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Abstract: CADASIL (Cerebral Autosomal Dominant Arteriopathy with Subcortical Infarcts and
Leukoencephalopathy) is a small vessel disease caused by mutations in NOTCH3 that lead to
an odd number of cysteines in the epidermal growth factor (EGF)-like repeat domain, causing
protein misfolding and aggregation. The main symptoms are migraines, psychiatric disorders,
recurrent strokes, and dementia. Omic technologies allow the massive study of different molecules
for understanding diseases in a non-biased manner or even for discovering targets and their possible
treatments. We analyzed the progress in understanding CADASIL that has been made possible by
omics sciences. For this purpose, we included studies that focused on CADASIL and used omics
techniques, searching bibliographic resources, such as PubMed. We excluded studies with other
phenotypes, such as migraine or leukodystrophies. A total of 18 articles were reviewed. Due to the
high prevalence of NOTCH3 mutations considered pathogenic to date in genomic repositories, one
can ask whether all of them produce CADASIL, different degrees of the disease, or whether they
are just a risk factor for small vessel disease. Besides, proteomics and transcriptomics studies found
that the molecules that are significantly altered in CADASIL are mainly related to cell adhesion, the
cytoskeleton or extracellular matrix components, misfolding control, autophagia, angiogenesis, or the
transforming growth factor 3 (TGFf) signaling pathway. The omics studies performed on CADASIL
have been useful for understanding the biological mechanisms and could be key factors for finding
potential drug targets.

Keywords: CADASIL; genomic; transcriptomic; proteomic

1. Introduction

CADASIL (Cerebral Autosomal Dominant Arteriopathy with Subcortical Infarcts and
Leukoencephalopathy; OMIM#125310) is a systemic arteriopathy of non-atherosclerotic
and non-amyloid cause. It is a rare disease affecting fewer than 2/1000 individuals, caused
by mutations in the NOTCH3 gene. It has autosomal dominant inheritance, although it can
also occur due to de novo mutations [1].

The etiopathogenesis of the disease is not well understood. It is thought to be triggered
by mutations in NOTCH3 that cause an odd number of cysteines in the domain hosting
the epidermal growth factor-like repetitions (EGFr) of the receptor encoded by this gene,
leading to disruption of disulfide bonds and protein aggregation [2,3].

CADASIL is characterized by the following symptoms: migraine with aura; psychi-
atric disorders; recurrent small subcortical infarcts; and dementia at an early age [4]. It is
the most common cause of stroke and dementia of genetic origin. On MRI scans, white
matter hyperintensities (WMH) in the temporal lobe and external capsule are characteristic
of the disease [5,6].
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The presence of protein aggregates known as granular osmiophilic material (GOMs)
in skin biopsies of patients, assessed by electron microscopy, has 100% specificity for its
diagnosis [5]. However, due to the focal nature of GOMs, false negatives may occur [7].
Therefore, the definitive diagnosis is established through genetic testing with the identifica-
tion of pathogenic mutations, which affect the number of cysteines in EGFr.

Once the diagnosis has been made, it is difficult to determine the patients’ clinical
course. Patients can progress differently, even if they have the same mutation, belong to
the same family, or even if they are monozygotic twins [8,9].

There is no curative or disease-modifying treatment, only symptomatic treatments are
available. Hence the importance of deepening our understanding of the disease in order to
find therapeutic targets whose modulation can improve the quality of life of these patients.

Omic technologies are used to detect genes (genomics), mRNA (transcriptomics),
proteins (proteomics), and metabolites (metabolomics) in a specific biological sample in a
non-targeted and non-biased manner. The integration of these techniques is called systems
biology [10]. Unlike with traditional studies, with these techniques, it is possible to generate
hypotheses, which are mostly driven or reductionist hypotheses [10].

Omic technologies can be used in screening, diagnosis, and prognosis, as well as for
aiding our understanding of the etiology of diseases or identifying biomarkers [10,11].
Moreover, they are used in target [12] and drug discovery and in the assessment of their
toxicity and efficacy [10].

With this review, we aim to take a closer look at the progress made in recent years in
CADASIL thanks to omics technologies, as well as to explore what therapeutic possibilities
these technologies could offer through a comprehensive resource for omics research on
drugs, such as the DrugBank (https://go.drugbank.com, accessed on 27 May 2021).

The use of omics technologies in the field of CADASIL allows for a more efficient
diagnosis of the disease. From an epidemiological point of view, it has been found that
in genomic repositories, there is a high prevalence of individuals with variants affecting
the number of EGFr cysteines. This then raises the question of whether they all really
are pathogenic mutations, which was previously considered to be the case. From an
etiological point of view, the massive study of data has highlighted the importance of
metabolic functions/pathways related to the extracellular matrix, cell adhesion, autophagy,
misfolding control, angiogenesis, or TGFf signaling. These technologies have allowed us
to understand the histopathological findings in the disease or identify which molecules or
pathways may be of interest for drug targeting, opening a wide range of possibilities for
the development of future clinical trials.

2. Materials and Methods

We have conducted an exhaustive literature search up to April 2020 by one reviewer
in PubMed, LILACS, Trip Database, and The Cochrane Library. The keywords used were:
(CADASIL[Title/ Abstract]) AND ((proteom*[Title/ Abstract]) OR (tran-scriptom*[Title/
Abstract]) OR (genom*[Title/ Abstract]) OR (gwas|Title/ Abstract]) OR (integrom*[Title/
Abstract]) OR (metabolom*[Title/ Abstract]) OR (microbio*[Title/ Abstract])).

