 30 Sl 1310 1320 1330 1340 1350
SSRCTOLES REARGIOEEG WVSERGULEN: SUBGRERE SVCuating GVECQQTERG PRCACPPGLS GPSCRSFPGS PRGASNASCA AABCLHGGSC
I EGF-like 3 | ' INR 1
2 L0 = L] 1 1360 1370 1380 1390 1400
B TCTCPR S — “L‘I:s?”“ RPAPLAPEFR CACAQGWTGP RCEAPAAAPE VSEEP
= I INR 2
160 170 180 190 200
QGRSCRSDVD ECRVGEPCRH GGTCLNTPGS FRCQCPAGYT GPLCENPAVP L L L HA Sl
EGF-like 5 | | EGF-like 6 I g
210 Zet 230 230 250 1460 1470 1480 1490 1500
CAPSPCRNGG TCRQSGDLTY DCACLPGFEG QNCEVNVDDC PGHRCLNGGT T —
Il EGF-like 7 ' | o
260 270 280 290 300
CVDGVNTYNC QCPPEWTGQF CTEDVDECQL QPNACHNGGT CENTLGGHSC 1510 1520 1530 1540 1550
| EGF-like 8 |
310 320 330 340 350 ' | Nope
VCVNGWIGES CSQNIDDCAT AVCFHGATCH DRVASFYCAC PMGKTGLLCH 1560 1570 1380 1590 1600
| EGF-1ike O Lo EOEEEEER PseGSEPRAR RELAPE
360 370 380 390 400 I ™
LDDACVSNPC HEDAICDTNP VNGRAICTCE PGETGGACDQ DVDECSIGAN 1610 1620 1630 1640 1650
EGF-like 10 Lo EGF-like 11 es veL NG
410 420 430 440 450 |
PCEHLGRCVN TQGSFLCQCG RGYTGPRCET DVNECLSGPC RNQATCLDRI 1660 1670 1680 1690 1700
11 EGF-like 12 RRKRE
460 470 480 430 500
GQFTCICMAG FTGTYCEVDI DECQSSPCVN GGVCKDRVNG FSCTCPSGES 1710 1720 1730 1740 1750
| EGF-like 13 I
510 520 530 540 550 I
GSTCQLDVDE CASTPCRNGA KCVDQPDGYE CRCAEGFEGT LCDRNVDDCS 1760 1770 1780 1790 1800
EGF-like 14 | |  EGF-like 15 [ Y 0 VR GPDGE TPLMLASECG
560 570 580 590 600 | NLS I ANK 1
PDPCHHGRCV DGIASFSCAC APGYTGTRCE SQVDECRSQP CRHGGKCLDL 1810 1820 1830 1840 1850
Il EGF-like 16 caLepMprEE DEADDTS |G
610 620 630 640 650 o ANK 2
VDKYLCRCPS GTTGVNCEVN IDDCASNPCT FGVCRDGINR YDCVCQPGET 1860 1870 1880 1890 1900
I EGF-like 17 I RADARKRLLD AGADINA, -::
660 670 680 690 700 o ANK3 | | ANK 4
GPLCNVEINE CASSPCGEGG SCVDGENGFR CLCPPGSLPP LCLPPSHPCA 1910 1920 1930 1940 1950
EGF-like 18 | |  EGF-like 19 DE|
710 120 730 740 750 o ANK 5
HEPCSHGICY DAPGGFRCVC EPGWSGPRCS QSLARDACES QPCRAGGICS 1960 1970 1980 1990 2000
Il EGF-like 20 NVEATLALLK NGANKD. . .
760 770 780 790 800 ] NLS |
SDGMGFHCTC PPGVQGRQCE LLSPCTPNPC EHGGRCESAP GQLPVCSCPQ 2010 2020 2030 2040 2050
EGF-like 21 I 1ox N ;> RSPPGPHGLG PLLCPRGAEL
810 820 830 840 850
GWQGPRCQQD VDECAGPAPC GPHGICTNLA GSFSCTCHGG YTGPSCDQDI 2060 2070 2080 2090 2100
EGF-like 22 | | EGF-like 23 PGLKAAQSGS KKSRRPPGKA GLGPQGPRGR GKKLTLACPG PLADSSVTLS
860 870 880 890 900
NDCDPNPCLN GGSCQDGVGS FSCSCLPGFA GPRCARDVDE CLSNPCGPGT 2110 2120 2130 2140 2150
Il EGF-like 24 PVDSLDSPRP FGGPPASPGG FPLEGPYAAR TATAVSLAQL GGPGRAGLGR
910 920 930 940 950 |
CTDHVASFTC TCPPGYGGFH CEQDLPDCSP SSCFNGGTCV DGVNSFSCLC 2160 2170 2180 2190 2200
Il KGF-like 25 Il opecevisL GLLNPVAVRL DwARLPPPAP PGRSELLEL N
960 970 980 990 1000
RPGYTGAHCQ HEADPCLSRP CLHGGVCSAA HPGFRCTCLE SFTGPQCQTL 2210 2220 2230 2240 2250
EGF-like 26 | | EGF-like 27
1010 1020 1030 1040 1050 g
VDWCSRQPCQ NGGRCVQTGA YCLCPPGWSG RLCDIRSLEC REAAAQIGVR 2580 5530 S350 %0 p—
| | EGF-like 28
1060 1070 1080 1090 1100 |
LEQLCOAGGQ CVDEDSSHYC VCPEGRTGSH CEQEVDPCLA QPCQHGGTCR 2310 5550
Il EGF-like 29
1110 1120 1130 1140 1150
GYMGGYMCEC LPGYNGDNCE DDVDECASQP CQHGGSCIDL VARYLCSCPP
1 EGF-like 30
1160 1170 1180 1190 1200
GTLGVLCEIN EDDCGPGPPL DSGPRCLHNG TCVDLVGGFR CTCPPGYTGL
] EGF-like 31 I
1210 1220 1230 1240 1250

Figure 4. Notch3 protein domains. Amino acids marked with bold red represent the CADASIL

mutations. Colors represent protein domains.
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| EGF-like 1 NOD |
10 20 30 40 50 1310 1320 1330 1340 1350
MQPPSLLLLL LLLLLLCVSV VRPRGLLCGS FPEPCANGGT CLSLSLGOGT VVLSPPALDQ QLFALARVLS LTLRVGLWVR KDRDGRDMVY PYPG
1] EGF-like 2 | NODP
= = . = . 1360 1370 1380 1390 1400
CQCAPGFLGE TCQFPDPCON AQLCONGGSC QALLPAPLGL PSSPSPLTPS LGGTRDPTYQ ERAAPQTOPL GKETDSLS
[ EGF-like 3 | |
110 120 130 140 150
FLCTCLBGET GERCQAKLED rcppsrisn GRCHIQASGR PQCSCMPGWT 1410 1429 LEPLLPé;ig AVHPHAé::\g PANQLP;"-SO
I EGF-like 4 11
160 170 180 190 200 ™ | | RAM
GEQCQLRDEC SANPCVNGGV CLATYPQIQC HCPPGFEGHA CERDVNECFQ 1460 1470 1480 1490 1500
EGF-like 5 | | EGF-like 6 SRR 0 1 RRRRREHGA
210 220 230 240 250 I
DPGPCPKGTS CHNTLGSFQC LCPVGQEGPR CELRAGPCPP RGCSNGGTCQ 1510 1520 1530 1540 1550
1 EGF-like 7 I G LxALKPKAEV DEDGVVMCSG PEEGEEVGQA EETGPPSTCQ
260 270 280 290 300
LMPEKDSTEH LCLCPPGFIG PDCEVNPDNC VSHQCQNGGT CQDGLDTYTC 1560 1570 1580 1590 1600
] EGF-like 8 LWSLSGGCGA LPQAAMLTPP QESEMEAPDL DTRGPDGVTP LMSAVCCGEV
310 320 330 340 350 | NLS L ANK 1
LCPETWTGWD CSEDVDECET QGPPHCRNGG TCQNSAGSFH CVCVSGWGGT 1610 1620 1630 1640 1650
I BGr-like 9 " ascregon, I
scssm.oggg MTCAPGg;g mavcsrgg?. cppsnmi:g ur.zonc:.;gg o, e I
—rry) R Ee T1 1660 1670 1680 1690 1700
410 420 430 440 450 3 T —
CHGDAQCSTN PLTGSTLCLC QPGYSGPTCH QDLDECLMAQ QGPSPCEHGG e 50 L i -
11 EGF-like 12
460 470 480 490 500
SCLNTPGSEN CLCPPGYTGS RCEADHNECL SQPCHPGSTC LDLLATFHCL I ANK 5 |
11 EGF-like 13 | 1760 1770 1780 1790 1800
510 520 530 540 550 RSLLQAGADK DAQDNREQTP LFLAAREGAV EVAQLLLGLG AARELRDG
CPPGLEGQLC EVETNECASA PCLNHADCHD LLNGFQCICL PGESGTRCEE I NLS
I EGF-like 14 1 1810 1820 1830 1840 1850