A total of 58 articles was listed in PubMed, zero in LILACS, 23 in Trip Database and
one in The Cochrane Library. Fifty-six articles were excluded as they were not relevant to
our study.

Twenty-six articles were screened and two more were sought for retrieval. Ten articles
were excluded because the topic was not on CADASIL, and they focused on other pheno-
types, such as migraine or leukodystrophies. Finally, we reviewed 18 studies (Figure 1).
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Figure 1. PRISMA flow diagram.

For the search for the GO molecular function and biological process we used Ensembl.
We use DrugBank (https://go.drugbank.com) to discover which potential drugs could
interfere with the molecules obtained with omics technologies. DrugBank is a comprehen-
sive resource for omics research on drugs. It offers drug-action pathways, drug transporter
data, drug metabolite data, pharmacogenomic data, adverse drug response data, ADMET
data, pharmacokinetic data, computed property data and chemical classification data.

3. Genome-Wide Sequencing and Progress in Epidemiology

The first efforts for detecting the true prevalence of CADASIL were made in 2005, with
an attempt at estimating the minimum prevalence of this disease in the East of Scotland [13].
By studying exons 3, 4, 5, and 6 of the NOTCH3 gene or skin biopsies of patients with
suspected CADASIL, the minimum prevalence was established at 1.98/100,000 adult
individuals. In 2012, a similar low prevalence was confirmed in the North East of England
(1.32/100,000 adults) [14]. Later studies found a minimum prevalence in Scotland and
Central Italy that was almost twice as high: 4.1/100,000 adult individuals [15,16].

With the improvement of technology that allows for the massive study of data, di-
agnosis of the disease has become more efficient. It is now possible to analyze the entire
NOTCHS3 gene in less time and at a lower cost, instead of studying only certain exons or
even clinical exomes.

In fact, because of the creation of biobanks, which are projects that aggregate and
harmonize exome and genome sequencing data from a wide variety of large-scale sequenc-
ing studies, it has been possible to further profile mutations affecting cysteine residues
in Notch3 in a significant number of individuals. In the Genome Aggregation Database
(gnomAD, http:/ /gnomad.broadinstitute.org, accessed on 27 May 2021), the UK Biobank
(UKB, https:/ /www.ukbiobank.ac.uk, accessed on 27 May 2021) and the Geisinger Dis-
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covEHR (http:/ /www.discovehrshare.com, accessed on 27 May 2021), a prevalence of 1.4
3.4/1000 subjects carrying NOTCH3 variants that were considered pathogenic were estab-
lished [17-21] (Figure 2), and 9/1000 in the Taiwan Biobank
(https://taiwanview.twbiobank.org.tw /index, accessed on 27 May 2021) [22], the latter
high frequency is in line with the UKB observation of enrichment of pathogenic mutations
in NOTCH3 in Asians [19].

Previous estimated

prevalence of CADASIL
2-4/100,000 F EUROPEAN

[,-—’ EXACn = 36,677

/ 1.3/1,000
EAST ASIAN
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Figure 2. Graphical representation of the frequency of pathogenic CADASIL mutations according to
the populations included in the ExAC database (currently called gnomAD). Figure adapted from
Rutten et al. (2016) [17].

This progress led some authors to hypothesize that there may be paucisymptomatic
phenotypes due to the different location of the mutations within the protein, as the profile
of EGFr affected in patients diagnosed with CADASIL and population cohorts is different
(Figure 3) [17-19].

NOTCH3 mutations reported in CADASIL worldwide

oo -

"
EGFr

Exons: 1 2-24 25-33

NOTCH3 mutations in EXAC

EGFr

Exons: 1 224 2533

Figure 3. Distribution of different EGFr cysteine altering NOTCH3 mutations in ExAC (currently
called gnomAD) compared with those reported in cerebral autosomal dominant arteriopathy
with subcortical infarcts and leukoencephalopathy (CADASIL) patients. Figure adapted from
Rutten et al. (2016) [17].
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4. Omic Studies and Progress in the Etiopathogenesis of CADASIL
4.1. Proteomic Studies and Progress in the Etiopathogenesis of CADASIL

Multiple efforts have been made to try to understand the etiopathogenesis of this
disease. The most widely accepted hypothesis was that the presence of an odd number
of cysteines in the EGFr region leads to disruption of disulfide bonds and aggregation of
the extracellular receptor domain (ECD) of both the Notch3 produced by the mutant allele
and the Notch3 produced by the wild-type (WT) allele, as well as other proteins [2,23]. The
formation of these complexes can be intracellular, at the plasma membrane of vascular
smooth muscle cells (VSMCs) and pericytes [24,25], and extracellular in the so-called
GOMs [26,27].

In the pre-omics era, most studies focused on the histological analysis and functional
study of the receptor. It became clear that cellular adhesion to the extracellular matrix and
between cells is disrupted, with degeneration and loss of endothelial cells, VSMCs, and per-
icytes [28-35], leading to altered autoregulation of blood flow and cerebral perfusion [31].
Besides, it has been recently postulated that there is an increase in Notch3 activity [36,37],
hypothesizing that ECD aggregation could lead to aberrant Notch3 activation (independent
of ligand binding).

On the other hand, only a few studies have explored other possible alterations that
could influence the development of the disease. Some studies revealed that autophagy
could be affected, as Notch3 accumulation is a possible indicator of autophagolysosomal
pathway deficiency, as well as impaired intracellular trafficking and lysosomal maturation
or defects [38]. Other studies showed the possibility of mitochondrial changes, as histo-
logical studies revealed mitochondrial morphological changes in VSMCs [33,39-41], or
sporadic cases have shown altered mitochondrial respiratory chain complexes [42].

However, because of the omics sciences and genetic data repositories, it has be-
come clear that there is a high prevalence of these types of mutation that are considered
pathogenic, which may suggest that some are a risk factor for small vessel disease and that
not all of them actually produce CADASIL [19-22]. On the other hand, if all of them do
cause CADASIL, it should no longer be considered a rare disease.

In fact, the etiopathogenesis of the disease has been elucidated in more detail. Arboleda-
Velasquez et al. analyzed the tunica media of cerebral arteries from two CADASIL patients
and two sex- and age-matched controls post-mortem [43]. Using laser capture microdis-
section and mass spectrometry (MS), they found 19 proteins differentially expressed in
CADASIL vs. control samples (Table 1). When we searched Gene Ontology (GO), it became
apparent that these 19 proteins were involved in cell adhesion processes, cytoskeleton
or extracellular matrix components, misfolding control, and clearance. This finding is in
line with histopathological alterations found in pathology studies and highlights other
pathways of interest, such as autophagy.

Monet-Leprétre et al. used nano-liquid chromatography-tandem MS to study human
brain artery samples from one CADASIL patient and one healthy donor. They found 104
enriched proteins in the CADASIL sample, the majority of which was in the extracellu-
lar matrix proteins. The Notch3 ECD was almost undetectable in the control but vastly
accumulated in the CADASIL sample [44]. Other molecules related to matrix metallopro-
teinases were found in proteomic experiments with animal models. Murine brain arteries
of TghNotch3 (WT) and mutant transgenic TghNotch3 (R90C) mice were analyzed. Two
proteins, TIMP3 (belonging to the TIMP family, which are metalloproteinase inhibitors)
and vitronectin (VIN, a cell adhesion regulator, signaling cytoskeleton reorganization and
extracellular matrix homeostasis [44,45]), were present in the mutant arteries and almost
absent in the control arteries. Moreover, these proteins were strongly enriched in the human
CADASIL sample experiment and were recruited into CADASIL deposits in vivo [44].

On the other hand, of the 19 proteins identified by Arboleda-Velasquez et al., 11 were
analyzed by Monet-Leprétre et al., supporting the previous results.

Zellner et al. performed a brain vessel proteome with MS with six CADASIL patients
(carrying five different NOTCH3 mutations) and six age-matched neurologically healthy
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Table 1. Proteomic analysis

controls. Of the quantified proteins, 190 showed a raw p-value <0.05 [46]. Categorization
of proteins according to subcellular localization (UniProt database) demonstrated a strong
overrepresentation of extracellular space, secreted, and mitochondrial proteins. Most of
the mitochondrial categories were depleted in the CADASIL group, and the majority of
secreted and extracellular space proteins were enriched [46]. Notch3 exhibited the strongest
increase in abundance, and multivariate analysis showed significance for Notch3 and 16
additional proteins with increased abundance [46] (Table 1).

of human brain vessels. Proteins whose levels were different between patients with CADASIL

and controls in the study by Arboleda-Velasquez et al. [43], Monet-Leprétre et al. [44], and Nagatoshi et al. [47].

Protein Name

Change Change Change
AV ML N

Molecular Functions and Biological Process

Annexin A2 pseudogene

2 [43] *

Clusterin [43] +

. Protein processing and vesicular traffic: response to misfolded
protein, chaperone-mediated protein folding, chaperone-mediated
protein complex assembly, ubiquitin protein ligase binding, negative
regulation of response to endoplasmic reticulum stress

. Nervous system: regulation of neuron death, microglial cell
proliferation and activation, central nervous system myelin
maintenance

. Proteins related to Alzheimer’s disease: amyloid-beta binding,
regulation of amyloid-beta clearance and negative regulation of
amyloid-beta formation; tau protein binding, positive regulation of
tau-protein kinase activity, positive regulation of neurofibrillary tangle
assembly

. Survival: negative regulation of intrinsic apoptotic signaling pathway
in response to DNA damage

Collagen 12 x 1 [43] +

. Extracellular matrix: extracellular matrix structural constituent
+ + conferring tensile strength
° Cell adhesion

Collagen 14 o 1 [43] +

° Extracellular matrix: extracellular matrix structural constituent
+ conferring tensile strength
. Cell adhesion

Collagen 18 « 1
(endostatin included) +
[43]

. Extracellular matrix: extracellular matrix structural constituent
conferring tensile strength, extracellular matrix organization
+ e  Cell adhesion
Blood and blood vessels: angiogenesis, endothelial cell
morphogenesis, response to hydrostatic pressure

Collagen 1 « 2 [43] +

. Protein processing and vesicular traffic: rho protein signal
transduction

e Extracellular matrix: collagen fibril organization, extracellular matrix
assembly

e  Blood and blood vessel: blood vessel development, regulation of
blood pressure, platelet-derived growth factor binding