560 570 580 590 600 I GeohREX ATPGREAGPE PRARTVSVSV

DIDECRSSPC ANGGQCQDQP GAFHCKCLPG FEGPRCQTEV DECLSDPCPV |
EGF-like 15 1 EGF-like 16 1860 1870 1880 1890 1900

610 620 630 640 650 PPHGGGALPR CRTLSAGAGP RGGGACLQAR TWSVDLAARG GGAYSHCRSJ
GASCLDLPGA FFCLCPSGFT GQLCEVPLCA PNLCQPKQIC KDQKDKANCL PEST
I EGr-like 17 I 1910 1920 1930 1940 1950
660 670 680 690 700
CPDGSPGCAP PEDNCTCHHG HCQRSSCVCD VGWTGPECEA ELGGCISAPC
EGF-like 18 11 EGF-like 19
210 220 230 240 250 1960 1970 1980 1990 2000
AHGGTCYPQP SGYNCTCPTG YTGPTCSEEM TACHSGPCLN GGSCNPSPGG
1 EGF-like 20 !
760 770 780 790 800
YYCTCPPSHT GPQCQTSTDY CVSAPCFNGG TCVNRPGTFS CLCAMGFQGP -
(. EGF-like 21 11
810 820 830 840 850
RCEGKLRPSC ADSPCRNRAT CQDSPQGPRC LCPTGYTGGS CQTLMDLCAQ
EGF-like 22 | |  EGF-like 23
860 870 880 890 900
KPCPRNSHCL QTGPSFHCLC LQGWTGPLCN LPLSSCQKAA LSQGIDVSSL
I EGF-like 24
910 920 930 940 950
CHNGGLCVDS GPSYFCHCPP GFQGSLCQDH VNPCESRPCQ NGATCMAQPS
I EGF-like 25
960 970 980 990 1000
GYLCQCAPGY DGONCSKELD ACQSQPCHNH GTCTPKPGGF HCACPPGEVG
(| EGF-like 26 11
1010 1020 1030 1040 1050
LRCEGDVDEC LDQPCHPTGT AACHSLANAF YCQCLPGHTG QWCEVEIDPC
EGF-like 27 I
1060 1070 1080 1090 1100
HSQPCFHGGT CEATAGSPLG FICHCPKGFE GPTCSHRAPS CGFHHCHHGG
EGF-like 28 | | EGF-like 29
1110 1120 1130 1140 1150
LCLPSPKPGF PPRCACLSGY GGPDCLTPPA PKGCGPPSPC LYNGSCSETT
I LNR 1
1160 1170 1180 1190 1200
GLGGPGFRCS CPHSSPGPRC
I LXR 2 |
1210 1220 1230 1240 1250
| LNR 3 1
1260 1270 1280 1290 1300

Figure 5. Notch4 protein domains. Colors represent protein domains.
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Table 4. SNPs and mutations in Notch1 associated with neurodegenerative diseases.

Notchl
A/A SNP ID Nl\g_f)g;ZSg; 1 Mutation Domain Phenotype ﬁiﬁ?ﬁ:
1 _ . Y2116>TERM TAD Mental xetardation, - cyp171556
2 rs79782048 36150G>A E694>K EGF-like 18 Alzheimer’s disease
Table 5. SNPs and mutations in Notch2 associated with neurodegenerative diseases.
Notch2
AIA SNP ID N“g_col;;‘?gf . Mutation Domain Phenotype ‘:f::i‘::‘
1 rs61752484 148130A>G D1327G EGF-like 34 autism multiplex
Table 6. SNPs and mutations in Notch3 associated with neurodegenerative diseases.
Notch3
A/A SNP ID Nrgjlggg;gge 1 CC}?:r?gne Mutation Domain Phenotype Aﬁi‘:;?::
1 N/A TGC-GGC C43>G CMO052264
2 N/A TGC-TCC C43>5 CM1712096
3 N/A TGC-TTC C43>F CMO035648
4 N/A TGT-CGT C49>R CM106868
5 N/A TGT-GGT C49>G CMO073243
6 rs193921045 8431G>A TGT-TAT C49>Y CM971054
7 rs193921045 8431G>T TGT-TTT C49>F CMO052265
8 N/A GGT-TGT G53>C CM106869
9 N/A CGT-TGT R54>C CMO003012
10 N/A TGC-GGC C55>G CM1714276
11 N/A TCC-TGC 560>C CMO052266
12 N/A CGG-TGG R61>W FGFlike CADASIL CM0910982
13 N/A TGC-GGC C65>G CM108953
14 N/A TGC-TAC Ce5>Y HMO070086
15 N/A TGC-TCC C65>5 CMO052267
16 N/A TGC-AGC C67>5 CM092086
17 N/A TGC-TAC Ce7>Y CMO034666
18 rs28937321 13478G>T TGG-TGT W71>C
19 N/A CGG-CCG R75>Q CM156963
20 N/A CGG-CCG R75>P CMO061880
21 N/A TGT-CGT C76>R CM023649
22 N/A TGT-TGG C76>W CMO052268
23 N/A TGT-TAT C76>Y CM1615079
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Table 6. Cont.

Notch3

A/A SNP ID Nrgjlggg;gge 1 CC}?:r?gne Mutation Domain Phenotype AI‘GIC'I?;S;::
24 N/A GAC-GGC D80>G CM150655
25 N/A TGT-CGT C82>R CM148255
26 N/A TGT-CGT C87>R CMO052269
27 N/A TGT-TAT C87>Y CMO044913
28 N/A TGT-TTT C87>F CM1714277
29 N/A GGC-TGC G89>C CM128781
30 N/A CGT-TGT R90>C CM971055
31 N/A TGC-GGC C93>G CM1714278
32 N/A TGC-TAC C93>Y CMO023650
33 N/A TGC-TTC CI93>F CMO001263
34 N/A CGA-TGA R103>Term CM1313313
35 N/A TGC-CGC C106>R CM138997
36 N/A TGC-GGC C106>G EGF-like 2 CADASIL CM156032
37 N/A TGC-TGG C106>W CMO044912
38 N/A CGG-TGG R107>W CM159172
39 N/A TGC-AGC C108>S CM125146
40 N/A TGC-CGC C108>R CMO045072
41 N/A TGC-TAC C108>Y CMO052270
42 N/A TGC-TGG C108>W HM040053
43 N/A TGC-TTC C108>F CM1714279
44 N/A CGT-TGT R110>C CM971056
45 N/A TGC-CGC C117>R CMO078103
46 N/A TGC-TAC Cl117>Y CMO0910785
47 N/A TGC-TCC C117>S CM132414
48 N/A TGC-TTC C117>F CMO001264
49 N/A TCC-TGC S118>C HMO040099
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Table 6. Cont.

Notch3

A/A SNP ID Nrgjlggg;gge 1 CC}?:r?gne Mutation Domain Phenotype AI‘GIC'I?;S;::
50 N/A TGC-TAC C123>Y CM003013
51 N/A TGC-TTC C123>F CM001265
52 N/A TGT-GGT C128>G CM064156
53 N/A TGT-TAT C128>Y CM023651
54 N/A TGT-TTT C128>F CM125156
55 N/A GGT-TGT G131>C HMO070153
56 15137852642 13740C>T CGC-TGC R133>C CM971057
57 rs137852642 13740C>A CGC-AGC R133>S
58 N/A TGC-GGC C134>G CM156958
59 N/A TGC-TAC C134>Y CM125159
60 N/A TGC-TGG C134>W CM014589
61 N/A GAT-GGT D139>V CM1615017
62 N/A CGC-TGC R141>C CM971058
63 N/A TTC-TGC F142>C CM023652
64 N/A TGC-TCC C144>S CM159357
65 N/A TGC-TAC Cl44>Y EGF-like 3 CADASIL CMO001267
66 N/A TGC-TTC C144>F CM003947
67 N/A TCC-TGC 5145>C CM044908
68 N/A TGC-CGC Cl46>R CM971059
69 N/A TGC-TAC Cl46>Y CM045307
70 N/A TGC-TGG Cl46>W CM1213543
71 N/A GGC-GTC G149>V CM147538
72 N/A GGC-TGC G149>C CM052271
73 N/A TAC-TGC Y150>C CM001268
74 rs371491165 13794C>G CAG-GAG Q151>E CM0910786
75 rs797045014 13800C>T CGC-TGC R153>C CM971060
76 rs797045014 13800C>A CGC-AGC R153>S
77 N/A TGC-AGC C155>S CMO0910788
78 N/A TGC-TAC C155>Y CM125157
79 N/A TGC-TCC C155>S CMO044910
80 N/A TGC-TGG C155>W CM159358
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Table 6. Cont.