. Smooth muscle: rho protein signal transduction

. TGEFp signaling: TGFf receptor signaling pathway, SMAD binding

Hemoglobin, « [43] -

- . Survival: positive regulation of cell death, oxygen transport
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Table 1. Cont.
. Change Change Change . . .
Protein Name AV ML N Molecular Functions and Biological Process
. Protein processing and vesicular traffic: receptor-mediated
endocytosis
. Extracellular matrix: extracellular matrix structural constituent
Perlecan [43] + conferring compression resistance
Blood and blood vessel: angiogenesis
. General development: animal organ morphogenesis, tissue
development
. Cytoskeleton: neurofilament and intermediate filament cytoskeleton

Internexin, o [43]

organization, postsynaptic actin cytoskeleton organization

. Nervous system: nervous system development, structural constituent
of postsynaptic actin

. General development: cell differentiation, multicellular organism
development

. Extracellular matrix: extracellular matrix structural constituent
. Cell adhesion: integrin binding, integrin-mediated signaling pathway,
cell adhesion

Laminin, « 5 [43] + + . . .
. Nervous system: neural crest cell migration, axon guidance
General development: animal organ morphogenesis, tissue
development, regulation of cell migration
. Extracellular matrix: extracellular matrix structural constituent and
disassembly
Laminin, v 1 [43] + + . Cell adhesion: heml(.iesmosome assembly, c.ell adhesmn
Nervous system: maintenance of blood-brain barrier
. General development: animal organ morphogenesis, tissue
development, cell migration
. Protein processing and vesicular traffic: phagocytosis recognition,
Lactadherin (medin engulfment, and pf)smve regulation ' ‘
+ + + . Extracellular matrix: Extracellular matrix structural constituent

included) [43]

. Cell adhesion: integrin binding, cell adhesion
. Blood and blood vessel: angiogenesis

Smooth muscle myosin
heavy chain [43]

Cytoskeleton: actin binding
+ . Mucle contraction: calmodulin binding
. Others: elastic fiber assembly, structural constituent of muscle

Neurofilament protein,
light polypeptide [43]

. Cytoskeleton: microtubule cytoskeleton organization, neurofilament
bundle assembly, postsynaptic intermediate filament cytoskeleton
organization, neurofilament cytoskeleton organization

. Nervous system: anterograde and retrograde axonal transport, axonal
transport of mitochondrion, hippocampus and cerebral cortex
development, negative regulation of neuron apoptotic process, neuron
projection morphogenesis, positive regulation of axonogenesis, axon
development

Neurofilament 3 [43]

- . Cytoskeleton: neurofilament bundle assembly

Neurofascin [43]

Cell adhesion
- - . Nervous system: transmission of nerve impulse, axon guidance,
myelination, synapse organization

Leucine rich repeat
proteoglycans [43]

Extracellular matrix: Extracellular matrix structural constituent
. Survival: Cell aging
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Table 1. Cont.

Protein Name

Change
AV

Change
ML

Change
N

Molecular Functions and Biological Process

Solute carrier family 4

Protein processing and vesicular traffic: transmembrane transport
Cytoskeleton: ankyrin binding
Blood and blood vessel: blood coagulation, hemoglobin binding

Vinculin [43]

Protein processing and vesicular traffic: ubiquitin protein ligase
binding

Cytoskeleton: actin filament binding Cell adhesion: adherens junction
assembly, apical junction assembly, regulation of focal adhesion
assembly, epithelial cell-cell adhesion, regulation of protein
localization to adherens junction, beta-catenin binding, alpha-catenin
binding, cadherin binding

Nervous system: axon extension

General development: regulation of cell migration

Serum amyloid
P-component [44]

Others: negative regulation of glycoprotein metabolic process,
low-density lipoprotein particle binding

TIMP3 [44]

Protein processing and vesicular traffic: negative regulation of
membrane protein ectodomain proteolysis

Cell adhesion: negative regulation of ERK1 and ERK2 cascade
Others: metalloendopeptidase inhibitor activity

VTN [44]

Protein processing and vesicular traffic: endocytosis, scavenger
receptor activity

Extracellular matrix: extracellular matrix structural constituent
Cell adhesion: cell-matrix adhesion, positive regulation of smooth
muscle cell migration, cell adhesion, integrin-binding

General development: cell migration

Stromal cell-derived
factor 1 [44]

Cell adhesion: positive regulation of cell adhesion, integrin-binding
Blood and blood vessel: positive regulation of endothelial cell
proliferation

Nervous system: neuron migration, brain development, positive
regulation of neuron differentiation, positive regulation of axon
extension involved in axon guidance

Survival: response to hypoxia, negative regulation of intrinsic
apoptotic signaling pathway in response to DNA damage

Chordin [44]

Cell adhesion: positive regulation of cell adhesion
General development: negative regulation of cell migration

Norrin [44]

Extracellular matrix: extracellular matrix-cell signaling

Serine protease 23 [44]

Protein processing and vesicular traffic: proteolysis

High-temperature
requirement protein A1
[44]

Protein processing and vesicular traffic: serine-type endopeptidase
activity

TGFf signaling: negative regulation of TGFf receptor signaling
pathway
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Table 1. Cont.