Notch3
A/A SNP ID Nrgjlggg;gge 1 CC}?:r?gne Mutation Domain Phenotype AI‘GIC'I?;S;::
81 N/A TGC-AGC C162>S CM003014
82 N/A TGC-CGC C162>R CMO086704
83 N/A TGC-TAC Cl162>Y CM170225
CADASIL ———
84 N/A TGC-TGG Cl62>W CMO035650
85 N/A GGT-TGT G165>C CM0910787
86 rs28933696 13848C>T CGC-TGC R169>C CM961043
CADASIL,
87 rs147373451 13852A>G CAT-CGT H170>R Alzheimer’s CM107598
disease
CADASIL,
88 rs147373451 13852A>T CAT-CTT H170>L Alzheimer’s
disease
89 N/A GGT-TGT G171>C CM971061
90 N/A TGC-AGC C174>S CM125160
91 N/A TGC-CGC C174>R CMO033795
92 N/A TGC-TAC C174>Y CMO001269
93 N/A TGC-TTC C174>F CM014211
94 N/A TCC-TGC 5180>C CMO003015
95 N/A TTC-TGC F181>C EGF-like 4 CM095734
CADASIL,
96 rs28933697 13887C>T CGC-TGC R182>C Alzheimer’s CM961044
disease
97 N/A TGC-AGC C183>S CM001271
98 N/A TGC-CGC C183>R CM001270
99 N/A TGC-TAC C183>Y CM1615080
100 N/A TGC-TTC C183>F CMO052272
101 N/A TGT-AGT C185>S CM1010137
102 N/A TGT-CGT C185>R CM971062
103 N/A TGT-GGT C185>G CM014590
104 N/A TGT-TAT C185>Y CM147761
105 N/A TAC-TGC Y189>C CMO042442
106 N/A TGT-AGT C194>S CM042443
107 N/A TGT-CGT C194>R CMO023653
108 N/A TGT-GGT C194>G CM150660
109 N/A TGT-TCT C194>S CM1010138
110 N/A TGT-TTT C194>F CM001272
111 N/A TGT-TAT C194>Y CM003016
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112 N/A GCG-ACG A198>T Wll‘éts‘ionr:';‘;ter CM0911492
113 N/A TGT-CGT C201>R CMO065340
114 N/A TGT-TAT C201>Y CMO044914
115 N/A GCG-GTG A201>V CADASIL CM121679
116 N/A TGC-CGC C206>R CMO055455
117 N/A TGC-TAC C206>Y CADASIL CMO003017
118 N/A CGT-CAT R207>H W}l‘itseioﬁgter CM0911493
119 N/A CGT-TGT R207>C CMO003018
120 N/A TGC-AGC C212>S CMO971063
121 N/A TGC-CGC C212>R CM1714280
122 N/A TGC-TAC C2125Y CM110280
123 N/A TGC-TGG C212>W CM132412
124 N/A TGC-TTC C212>F CM1515586
125 N/A AGG-AAG R213>K CMO033796
126 N/A TAC-TGC Y220>C HMO0657
127 N/A TGT-AGT C222>S EGF-like 5 BM1486714
128 N/A TGT-CGT C2225R BM1496778
129 N/A TGT-GGT C222>G CADASIL CM971064
130 N/A TGT-TAT C222>Y CM023654
131 N/A TGT-TCT C222>$ CM106870
132 N/A TGT-CGT C224>R CM159178
133 N/A TGT-TAT C224>Y CM971065
134 N/A TTT-TGT F228>C CM1414770
135 N/A TGT-AGT C233>S CMO023655
136 N/A TGT-CGT C233>R CM1010139
137 N/A TGT-TAT C233>Y CM052273
138 N/A TGT-TGG C233>W CMO035651
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139 N/A GTG-ATG V237>M CM025913
140 N/A TGT-TCT C240>S CMO052274
141 N/A TGT-AGT C245>S CMO056015
142 N/A TGT-CGT C2455R CM052275
143 N/A TGT-TAT C245>Y CM1213544
144 N/A TGC-AGC C251>S EGF.like 6 CADASIL CMO035643
145 N/A TGC-CGC C251>R CMO023656
146 N/A TGC-GGC C251>G CMO077212
147 N/A TGC-TAC C251>Y CM092087
148 N/A GTG-ATG V252>M CM150661
149 N/A TAT-TGT Y258>C CMO971066
150 N/A TGC-CGC C260>R CM1414771
151 N/A TGC-GGC C260>G CM095351
152 N/A TGC-TAC C260>Y CMO052276
153 N/A TGC-TTC C260>F CADASIL  cwm1213545
154 N/A TGC-TTC C271>F HMO060011
155 N/A TGT-CGT C278>R CADASIL CM155988
156 N/A TGC-TAC C291>Y EGHlike 7 CADASIL CM156956
157 N/A GGT-TGT G296>C CADASIL CM108668
158 N/A AGC-TGC $299>C CADASIL CMO046101
159 N/A AGA-AAG G3095K W}I‘;‘i’oﬁgfer CM0911494
160 N/A TGC-AGC C311>S CADASIL  CM1414772
161 N/A TGT-TTT C318>F CM1615081
162 N/A GTG-ATG V322>M CM150662
163 N/A TGC-AGC C323>S CM159171
164 N/A TGC-TGG C323>W CM167812
165 N/A TGC-TAC C329>Y CM1213546
166 rs137852641  14516C>T CGC-TGC R332>C CMO014070
167 N/A TCT-TGT $335>C EGF-like 8 CADASIL CMO052277
168 N/A TAC-TGC Y337>C CM052278
169 N/A TGT-CGT C338>R CMO056018
170 N/A TGT-TCT C338>S CM1718752
171 N/A TGT-TTT C338>F CM150663
172 N/A TGC-TAC C340>Y CM1413344
173 N/A TGC-TTC C340>F CM1615082
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174 N/A TGC-CGC C360>R CM140149
175 N/A TGT-CGT C366>R CM139199
176 N/A TGT-TGG C366>W CMO082988
177 N/A TGT-CGT C379>R EGF-like 9 CADASIL HM090054
178 N/A TGT-TCT C379>S CMO052279
179 N/A GGC-TGC G382>C CMO035644
180 N/A TGT-TAT C388>Y CMO064155
181 N/A TGC-CGC C395>R CMO052280
182 rs863225297 16704C>G TCT-TGT 5396>C CADASIL CM125147
183 N/A TGC-TAC C408>Y CM159179
184 N/A TCC-TGC 5414>C CM140150
185 N/A TGC-TGG C419>W CM159180
186 N/A GGT-TGT G420>C EGF-like 10 CMO023657
187 N/A CGT-TGT R421>C CMO052281
188 N/A CGC-TGC R427>C CM108354
190 N/A TGT-CGT C428>R CMO056019
191 N/A TGT-TAT C428>Y CMO052282
192 rs267606915 16897T>A TGT-TCT C428>S CM014591
193 N/A TGT-CGT C435>R CMO035646
194 N/A TGC-AGC C440>S CMO056017
195 N/A TGC-CGC C440>R CMO052283
196 N/A TGC-GGC C440>G CMO023658
197 N/A TGC-GGC C446>G CM1414773
198 N/A TGC-TCC C446>S CM044911
199 N/A TGC-TTC C446>F EGF-like 11 CADASIL CMO035649
200 N/A CGC-TGC R449>C CMO023659
201 rs28933698 16978T>A TGT-AGT C455>S
202 1528933698 16978T>C TGT-CGT C455>R CMO021648
203 N/A TGT-TAT C455>Y CM140151
204 N/A TGT-TCT C457>S CM1010140
205 N/A TAT-TGT Y465>C CM035647
206 N/A TGC-TAC C466>Y CM1111832
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207 N/A TGC-TAT C478>Y CADASIL CM150326
208 N/A TGC-GGC C484>G CADASIL CM125158
209 N/A TGC-TAC C484>Y CADASIL CMO044909
210 N/A TGC-TTC C484>F CADASIL CMO052284
211 N/A TGC-TAC C495>Y CADASIL CMO052285
Ischemic
stroke,
Alzheimer’s
212 rs11670799 17742C>T CCC-CTC P496>L disease,
cerebral
EGF-like 12 small-vessel
disease
CADASIL,
213 rs114207045 17745C>G TCG-TGG 5497>W white matter
lesions ?
CADASIL,
214 rs114207045 17745C>T TCG-TTG S497>L white matter CM119547
lesions ?
215 N/A TGT-CGT C504>R CADASIL CMO0911339
216 N/A TGC-CGC C511>R CADASIL CMO052286
217 N/A TGC-TAC C511>Y CADASIL HMO050011
218 N/A TGC-TTC C511>F CADASIL CM115174
219 N/A GGC-TGC G528>C CADASIL CMO056020
220 N/A TGC-GGC C5315G Leukoencephalopgty, 75354
vascular
221 N/A TGC-TCC C531>5 CADASIL HMO0684
222 N/A CGC-TGC R532>C HMO070085
223 N/A TGT-CGT C542>R CM140152
224 N/A TGT-TAT C542>Y CM961045
225 N/A CGC-TGC R544>C CM994179
EGF-like 13 CADASIL. —————————
226 N/A TGC-CGC C549>R CMO035645
227 N/A TGC-TAC C549>Y CMO052287
228 N/A CGC-TGC R558>C CM961046
229 N/A TGT-TAT C568>Y HMO0710
230 N/A TAC-TGC Y574>C HMO0685
231 N/A ACA-GCA T577>A HMO0718
EGF-like 14 CADASIL ———————
232 N/A CGC-TGC R578>C CM961047
233 N/A TGC-CGC C579>R CM121680
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234 N/A CGC-TGC R587>C CMO061879
CADASIL. ———————————
235 N/A TGC-CGC C591>R CM125164
236 N/A CGC-AGC R59255 White matter ) ri911495
lesions?
237 N/A CGC-TGC R592>C CM107182
238 N/A TGC-TAC C597>Y CM1615083
EGF-like 15 S
239 N/I TGC-TCC C597>S CM119361
240 N/A TGC-TGG C597>W CM1615018
CADASIL ————
241 N/A TGC-CGC C606>R CM125148
242 N/A CGC-CAC R607>H CM1615019
243 N/A CGC-TGC R607>C CMO003019
244 N/A TGC-TGG C617>W CM1610629
245 N/A GTC-GTT V633>V CADASIL CM124698
246 N/A CGC-TGC R640>C . CADASIL CM125168
EGF-like 16 :
247 N/A GTC-GAC V6445D White matter ) ri911496
lesions?
248 N/A GGC-TGC G667>C CADASIL CM125169
249 rs10406745 20390G>C CGC-CCC R680>P EGF-like 17 CADASIL
250 rs10406745 20390G>A CGC-CAC R680>H CADASIL
CADASIL
with
251 N/A CGC-TGC R680>C intracerebral CM122007
haemor-
rhage?
252 N/A CCT-ACT P685>T CADASIL CM111340
253 N/A TAT-TGT Y710>C CM1313312
254 N/A CGC-TGC R717>C CM1414856
255 N/A CGC-TGC R728>C EGFlike18 — CADASIL CM971067
256 N/A TGC-GGC C729>G CM1714281
257 N/A GTC-GCC V764>A  EGFlikely Vv hitematter - cyg54g
lesions?
258 N/A TGC-TCC C775>S CADASIL CMO052288
EGF-like 20
259 N/A CGC-TGC R785>C CADASIL CM1413345
260 N/A GAG-GAA E813>E EGF-like 21 CADASIL CM1615020
261 N/A TAC-TGC Y916>C EGF-like 23 CADASIL CM1414857
262 N/A TGT-CGT C939>R EGF-like 24 CADASIL CM125149
263 N/A GGC-TGC G953>C EGF-like 24 CADASIL CMO023660
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Arteriopathy
and
264 N/A TGC-TGA  C966>TERM cavitating 1155731
leukoen-
cephalopa-
thy
CADASIL
265 N/A GGC-TGC G975>C _ with CMO067439
intracerebral
haemorrhage
266 N/A TGC-AGC C977>S HMO050017
267 N/A TGC-GGC C977>G EGF-like 25 CM1615021
268 N/A AGC-CGC S978>R HMO0711
269 N/A GCC-TCC A979>S CM1313735
270 N/A TTC-TGC F984>C CMO003020
CADASIL. ——————
271 N/A CGC-TGC R985>C CM971068
272 N/A TGC-CGC C986>R CM1414774
273 N/A TGC-TAC C988>Y CM062927
274 N/A TGC-TTC C988>F CM1714282
275 N/A TGC-GGC C997>G HMO070152
276 N/A TGC-GGC C1004>G EGF-like 26 CM1714283
277 N/A TGC-TAC C1004>Y CM082987
278 N/A CGC-TGC R1006>C CM971069
279 N/A CCT-TCT P1008>S CM148526
280 N/A GGT-TGT G1013>C CM125150
281 N/A TGC-AGC C1015>S CM156030
282 N/A TGC-CGC C1015>R CADASIL CM994180
283 1s35769976 25217G>T GCC-TCC A1020>S EGF-like 26 CADASIL
284 rs35769976 25217G>A GCC-ACC A1020>T
285 1s35769976 25217G>C GCC-CCC A1020>P CMO085589
286 N/A TAT-TGT Y1021>C CMO023661
287 N/A TGC-TTC C1022>F CM118356
288 N/A TGG-TCG W1028>C CMO078549
289 N/A CGC-TGC R1031>C CM971070
290 N/A GGT-TGT G1058>C CMO014592
291 N/A TGT-TAT C1061>Y CM127977
EGF-like 27 CADASIL @ ——
292 N/A TAC-TGC Y1069>C CM092088
293 N/A CGT-TGT R1076>C CMO056016
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294 N/A ACC-TCC T1098>S CM106871
295 N/A TGC-TAC C1099>Y CADAGSIL HMO0709
296 N/A TAC-TGC Y1106>C EGF-like 28 CM1615022
Autism
297 N/A ATG-GTG M11075V spectrum CM187124
disorder?
298 N/A TGC-TGG C1131>W CADASIL CM081358
299 15112197217 26557C>G CAC-CAG H1133>Q CADASIL
Alzheimer’s
disease,
300 15112197217 26557C>A CAC-CAA H1133>Q ischemic
EGF-like 29 <troke
CADASIL
301 15112197217 26557C>T CAC-CAT H1133>H CADASIL
302 N/A GGG-CGG G1134>R AUTISM - CM124589
303 N/A CGC-TGC R1143>C CADASIL  CM1715079
304 N/A CGG-TGG R11755W CADASIL-  CM159359
Alzheimer
305 1510408676 26786G>A GTG-ATG V1183>M EGE-like 30 disease, CM186058
modifier of?
306 N/A GAC-GAG D1184>E CADASIL CM159173
307 N/A CGC-TGC R1210>C CM1615084
308 15199638166  26903T>G TGC-GGC C12225G CADASIL  CM1414775
309 rs201680145  26930C>T CGT-TGT R1231>C CADASIL CM971071
310 rs201680145  26930C>A CGT-AGT R1231>S EGF-like31  Alzheimer’s
disease
311 N/A CAT-CTT H12355L White matter ) 11911497
lesions?
312 N/A TGC-TGG C1250>W CADASIL HMO090055
313 N/A TGC-CGC C1261>R CADASIL CM961048
314 N/A TGC-TAC C1261>Y EGF-like 32 CADASIL CMO052289
315 N/A CGT-CTT R1262>L White matter -\ 1119549
lesions?
316 N/A TGC-TGG C1293>W CADASIL CM186164
CADASIL
317 N/A TGC-TTC C1298>F EGE-like 33 Wlﬂr‘hl;ag?f‘or' CM135094
strokes
318 N/A TGC-TAC C1315>Y CADASIL CM116899
319 N/A GCC-ACC  A14505T INRy  Whitematter o955
lesions ?
320 N/A CTC-CCC L1515>P NOD CADASIL CM081357
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321

rs141320511

31730C>A

CTG-ATG

L1518>M

NOD

White matter
lesions?

CM119551

322

rs141320511

31730C>T

CTG-TTG

L1518>L

NOD

White matter
lesions,
CADASIL,
vascular
dementia

323

15367543285

31734T>C

CTG-CCG

L1519>P

NOD

Migraine and
white matter
lesions

324

N/A

CCA-CCG

P1521>P

NOD

Alzheimer
disease,
modifier of?

CM186056

325

rs78501403

31857G>C

CGG-CCG

R1560>P

NOD

Ischemic
stroke,
cerebral
small-vessel
disease

326

1578501403

31857G>A

CGG-CAG

R1560>Q

NOD

Ischemic
stroke,
cerebral
small-vessel
disease

327

N/A

GGT-GAT

G1710>D

RAM

White matter
lesions?

CM119552

328

N/A

GTG-ATG

V1762>M

RAM

CADASIL

CM1212986

329

N/A

GAC-AAC

D1823>N

NLS

White matter
lesions?

CM119553

330

rs115582213

43458G>A

GTG-ATG

V1952>M

ANK

Alzheimer
disease
(modifier of?)

CM186057

331

rs142007575

44385G>A

GTA-ATA

V2011>1

NLS

Ischemic
stroke

332

rs114447350

44575C>T

CCG-CTG

P2074>L

unknown

Alzheimer’s
disease

333

rs114447350

44575C>A

CCG-CAG

P2074>Q

unknown

Alzheimer’s
disease

334

rs1044009

45022C>G

GCG-GGG

A2223>G

PEST

Alzheimer’s
disease,
CADASIL

335

rs1044009

45022C>T

GCG-GTG

A2223>V

PEST

Alzheimer’s
disease,
CADASIL
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Table 7. Mutations in Notch4 associated with neurodegenerative diseases.

Notch4
A/A Mutation Domain Phenotype Accession Number
1 EGF-like 6 Schizophrenia CM099076 EGF-like 6
2 EGF-like 8 Multiple sclerosis CM133099 EGF-like 8
3 EGF-like 21 Migraine severity CM134239 EGF-like 21
4 NOD Migraine duration CM134237 NOD

Mutations acossiated with SNPs Mutations without SNPs

Figure 6. Number of associated and unassociated mutations with known SNPs.

The percentage of mutations in Notch3 associated with neurodegenerative diseases is
displayed graphically in a pie chart in Figure 7. According to this study, 90% of Notch3
mutations lead to CADASIL disease, 4% of Notch3 mutations lead to Alzheimer’s disease,
and 4% of Notch3 mutations lead to white matter lesions. Only 2% of Notch3 mutations
are associated with other neurodegenerative diseases such as the small-vessel disease of
the brain, ischemic stroke, migraine, and autism. Since CADASIL is represented by 90% of
mutations in Notch3, a guide map (Figure 4) was created for Notch3 mutations. Mutations
in the amino acid sequence of the Notch3 protein are marked in bold red.

@ CADASIL
@ White Matter Lesions
Alzheimer Disease

@ Other Neurodegenerative
Diseases

Figure 7. Percentage of Notch3 mutations associated with a specific neurodegenerative disease.
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There have been reported to be 310 mutations in Notch3 that cause CADASIL syn-
drome (Table 7). The majority of the mutations (305), as shown in the amino acid sequence
of Figure 4, are found in the EGF domain. The distribution of mutations in the EGF-like
repeats and other protein domains is illustrated through a chart (Figure 8). The highest
concentration of mutations is observed in the EGF-like 3 and EGF-like 4 repeats while the
lowest numbers of mutations are found in the NOD, RAM, and PEST domains. In addition,
more than 60% of Notch3 protein mutations that lead to CADASIL disease occur at the
cysteine residue (Figure 9).

@20 o B b AD a8 Al © ok 5 9 o B o o ‘409?}@\7' W P‘&?@«

3 i 6’\7’ & e © & & QNB B’\o" 01“ OFL)\ J & eq’ 2’7’ 97’1 67'% ?‘FL 63“ e e
e e e e e e e e e o e e e N e e e N N

NOTCH3 DOMAINS

Figure 8. Demonstration of mutation number per Notch3 domain.