Protein Name

Change Change Change
AV ML N

Molecular Functions and Biological Process

GCell adhesion:
lia-derived nexin [44]

Protein processing and vesicular traffic: serine-type endopeptidase
inhibitor activity, secretory granule organization, negative regulation
of protein processing

Blood and blood vessel: negative regulation of blood coagulation
Nervous system: nervous system development, negative regulation of
cell population proliferation, glutamatergic regulation of synaptic
transmission, positive regulation of astrocyte differentiation

General development: cell differentiation

Cell migration-inducing
and hyaluronan-binding
protein [44]

General development: positive regulation of cell migration
Others: clathrin heavy chain binding

Olfactomedin-like 3 [44]

General development: multicellular organism development

Collagen VIII 1 chain
[44]

Extracellular matrix: extracellular matrix structural constituent
structural constituent
Cell adhesion: cell adhesion

Blood and blood vessel: angiogenesis

Microfibril-associated
glycoprotein 4 [44]

Extracellular matrix: extracellular matrix structural constituent,
regulation of collagen metabolic process, elastic fiber assembly
Cell adhesion: cell adhesion

NOTCH3 [44]

Cell adhesion: cadherin binding

Nervous system: axon guidance

General development: multicellular organism development, cell
differentiation

Annexin A2 [47]

Protein processing and vesicular traffic: positive regulation of
protein phosphorylation, negative regulation of endopeptidase activity,
negative regulation of catalytic activity, vesicle budding from the
membrane, positive regulation of vacuole organization, positive
regulation of vesicle fusion, positive regulation of receptor recycling
Blood and blood vessel: angiogenesis

Extracellular matrix: collagen fibril organization

Cell adhesion: cell-cell adhesion

Periostin [47]

+
+
e o 0o 0 o

Survival: response to hypoxia

Cell adhesion: negative regulation of cell-matrix adhesion; cell
adhesion

Blood and blood vessel: regulation of systemic arterial blood pressure
Notch signaling: regulation of Notch signaling pathway

General development: Tissue development

Smooth muscle: positive regulation of smooth muscle cell migration
Extracellular matrix: extracellular matrix organization, extracellular
matrix structural constituent

TGEFp signaling: cellular response to transforming growth factor-beta
stimulus

Nervous system: neuron projection extension

Complement C3 [47]

Protein processing and vesicular traffic: negative regulation of
endopeptidase activity, positive regulation of receptor-mediated
endocytosis, positive regulation of phagocytosis, engulfment, positive
regulation of apoptotic cell clearance

Blood and blood vessel: positive regulation of vascular endothelial
growth factor production

Proteins related to Alzheimer’s disease: amyloid-beta clearance
Nervous system: neuron remodeling
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Table 1. Cont.

Protein Name

Change Change Change
AV ML N

Molecular Functions and Biological Process

e  Cytoskeleton: Intermediate filament cytoskeleton organization,

Plectin [47] - + actin-binding, ankyrin bindin
. Cell adhesion: hemidesmosome assembly, cadherin binding
Biglycan [47] i i . Extracellular matrix: extracellular matrix structural constituent

. Blood and blood vessel: blood vessel remodeling

Gelsolin [47]

. Protein processing and vesicular traffic: positive regulation of
cysteine-type endopeptidase activity involved in apoptotic signaling
pathway, regulation of receptor clusterin, positive regulation of protein
processing in the phagocytic vesicle, vesicle-mediated transport
Cytoskeleton: actin filament reorganization, actin-binding

Cell adhesion: regulation of cell adhesion

Nervous system: oligodendrocyte development

General development: cell projection organization

Others: response to muscle stretch

Again, most of the molecular functions and biological processes (Gene Ontology) of
these proteins are involved in cell adhesion processes, extracellular matrix components,
angiogenesis, and the TGFf signaling pathway.

As the HTRA1 protein was the most enriched protein, in this study, the authors
analyzed its role in CADASIL. First, they proved that there was no mutation in HTRA1
DNA of CADASIL patients. Additionally, they found that the abundance of the protein did
not correspond to differences between cases and controls in their mRNA, and that HTRA1
was located close to Notch3 deposits [46]. They also discovered that several of the proteins
found in high numbers in CADASIL patients are substrates of HTRA1 (cell migration-
inducing and hyaluronan-binding, olfactomedin-like 3, semaphorin3G, and chordin), in
addition to the already known substrates, such as VTN, an observation compatible with a
reduction in its proteolytic activity [46].

Change AV (article of Arboleda-Velasquez et al. [43]), ML (article of Monet-Leprétre
et al. [44]), N (article of Nagatoshi et al. [47]): + in the case of a higher protein level in the
samples of patients with CADASIL; — in the case of a lower protein level in samples from
CADASIL patients compared with controls. Molecular functions and biological process:
some of the molecular functions and biological processes from Gene Ontology for each
protein. For a better understanding, we have grouped related terms together. Nagatoshi
et al. used laser microdissection to collect GOM-enriched leptomeningeal arteries from
two autopsied CADASIL patients and superficial temporal arteries from one biopsied
CADASIL patient, and five controls [47]. Liquid chromatography-tandem MS showed
that Notch3, serum amyloid P-component, annexin A2, and periostin, exhibited the largest
increase [47]. Once again, our research on GO terms showed that most of the proteins
detected by Nagatoshi et al. were involved in cell adhesion processes, cytoskeleton or
extracellular matrix components, angiogenesis, or clearance.