Amino Acid

Figure 9. Mutated amino acid residues in Notch3 protein associated with CADASIL.

3.4. Mutation Analysis

Since 90% of the mutations identified in Notch3 and related to neurodegenerative
diseases were located in the EGF region, the mutation analysis was mainly focused on
this specific region. The multiple-sequence alignment (MSA) of amino acid sequences
of Notch3 EGF-like repeats was performed to identify highly conserved amino acids
within 34 EGF-like repeats. EGF-like repeats have a significant role in Notch signaling [2].
Six cysteine residues in each EGF repeat generate disulfide bonds affecting their native
three-dimensional structure. Consequently, they are a crucial component of the EGF do-
main, and mutations in these residues lead to a pathological phenotype, specifically in
CADASIL syndrome [2,30,49]. As shown by the present multiple alignment in the visual-
ized results of the histogram “conservation” (Figure 10), cysteine residues are conserved
within all EGF-like repeats. More particularly, the “consensus” histogram (Figure 8) shows
the percentage of conserved amino acids at each position. Based on the data, cysteine
residues are 100% conserved at positions 27, 41, 43, and 52 while positions 6 and 21 are
97% and 94% conserved, respectively. Additionally, glycine is conserved at positions 49
(97%), 46 (91%), 25 (71%), and 24 (76%), and proline is conserved at position 20 (74%).
The greatest concentration of mutations appears at the cysteine residues. Almost 60% of
cysteines at position 27 and 50% at positions 6 and 52 were identified as mutated. Results
for the identified mutation percentage in each amino acid position of the EGF sequences
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are demonstrated in the histogram “mutations” (Figure 10). Most of the mutations are
identified in positions 6, 27, and 52 of EGF-like repeats.

30 P, _ P
1/1-38  -APP/QLDGS------=---~ P ANGTQLPE]----@rEAA Lclp P GV G ERICI
2/1-41 - LEPP|QHSG---------- PICAICRIG VoS SVV-AGTARIF SCRIC/PRIG FR GP D[S
3/1-38 - LPDP[LSS---------- PICAHIGIARIC|S VGP - -[DG - - RIF|LICIsIC|P PIGIYIQIGRIS|C/R
4/1-38 EPCRIHIGIGTIC[L- NTP - - - - G[S|FRICIQICIP AG)Y|TGP LICIE
§/1-33  -PAVP[CAPS---------- PICRINGGT SGD--- LT-[Y[DICAIC|LP G|F|[EGQNC/E
6/1-37 HRICLNGGT(C]V|- DGV - - - - NT[¥|NICQCP P EWTGQF|CT
7/1-39 NAICHNGGT|C/F - NTL- - - -[GGH[S|CVCVNGWTGE S[C/S
8/1-37  -NIDDICATA---------- FHGAT|C|H- DRV - - - - AlS|F¥JC/A[PMGKTGLLCH
9/1-39 - LDDACVSN-==-=-===-- PICHEDA I|CDTNPV-NG--RAICT(CPPIGFTGGACD
10/1-39 NPCEHLGRICIV-NTQ- - - - G[S|F LCQICIGRRIGY T GP[RIC/E
11/1-37 -DVNELSGP-=---=---~ [ORNQAT- -|C|L- DR|I - - - - GQFT|J I [IMAGFTGT)Y|CE
12/1-37 -DIDECQSS-----=-~-~~ PICVNGGVICK-DRV-~-~--NGFSCTICP[S|GFSGSTICO
13/1-37 -DVDECAST---------- PCRNGAKCV-DQP----D|GY ECRICAEGFEGT LICID
14/1-36 -NVDD|C|SPD========~-~ PCHHG-RICV-DGI----ASFS[CACAP GYTGTIRICE
15/1-37 -QVDECR|SQ--------~-- PICRHGGK|C]L-DLV----DKY LICRICP SGTTGVNICE
16/1-36 ~-NIDDCASN=========-~ PCTFG-MCR-DGI~--~--NRYDCVCQPGFTGPLCN
17/1-37 -EINECASS-=---=-=--- PCICGEGGSCV-DGE----NGFRICLCPP|GSLPPLCL
18/1-36 -PSHPCAHE-======~--~ PCSHG- | CY|DAP- -~~~ GGFRICVCEPGWSGPRICS
19/1-37 -ARDACESQ-----=-=~-~--~ PCRAGGTCSSDG--MG---FHCTCPPGVQGRQCE
20/1-38 -LLSPITPN-=--=---=--- PCEHGGR|CESAP----GQLPVCSCPQGWQGPRCQ
21/1-38 -DVD[ECAGP - == === ==~ APCGPHGICT-NLA----GSFSCTCHGGYTGPSCD
22/1-37 -DINDCDPN-===-==-==~-- PCLNGGSCQ-DGV----GSFSCSCLPGFAGPRCA
23/1-36 -DVDECLS-v=vvwmw== NPCGP-CTET-DHV———-ASFTCTCPP&ﬂCGFHCE
24/1-37 -DLPDCSPS-==-=-==-=- SCFNGGTIQV-DGV----NSFSCLCRPIGYTGAHCQ
25/1-37 -EADPCLSR-=--~--~-=~~--~ PCLHGEVICISIAH- - - - - PG[FRICTILES FTGPQ/dQ
26/1-35 - LvDW[dSRlQ---------- PlcaNGlGRICVQTG--~- -~~~ AYCLCPPGSG[E]LCD
27/1-47 -RSLPCREAAAQIGVRLEQLCQAGGQICIVDEDS---- - SHY|CVCP EGRTGSHCE
28/1-37 -EVDPCLAQ---=====~~ Pconcc[ﬂgk--cv---mcg}@mcscucvnconcs
29/1-38 DDVDECASQ---------- ECGSCI—DLV-——-A YLCSCPPGTLGVLCE
30/1-44 -NEDDCGPGPPLD--~-SGPRICLHNGTCM-[DLV-~---GGFRCTCPPGYTGLRCE
31/1-40 -DINECRISGA-------~ CHAAHTRD|C[LQDPG----GGFRICLCHAGFSGPRCQ
32/1-42 -VLSP[ESQ-------~-~-~ PCQHGGQ|CRP SPGPGGGLTFTCHCAQP FWGPRCE
33/1-37 -VARS|CREL-===--=-=~~-~ Q[dPvGVPCQQTP----- RGPRCA[CPPGLSGPSCR
34/1-39 -SNASCAAA---=-==-==--~ PCLHGGSCRPAP---LAPFFRCACAQGWTGPRCE
Mutations I I J - I I I
Conservation ﬁ
=2253:23b--=-------- 5-11833 3-510----0021 3 12-73-12 5
Quality ‘ . I . . I l . I
Consensus

DDVDECAS+++++CVR++NPCQHCCTCVQDCVP+GCCGCGFRCTCPPCGFTGPRCE

Occupancy
- - | -

Figure 10. Conserved amino acids based on the sequence alignment of the EGF-like repeats. Each

EGF-like repeat is presented with the specific number and the sequence length. The amino acids
marked with the red square are the mutated ones.
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The cysteine residues with the greatest level of conservation were analyzed to de-
termine how frequently a certain amino acid change occurs at these positions (Table 8).
The conserved cysteine residues are C21, C27, C41, C43, and C52. The frequency of each
mutation is represented graphically in Figure 11. Based on the genetic background, more
particularly based on the triplets that code for the amino acids replacing the cysteine, the
appearance of the specific mutations was expected. The changing of one nucleotide in
the triplets coding for cysteine (TGT, TGC) leads to the coding of another amino acid
that has two common nucleotides with cysteine. Despite the fact that all cases of cysteine
mutations associated with CADASIL syndrome have been reported (Table 8), it is vital to
note that no nonsense mutation (TGA) has been reported as a cause of CADASIL. Although,
based on the genetic code, the specific mutations are expected, their different frequencies
of occurrence lead to the conclusion that these mutations are also related to genetic drift.
Most frequently, cysteines were found to be mutated into arginine and tyrosine. This
analysis also revealed that cysteines C275/R/Y /W /F (EGF 5), C43S/R/Y /W /F (EGF 2),
and C525/R/G/E/Y (EGF 4) appeared to be more sensitive to pathogenic changes.