Proteins from this study that were found in the article by Zellner et al. all followed the
same direction, except for gelsolin and plectin. The histopathological analysis showed co-
localization of serum amyloid P component and Notch3, predominantly in the tunica media
of the vessels. ELISA analysis showed that serum amyloid P component biochemically
binds to Notch3 dose-dependently, but not to Notchl or Notch2 [47]. Interestingly, the
expression study by RT-PCR with primers detecting serum amyloid P component in the
liver showed low expression in both CADASIL patient samples and controls, suggesting
that perhaps the marked reaction of its antibody in the cerebral vascular wall was due
to cerebral synthesis. On the other hand, the authors found no difference between blood
protein levels of serum amyloid P component between CADASIL patients and controls.
The two other proteomic studies mentioned above [43,44] showed the same direction of
effect of serum amyloid P component, strengthening this result.
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Primo et al. generated a proteome using an aorta and blood taken from CADASIL
mice with 53 angiogenesis-related proteins, pointing out that col18cx1/endostatin could be
a potential biomarker [48]. In addition, these authors explored the mice plasma levels of
HTRAT1 and Notch3 ECD as candidate biomarkers, finding an increase in the former and a
decrease in the latter [48].

These studies discovered the presence of several proteins located next to NOTCH3,
and this has allowed the in-depth study of the composition of GOMs, which are a hallmark
of the disease.

4.2. Transcriptomic Studies and Progress in the Etiopathogenesis of CADASIL

A transcriptomic and proteomic study was performed on post-mortem brain material
(frontal cortex and white matter) from two unrelated cases of CADASIL and five controls.
With regard to changes in gene and protein expression, the authors found many terms
related to RNA metabolism, such as RNA processing; RNA degradation; basal transcrip-
tion; RNA polymerases; and spliceosome. In relation to energy metabolism, they found
glycolysis; TCA cycle; oxidative metabolism and oxidative phosphorylation; impaired
cell-cell interaction, such as extracellular matrix receptor interaction; tight junction; or cell
adhesion molecules [49].

Frontal cortex and white matter shared terms, such as ribosome (upregulated genes);
GPI-anchored biosynthesis; and ubiquitin-mediated proteolysis (downregulated genes); as
well as leukocyte trans-endothelial migration and cell adhesion molecules (downregulated
proteins) [49].

A transcriptomic study performed on skin biopsies (four cases paired with three
healthy siblings) using microarray technology showed that the E2F4 gene was overex-
pressed in CADASIL patients [50]. Although this difference was not significant after
correcting for multiple comparisons, the result was replicated in an independent sample of
10 new cases and 8 new controls by qRT-PCR.

E2F4is expressed in endothelial cells and VSMCs as proved by the in situ hybridization
performed [50]. This protein is associated with endothelial cell migration and involved
in the process of intimal hyperplasia (IH) [51], which is the proliferation of VSMCs in the
tunica media and their migration into the tunica intima of the vessel. E2F4 is also part of a
complex containing Smad3, which acts as a transducer of TGFf signals [50].

When performing an analysis of GO terms, a raw p-value under 0.01 was considered
enriched since none of the analyses reached a significant p-value after correction for multi-
ple comparisons. It is interesting to note that there is an observed growth in the network
related to vascular development, catabolic and autophagy processes, vesicular machinery,
and cell adhesion terms [50].

4.3. Microbiome Studies and Progress in the Etiopathogenesis of CADASIL

There is a single study that focuses on the analysis of the microbiome in CADASIL
patients, where the gut microbiome of 15 Japanese CADASIL patients and 16 controls was
evaluated [52]. CADASIL patients were divided according to whether they had suffered
a symptomatic ischemic stroke (1 = 7) or not (n = 8). There was no significant difference
in vascular risk factors or nutritional items between CADASIL patients and the controls.
The only significant difference was the daily intake of arachidonic acid between CADASIL
subgroups, as patients with stroke had a lower intake (p = 0.03) [52].

A total of 790 operational taxonomic units (OTUs) was detected after the removal of
singletons. No significant difference was observed in a-diversity or 3-diversity between
CADASIL patients and the controls or between the patients with and without stroke [52].

In CADASIL patients compared with controls, there was a significant increase in abun-
dance of the following: Lachnospira, Odoribacter, Parvimonas, unclassified genera belonging
to Barnesiellaceae and Lachnospiraceae, unclassified genus belonging to order SHA-98;
and a significant decrease in: Megasphaera and Acidaminococcus. Regarding the OTU level,
CADAGSIL patients showed a significant increase in abundance of 24 OTUs and a significant
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decrease in 4 [52]. Between CADASIL subgroups, those with a stroke had a significant
decrease in abundance of Phascolarctobacterium and Paraprevotella, a significant increase in
abundance of 13 OTUs, and significant decrease in 3 OTUs [52].

The authors highlight some of these genera, such as Parvimonas, as they have been
associated with ischemic stroke, or their abundance has been correlated with the amount
of C-reactive protein in atherosclerotic patients. Moreover, Lachnospiraceae have been
reported to stimulate IL-10 and TGFf production [52].

Figure 4 shows a schematic summary of the molecules found in the -omics stud-
ies. Molecules found in at least two studies and with the same direction of effect have
been considered.
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Figure 4. Schematic diagram of those molecules found in the -omics studies regarding its possible aetiopathogenic

mechanism. Molecules found in at least two studies and with the same direction of effect have been considered. Graphic

created through the smart.servier.com website.

5. Genome-Wide Studies and Progress in Prognostic Assessment

As previously mentioned, we do not have the tools for predicting the prognosis of
CADASIL patients, as even monozygotic twins can progress differently [8,9].

Different markers have been found to be associated with the deterioration or survival
of patients with CADASIL. Dementia and gait disturbance predict a higher degree of dis-
ability, whereas the number of lacunar and brain atrophies predict the clinical deterioration
of patients with CADASIL [53], which, together with levels of neurofilament light chain,
predict progression and survival [54].