Table 8. Conserved amino acid changes in cysteine residues at positions (C6, C21, C27, C41, C43,
and C52) of the EGF-like repeats of the Notch3 protein, accompanied with the frequency of their
appearances and nucleotide changes (marked in red).

A/A Amino Acid Frequency Codons
1 C Given TGT, TGC
2 R 8 Bcr @cc
3 ° Y 6 TIlT, TAC
4 § F 3 T, Tillc
5 § S 3 Bcr et e, Tcc
6 w 3 e |
7 G 0 BT, cac
1 C Given TGT, TGC
2 R 6 Bcr @cc
3 = Y 6 TIlT, TAC
4 § F 4 T, Tillc
5 k: S 2 Bt et Wcc, Tcc
6 w 2 e |
7 G 2 BicT, cae
1 C Given TGT, TGC
2 R 7 Bcr @cc
3 0 Y 13 TIlT, TAC
4 § F 5 T, Tillc
5 2 S 7 Bt et Wcc, Tce
6 w 4 e |
7 G 8 BicT, cae
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Table 8. Cont.

A/A Amino Acid Frequency Codons
1 C Given TGT, TGC
2 R 8 Bcr @cc
3 o Y 7 T, TAC
4 5 F 5 Tl Tillc
5 k: S 6 G 1T, [lcc, Tcc
6 W 1 e |
7 G 4 Bict cce
1 C Given TGT, TGC
2 R 5 Bcr @cc
3 o Y 9 T, TAC
4 5 F 3 Tl Tillc
5 k: S 5 G 1T, [lcc, Tcc
6 W 3 e |
7 G 1 | - [Efede
1 C Given TGT, TGC
2 R 8 Bcr @cc
3 & Y 9 TIlT, TAC
4 5 F 3 Tl THllc
5 k: S 6 G T, [lcc, Tcc
6 W 4 e |
7 G 3 Bict cae

Ve >u vz QE>uuvzoe NE>ULVZo JE>uvzo mE>u g NeE>w vz

Mutations

Figure 11. Presentation of cysteine mutations at positions (C6, C21, C27, C41, C43, and C52) based on
the frequency of occurrence of a specific mutation. The chart’s bold-colored columns represent the

total number of conserved cysteine mutations of 34 EGF-like repeats.
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3.5. Structural Analysis

The structural analysis of the mutations made it possible to understand the impli-
cations of inserting specific mutations into the amino acid sequence of the Notch3 EGF
domain. Each EGF-like repeat consists of a set of two anti-parallel 3-sheets (Figure 12). The
structural stability of the Notch3 protein is maintained via disulfide bridges established by
a set of strategically positioned cysteine residues [50]. As the key element of the domain,
the six cysteine residues of the EGF-like repeat are crucial for the creation of disulfide bonds
determining the native 3D structure of Notch proteins (Figure 12B).

B

Figure 12. Structural representation of the EGF domain and the EGF-like 2 repeat of the Notch3
protein. (A) Structure of EGF domain. (B) Structure of EGF-like 2 wild-type repeat.

Mutations in the cysteine residue at position 27 of EGF2 partly rearranged and destabi-
lized the structure of EGF-like repeat due to the destruction of the disulfide bridge between
the mutant cysteine and another cysteine residue (Figure 13). A change in the structure of
the EGF 2 repeat was induced in each case of cysteine mutation.

Cysteine residue has a polar, uncharged side chain. The thiol group imparts polarity to
cysteine. The induced C27R mutation leads to a broken disulfide bond between the mutant
cysteine in one of the (3 sheets and its interacting cysteine in the coil opposite the (3-sheet
(Figure 13A). Arginine is a positively charged amino acid with a long side chain that carries
a charged guanidine group. The full positive charge of the arginine side chain interacted
with the partial negative charge of the cysteine side chain in this study. Even though there
was no change in the 3-sheet structure, this mutation seemed to affect the coil where the
cysteine is located, causing the expansion of the coil because arginine is larger than cysteine.
Thus, with the opening of the peptide chain, the space that could accommodate the arginine
was created, causing the disturbance of the EGF-like 2 structures.

The C27Y and C27F mutations did not significantly change the structure of EGF
despite breaking the disulfide bond. The C27Y mutation results in the differentiation of the
coil opposite to tyrosine since tyrosine is larger than cysteine (Figure 13B). Tyrosine is a non-
polar amino acid that contains an aromatic side chain. Due to the presence of the hydroxyl
group in the side chain, tyrosine is predicted to interact via hydrogen bonding with cysteine.
C27F mutation leads to a similar differentiation of the EGF 2 coil since phenylalanine is also
an aromatic amino acid with a larger side chain than cysteine (Figure 13C). Phenylalanine
is a non-polar amino acid and does not interact with cysteine.



Genes 2024, 15, 529

30 of 36

A

Figure 13. Structural representation of the mutated EGF2 repeat of the Notch3 protein in the cases
where the cysteine at position 27 mutated: (A) C27R, (B) C27Y, (C) C27F, (D) C27W, (E) C27S, and
(F) C27G. In the EGF structure, the anti-parallel 3-sheets are shown in yellow and the location of the
mutated cysteine is shown in orange.

The C27W mutation destroys the disulfide bond and causes a partial loss of the
structure of both anti-parallel 3 sheets (Figure 13D). The large, conjugated side chain of
tryptophan got away from the EGF2 core. Due to the lack of available space, 27W was
expected to be outside the (3-sheet structure. On the contrary, it was found in the available
space at the same level defined by the two [3-sheets. As a result, the two [3-sheets lost their
original form as pleated surfaces and were converted into a coil structure.

The C27S mutation destroyed a disulfide bond in the EGF-like 2 structure (Figure 13E).
This led to the rearrangement of the coil structure where the cysteine, which interacts
with the serine, is located. Dipolar—dipolar interactions between serine and cysteine may
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have caused this rearrangement. Consequently, an o helix is formed in this region of the
EGF2 structure.

The C27G mutation destroys the disulfide bond and causes the partial loss of the
two anti-parallel 3-sheet structures (Figure 13F). Glycine is a non-polar amino acid that
carries a non-polar aliphatic side chain. In the absence of a side group, there is no stere-
ochemical barrier for glycine, allowing it to adopt a variety of conformations that could
result in polypeptide chain curving and enhanced flexibility. This feature of glycine may
also be responsible for the partial loss of 3-sheets and rearrangement into coils.

4. Discussion

Decades of research have shown the significance of the Notch signaling pathway in
neural development. More recent studies have proven that Notch receptors continue to be
expressed and active in numerous areas of the adult central nervous system [51-53].

Adult neurogenesis, memory, synaptic plasticity, acute brain trauma, and chronic
neurological diseases have all been linked to Notch signaling [22]. The analysis of mutation
datasets revealed that human Notch1, Notch2, and Notch4 proteins are not significantly
associated with neurodegenerative diseases [21]. On the other hand, most mutations in
Notch3 lead to neurodegenerative diseases, mainly CADASIL syndrome [21,33]. Conse-
quently, the current in silico study yielded new insights that might contribute to a better
understanding of the correlation between neurodegenerative disorders and the human
Notch family.

Considerable focus was given to analyzing Notch3 protein mutations associated with
CADASIL disease. The study of mutations in the Notch3 protein is crucial because it
could contribute to a better understanding of the molecular mechanisms that cause the
disease, which is easier to study due to its monogenic nature. Even though the majority of
mutations are point mutations, the effect of each on the three-dimensional structure of the
Notch3 protein is significant [30,54]. Clinical genetics databases, including disease-specific
mutation databases and genotype-phenotype research, provide a large amount of data
on bioinformatics. Nevertheless, there is a scientific gap in linking the data provided by
disease mutation databases and polymorphism databases [55]. Developing a database that
provides a unified mapping of nucleotide sequences, protein sequences, and their protein
domains, as well as polymorphisms and mutations related to human diseases, may pose a
challenge for computational biology.

To date, a series of pathogenic mutations in Notch3 affecting the number of cysteine
residues in the receptor’s extracellular domain and resulting in protein misfolding and
receptor aggregation have been identified [54]. Cysteine is the most active amino acid
since it is involved in a wide range of biological functions [56]. Within extracellular
proteins, cysteines are frequently involved in disulfide bridges in which pairs of cysteines
are oxidized to create a covalent bond. Disulfide bonds’ primary function is to stabilize
protein structures. Cysteine generally has no preference for substituting with any other
amino acid [57]. The reported cysteine substitutions in Notch3 ECD that induce CADASIL
disease are arginine, tyrosine, phenylalanine, serine, glycine, and tryptophane. Generally,
the extremely varied functions that cysteines play in extracellular proteins explain the
below preferences for substitution: Arg (-5), Gly (-6), Tyr (-4), Phe (-5), Trp (-5), and Ser
(-5) [33,57].

In addition, it has been observed that most frequently, the mutations associated
with CADASIL occur in the first two nucleotides and much less frequently in the third
nucleotide of the triplet that codes for the cysteine amino acid. Mutations in the first and
second nucleotide of the cysteine triplet in this study led to the replacement of cysteine
with arginine and glycine, as well as with serine, phenylalanine, and tyrosine. Cysteine
substitution to tryptophane was noticed when a mutation occurred in the third nucleotide
of the triplet. This study suggested that the first and second nucleotides are sensitive to
mutations whereas the third nucleotide appears more conserved. Based on the genetic
code, the occurrence of specific mutations was expected [58]. Also, the different frequency
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of occurrence of each of these mutations is considered linked to the genetic draft, which
slowly eliminates the variability that mutations cause, thereby achieving a steady state [59]
(high frequency of cysteine mutating to tyrosine and arginine). Recording only one case of
nonsense cysteine mutation in the Notch3 protein leads to two possible conclusions. There
is the possibility that nonsense cysteine mutations lead to diseases, but no more cases of
these mutations have been identified. It is also possible that cases of nonsense cysteine
mutations have resulted in fetal death and have not been identified. Consequently, the
only mutations identified are the ones that result in non-physiological protein function
and therefore cause neurodegeneration. The frequent occurrence of mutations in cysteine
residues that are highly conserved in the EGF-like repeats of Notch3 leads to protein
misfolding and the manifestation of CADASIL syndrome [54].

Based on the results of the present work, which stem from the specialized study of the
EGF-like domain of Notch3, several beneficial conclusions emerge. The accumulation of
mutations appears to be different between EGF-like repeats 1 and 34, and these mutations
were significantly increased in key amino acids in each EGF-like repeat such as in cysteine,
glycine, and arginine (Figures 9 and 10). Today, with the increasing number of experimental
data from patients with CADASIL syndrome, it is possible to create a mathematical model
through which we will be able to relate the order and the series of mutations in different
EGF-like repeats based on a specific phenotype of the disease, as well as based on sex and
age [38,50,60,61]. Some studies also have made this observation [39]. In addition, based
on the literature, we know the different phenotype in characteristics displayed by each
patient that can perhaps be explained by the use of this mathematical model and the use
of the above characteristics [61]. On the other hand, several attempts have been made to
treat the disease based on the key amino acids that most mutations show in the EGF-like
domain of Notch3 [33,40,60,62]. This particular work presents all the candidate positions
as a holistic atlas in a detailed analysis of the changes both at the nucleotide and protein
level for a contribution in this effort to fight CADASIL syndrome and neurodegenerative
diseases in general [21,53].

5. Conclusions

To summarize, the present in silico study focused on analyzing mutations in Notchl-
Notch4 proteins correlated with neurodegenerative diseases. The Notch pathway is crucial
for the nervous system’s development and pathogenesis due to its strong association with
stem/progenitor cell progression and extensive pleiotropy. Neurodegenerative diseases
are conditions characterized by the progressive and slow degeneration of neurons result-
ing in aberrant cell function and cell death. So far, no therapies that cure or prevent the
progression of neurodegenerative diseases by targeting their underlying causes have been
developed. Current therapies for these disorders are limited to symptom treatment. The
integration of molecular methods, such as nanomedicine, genomics, proteomics, bioinfor-
matics, and the measurement of environmental toxic body burdens, holds great promise for
accelerating the process of identifying specific risk factors and mechanisms of pathogenesis
in order to develop effective therapies for these diseases. Due to their role in cell fate
determination and cell communication, as well as the proteolytic process they undergo in
the signaling pathway, Notch proteins could be used as promising therapeutic targets for
neurodegenerative diseases.

The ultimate aim of the in silico study was to uncover potential CADASIL disease-
causing conserved mutations and analyze the consequences of these mutations in the pro-
tein structure. Based on the results obtained from the present work, the correlation of Notch3
polymorphisms—mutations with neurodegenerative diseases, especially in CADASIL
syndrome—are clearly evident. In particular, the results show the accumulation of most of
them in the EGF region of the protein. This specific protein region appears to be very crucial
in the biomolecule’s functionality, with changes in the EGF region appearing to lead to
neurological pathologies. Through our analysis, we studied the contribution of specific se-
quence alterations, their frequency of occurrence at candidate sites in each EGF-like repeat,
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and their frequency of occurrence at specific key amino acids that appear to be conserved
in each EGF-like repeat. In this direction, detailed molecular dynamics simulations showed
that these conserved mutations trigger local rearrangements in the structure of the mutant
EGF-like repeat of the Notch3 protein. The identified conserved mutations of cysteine
residues could be used as supplementary pharmacological targets for the development of
effective therapeutic schemes against CADASIL.

Since CADASIL syndrome is a monogenic disease, the opportunity to better interpret
the mode of function of Notch proteins and their association with neurodegenerative
diseases through mutations occurring in Notch3 was utilized. Therefore, we propose
the creation of a mathematical model through which we will be able to study, in detail,
the importance and contribution of mutations in EGF-like repeats based on both their
concentration, frequency of occurrence, and mutation pattern in each specific numbered
EGF-like repeat as well as their detection in specific key positions described in this work. As
it is known, EGF-like domains are prevalent in numerous protein families, suggesting that
the employment of this specific mathematical model could potentially implicate both other
proteins in neurodegenerative diseases as well as various other disorders. Furthermore,
future objectives should encompass the comprehensive examination of the mutations
delineated in this study, particularly those occurring within the intracellular domain, from
both evolutionary and structural perspectives.
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