A GWAS study conducted in 466 CADASIL patients to find an association with WMH
volume did not find any GWAS-significant polymorphisms (SNP) [55]. Nevertheless, a
polygenic risk score comprising all SNPs with a p-value < 0.5 in the derivation sample was
associated with WMH volume in the validation sample after correction for age, sex, and
hypertension [55].

With these omics techniques, a high prevalence of carriers of pathogenic variants in
NOTCH3 was found within cohorts that do not look at a specific phenotype [17-19].

This discovery was extremely important, as it showed that the mutational profile in
these repositories was different from that of patients diagnosed with CADASIL.



Int. ]. Mol. Sci. 2021, 22, 7357

13 0f 18

In 2016, Rutten et al. compared the mutations found in the exome aggregation
consortium (ExAC) database and its update, the gnomAD, with the Dutch CADASIL
registry (DCR) mutations (comprising 383 individuals with 45 different mutations from
163 families) [17]. They found that the distribution of Dutch CADASIL-causing NOTCH3
mutations overlapped with those reported worldwide, with most of these mutations
affecting exon 4 (Figure 2) [17]. Meanwhile, in EXAC, mutations in exon 4 were three times
lower, and mutations in exon 22 were 10 times higher than in the DCR [17].

The authors found that mutations in EXAC were mostly clustered in EGFr domains
14-16 and 29-31, whereas reported CADASIL mutations clustered in EGFr domains 1-6 [17].
The study in the gnomAD showed that 2.5% of the NOTCH3 mutations were in EGFr
domains 1-6, whereas in European CADASIL patients, this percentage rose to 71.1%
(Figure 5). Studying data from the UKB, 97% of the pathogenic NOTCH3 variants were
found in EGFr domains 7-34 [19].

European CADASIL patients European in gnomAD

2.5% mm EGFr domains 1-6
w» EGFr domains 7-34

Figure 5. Location of NOTCH3 mutations in European CADASIL patients versus gnomAD database
individuals. Figure extracted from Rutten et al. (2018) [18].

This led to the hypothesis that mutations outside EGFr domains 1-6, the classical
CADASIL mutation location, predispose to a less severe phenotype [17].

Comparing patients with a mutation in EGFr domains 1-6 with patients with a
mutation in EGFr domains 7-34 in the DCR, the former had an earlier diagnosis of the
disease, a significantly higher WMH load, and a similar trend in the number of subcortical
infarcts, and a first stroke at 55 years of age, with a mean survival time of 69 years (as
opposed to patients with mutations in EGFr domains 7-34 who have their first stroke at
the age of 67 and a mean survival time of 77 years) [17,18].

Comparing individuals with NOTCH3 pathogenic variants with controls in the UKB
[19,20] and the Geisinger DiscovEHR [21], the authors found that subjects with pathogenic
variants were correlated with spatial distribution (the anterior temporal lobe and external
capsule) and extent of WMH, a higher frequency and number of lacunes and microbleeds,
family history of stroke, and vascular dementia.

6. Therapeutic Possibilities

Due to the omics research carried out on CADASIL, several molecules with altered
levels/expression have emerged, which could therefore be susceptible to pharmacological
repositioning. Due to their relevance in the different studies, different authors have
highlighted several molecules and studied them in-depth: Notch3, VTN, TIMP3, and
Serum amyloid P-component. We have studied the possible treatments for pharmacological
repositioning through DrugBank. For Notch3, endostatin, HTRA1, and E2F4 we have not
found any available drugs. See Table 2.
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Table 2. Potential drugs for the targeted molecules found in omic studies. For Notch3, endostatin, HTRA1, E2F4, we have

not found any available drugs.

Target

Drug Description

VTN

Fab fragment of the chimeric human-murine
monoclonal antibody 7E3. Abciximab binds
to the glycoprotein (GP) IIb/IIla receptor of
human platelets and inhibits platelet
aggregation by preventing the binding of
fibrinogen, von Willebrand factor, and other
adhesive molecules. It also binds to the
vitronectin («v33) receptor found on
platelets and vessel wall endothelial and
smooth muscle cells

Abciximab

Others: copper, zinc, zinc acetate, chloride

TIMP3

Pimagedine has been developed by Synvista
Therapeutics, Inc for the treatment of diabetic
kidney disease. It is an advanced glycation
Pimagedine end-product inhibitor that manages diabetic
nephropathy, either alone or in combination
with other therapies. It is beneficial in
treating patients with diabetic nephropathy.

Methyl 4,6-O-[(1R)-1-carboxyethylidene]-
beta-D-galactopyranoside,

Serum amyloid P-component Bis-1,2-{[(Z)-2-carboxy-2-methyl-1,3-

dioxane]-5-yloxycarbamoyl}-ethane,
coppet, zinc, zinc acetate, chloride

7. Limitations

The major limitation is that most of the studies were conducted on a very small
number of patients, which limits the possibility of achieving statistically significant results
adjusted for multiple comparisons. This may be partly due to the low frequency of the
disease and its target tissue.

To overcome this low sample size, some authors performed studies directly in brain
vessels, using sex- and age-matched subjects, or performed a similar analysis in animal
models to support the findings observed. In fact, most of the molecules that overlapped in
the different studies follow the same direction, supporting the findings. Moreover, in most
studies, the molecules involved have common functions/pathways.

For the microbiome study, the sample size was small, and there was no replication
study. The authors argue that even with small samples, other studies have reported robust
evaluation of gut dysbiosis. The findings should nonetheless be taken with caution.

A limitation of the review processes used is that studies using omics other than the
ones contained in the keywords may have been excluded. However, the studies with
the highest volume of research for understanding CADASIL are in the field of genomics,
transcriptomics, and proteomics.

8. Discussion and Conclusions

Due to the introduction of omics techniques in CADASIL studies, we have been able
to gain insight into several aspects of the disease.

Nowadays, the diagnosis of CADASIL is more efficient, leading to a lower cost and
time for analyzing more exons, which means that a larger number of patients can be
screened in a more comprehensive way.

From an epidemiological point of view, we have gone from establishing a minimum
CADASIL prevalence of 1.32—4.1/100,000 adults [14-16] to a prevalence of 1.4-3.4/1000 carriers
of pathological variants in NOTCH3 [17-21] and 9/1000 in Taiwan [22].
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Currently, comparing patients with a mutation in the EGFr domains 1-6 with patients
with a mutation in EGFr domains 7-34 in the above-mentioned biobanks, subjects with
pathogenic variants were correlated with spatial distribution (the anterior temporal lobe
and external capsule) and extent of WMH, a higher frequency and number of lacunes and
microbleeds, family history of stroke, and vascular dementia [19-21].

This finding highlights the importance of the use of these technologies. The role of
mutations considered pathogenic has been questioned. If they all produce CADASIL, then
CADASIL is no longer a rare disease. Therefore, depending on the altered structural or
functional domain, the patient could have a more or less torpid course. Another hypothesis
is that perhaps not all pathogenic variants cause CADASIL. Since SNPs in the NOTCH3
gene were not found to be associated with lacunar stroke or WMH volume [56], maybe
only the variants that affect the number of cysteines in EGFr are risk factors for developing
small vessel disease, instead of CADASIL.

From the etiology perspective, omics techniques have made it possible to find molecules
whose levels/expression are altered in patients with CADASIL, and which may be amenable
to pharmacological repositioning. The most highlighted molecules by the authors in the
articles were Notch3, HTRA1, TIMP3, VTN, endostatin, and serum amyloid P-component.
The different studies showed that these proteins are co-localized with Notch3, supporting
the etiopathogenic interest in them.

Mutations in HTRA1 are also the cause of small vessel cerebral arteriopathy in het-
erozygosis and homozygosis. In the latter case, they cause CARASIL (Cerebral Autosomal
Recessive Arteriopathy with Subcortical Infarcts and Leukoencephalopathy), leading to
TGEFp signaling impairment. TGFf is closely related to small vessel disease in the brain [57].
The fact that several of the substrates of this enzyme are elevated in patients with CADASIL
compared with controls, as in the case of VTN, suggests that its proteolytic activity may be
diminished [46], as is the case of CARASIL [58].

The remaining molecules found in the proteomic studies, with the same direction of
effect in at least two different studies, are likely to be of special interest in the disease. In
fact, they have been related to angiogenesis, protein processing and vesicular trafficking,
nervous system, or extracellular matrix, among others. To confirm their interest, targeted
studies on these proteins would be of important value. Those proteins with contradictory
effects in the studies reviewed may be false-positive associations and, therefore, should be
taken with caution.

From transcriptomic studies, E2F4 has been found to be overexpressed in CADASIL
patients, not knowing whether this elevated expression is due to a compensatory mecha-
nism for lack of protein production or elevated levels of the protein.

E2F4 belongs to the E2F family of transcription factors. E2F members have been
involved in neuronal migration, and activation of E2Fs in VSMCs promotes migration [59].
E2F4 is involved in the process of IH [51]. Mice lacking E2F4 exhibit increased IH following
arterial damage [51].

Besides, a diminished expression of E2F4 attenuates the endothelial cell migration,
and its subsequent overexpression could rescue normal endothelial migration [59].

Likewise, E2F4 is part of the signaling pathway of TGFB [60]. As we have just
mentioned, TGFp is related to cerebral small vessel disease. On the one hand, mutations in
HTRA1 produce a TGFf signaling impairment and lead to the appearance of CARASIL. On
the other hand, in CADASIL, HTRA1, and LTBP-1 (protein that regulates bioavailability of
TGER [57]) are present in GOMs, the histopathological hallmark of the disease.

It is, therefore, important that all this information help us understand the reason for
the alterations found in CADASIL, such as changes in cell adhesions and components of
the extracellular matrix or angiogenesis, as well as highlighting other pathways that thus
far only a few studies have considered, and which can be decisive, such as alterations in au-
tophagy, mitochondria, or the TGF( signaling pathway. This could encourage researchers
to find drugs that could directly modify pathways that are clearly involved in CADASIL,
instead of looking for drugs that target a specific molecule.
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Therefore, thanks to this vanguard technology, progress has been made in under-
standing the extent of the disease and its etiopathogenesis, but there is still a long way
to go before we can fully comprehend what happens in CADASIL. Omic studies will
allow further investigation of the etiopathogenesis of the disease in a cost-effective manner,
since the costs of this type of technology are becoming increasingly lower, allowing the
analysis of a larger number of patients and molecules at once, which with conventional
techniques would entail a high expenditure of resources and time. In addition, it will
allow the exploration of new working hypotheses in an unbiased manner and develop
disease-modifying drugs in the future.
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